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INTRODUCTION 

Background 

Sulfur mustard (SM) was introduced as a chemical warfare agent in World 
War I. Although it was not employed in World War II, it has been used in sev- 
eral smaller conflicts since that time and is of concern as a possible terror- 
ist weapon (1).  Exposure to SM can cause serious injury to the skin, respira- 
tory tract, and other mucous membranes (1), and the compound is considered car- 
cinogenic by the International Agency for Research on Cancer (2); no effective 
antidote is yet available.  The studies reported here are intended to elucidate 
the mechanism of toxicity and to develop methods of ameliorating it. 

Early investigators showed that SM reacts with DNA, and it is generally be- 
lieved that DNA modification initiates SM toxicity (3).  When it was discovered 
that the closely-related nitrogen mustards have antitumor activity that is also 
based on DNA modification, these agents began to be used in cancer chemotherapy 
(4).  In the ensuing years, there have been numerous investigations of other 
antitumor agents that act by modifying DNA (5-8).  As a result, considerable 
information has accumulated about the nature of the DNA modifications produced 
by antitumor agents and about the ability of cells to protect themselves from 
this damage. 

Perhaps surprisingly, DNA damaging agents are also found in nature. An im- 
portant cellular metabolite, S-adenosylmethionine, is actually a one-armed sul- 
fur mustard that can alkylate DNA (9,10).  Consequently, cells have developed 
defenses against the kinds of DNA damage inflicted by SM and other alkylating 
agents.  A major objective of our work is to enhance these natural defenses. 

Overall, we are investigating the hypotheses that (a) DNA damage is the ini- 
tiating event in sulfur mustard toxicity, (b) repair of this damage by cellular 
enzymes can reduce cytotoxicity, and (c) alteration of the cell cycle by physi- 
cal or chemical means may allow increased time for repair and lead to decreased 
cytotoxicity. 

In this Introduction, we will review briefly what is known about the DNA dam- 
age that is caused by SM and consider methods of measuring levels of SM-induced 
DNA adducts.  Evidence for repair of SM-induced DNA damage will also be re- 
viewed.  Finally, methods for modulating cell cycle progression in order to al- 
low time for increased DNA repair will be considered.  The bulk of this report 
summarizes our progress in the three areas mentioned in the paragraph above. 

Sulfur Mustard-induced DNA Modifications 

As reported originally by Brooks and Lawley (11), the principal adduct 
formed in DNA by SM is 7-hydroxyethylthioethyl guanine (HETEG), which accounts 
for approximately 60% of the total alkylation.  This finding has been confirmed 
on numerous occasions, most recently by Benschop et al.   (12) and by our lab- 
oratory (13).  Smaller amounts of 3-hydroxyethylthioethyl adenine (HETEA) and 
the cross-link, di-(2-guanin-7-yl-ethyl)sulfide, have also been found consis- 
tently . 
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Studies of chemotherapeutic agents have shown that DNA modifications which 
are present in relatively small amounts may nevertheless be the primary cause 
of cytotoxicity. Of particular importance is alkylation at the 06-position of 
guanine (8). Accordingly, minor modifications cannot be dismissed as unimpor- 
tant, and several of these have been identified in reactions of the one-armed 
mustard, chloroethylethyl sulfide, with DNA (14,15).  Similar minor products 
are probably formed by SM as well, but attempts to identify 06-hydroxyethylthi- 
oethy1 guanine (06-HETEG) in DNA that has been reacted with SM have been un- 
availing (16) . 

For the purposes of evaluating exposure, we and other investigators have fo- 
cused on the most abundant DNA modification.  Antibodies that recognize HETEG 
have been developed and used successfully to measure levels of DNA damage in 
cells exposed to SM (12). We report here the successful use of the 32P-post- 
labeling method to detect HETEG in fibroblasts exposed to SM.  This methodology 
should prove useful in evaluating methods of protecting cells against SM and of 
minimizing the consequences of exposure. 

Repair of SM-induced DNA Modifications 

Since alkylating agents occur in nature, it is not surprising that cells 
have developed defenses against such agents.  Intracellular material, partic- 
ularly glutathione, can combine with alkylating agents and prevent their reac- 
tions with DNA.  Once reaction with DNA has occurred, however, the cell still 
has the ability to repair this damage. 

Early investigators obtained evidence for the enzymatic removal of the ad- 
ducts from the DNA of E.   coli  exposed to low levels of SM (17-19).  Subsequent 
ly, other investigators have shown that adducts are also removed from the DNA 
of mammalian cells exposed to SM (20-22). 

Papirmeister et al.   (23) found that bacterial extracts catalyzed the release 
of 3-substituted adenines produced in DNA by 2-chloroethyl-2-hydroxyethyl sul- 
fide (hemisulfur mustard) and attributed this release to the presence of a gly- 
cosylase.  Glycosylase action results in the formation of apurinic sites which 
are subject to endonuclease action and subsequent repair.  Although the ex- 
tracts tested by Papirmeister et al.   (23) were inactive in releasing the 7-sub- 
stituted guanine formed by hemisulfur mustard, Habraken et al.   (24) showed that 
bacterial 3-methyladenine DNA glycosylase II releases two monoadducts formed by 
chloroethylethyl sulfide (CEES), 3-ethylthioethyl adenine and 7-ethylthioethyl 
guanine.  In fact, activity towards these bases was comparable to activity to- 
wards methylated bases. 

When [14C]-labeled SM of sufficiently high specific activity became avail- 
able to us under this contract, we were able to test the activity of bacterial 
3-methyladenine DNA glycosylase II towards the adducts produced in DNA by SM it- 
self.  As reported below, this enzyme has similar activity towards the hydroxy- 
ethylthioethyl-substituted guanine and adenine formed by SM as it has towards 
the ethylthioethyl derivatives formed by CEES. 

Recently, a plasmid bearing the cloned human gene for glycosylase has become 
available to us through the courtesy of Professor Leona Samson of Harvard Uni- 
versity, and we have made substantial progress in purifying human glycosylase. 
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As reported below, the human enzyme as well as the bacterial enzyme has activ- 
ity towards the 7-hydroxyethylthioethyl guanine and 3-hydroxyethylthioethyl 
adenine introduced into DNA by SM.  However, neither enzyme appears to release 
the cross-link, di-(2-guanin-7-yl-ethyl)sulfide, from DNA. 

In summary, the protective action of DNA repair mechanisms has been estab- 
lished, and details of the process are currently being investigated.  It seems 
likely that efforts to increase the efficiency of repair will decrease SM tox- 
ic ity. 

Protection against SM-induced Cytotoxicity 

The toxicity of micromolar concentrations of SM is easily demonstrated in 
cell culture.  As might be expected, however, different cell lines exhibit dif- 
ferent levels of sensitivity to SM, and differences among the cell lines need 
to be taken into account in interpreting cytotoxicity data,  whether or not 
cell cycle regulatory mechanisms are intact is particularly relevant to the hy- 
pothesis that a delay in cell cycle progression may allow time for increased 
DNA repair. 

Important background information on cell cycle progression is becoming avail- 
able from studies of cancer chemotherapy.  In that area, if a cell cannot ar- 
rest its cell cycle progression to allow time for more DNA repair, the cytotoxi- 
city of a DNA modifying antitumor agent may be increased, and this may lead to 
a desirable increase in therapeutic response.  Cell cycle progression as it re- 
lates to chemotherapy has been reviewed recently with a particular emphasis on 
the role of p53 whose function appears to be required for cell cycle arrest 
(25-30). 

Since the ability to arrest the cell cycle and allow time for repair is im- 
portant to our hypothesis, we have chosen to study nontumorigenic cell lines in 
which cell cycle regulatory mechanisms are probably intact.  Thus, we have in- 
vestigated normal human fibroblasts and a human keratinocyte line obtained from 
Dr. Howard P. Baden's laboratory at the Massachusetts General Hospital.  In ad- 
dition, we have investigated Chinese hamster ovary (CHO) cells which have the 
advantage that mutants in DNA excision repair have been characterized. 

Both chemical and physical methods are available for slowing the progression 
of cells through their replicative cycle and the application of these modali- 
ties may allow time for more effective DNA repair.  For example, the agent, 
ciclopirox olamine (CPX), causes a Gj/S arrest which is reversible when the 
agent is removed (31,32).  If DNA repair continues in the presence of CPX, 
survival might be increased after a period of recovery under CPX treatment. 

Data included in this report show that a period of hypothermia causes a gen- 
eralized cell cycle arrest which apparently improves recovery of cell growth un- 
der certain conditions. Hypothermia probably slows all metabolic processes in- 
cluding repair, but repair of radiation-induced DNA damage has been shown to be 
increased by a period of hypothermia (33,34).  Conversely, hyperthermia in- 
creases cell damage by cancer chemotherapeutic agents (35).  Thus, we believe 
that it will be possible to find hypothermic conditions under which DNA repair 
can be enhanced by modulating cell cycle progression. 



•10- 

MATERIALS AND METHODS 

Materials 

Reagents 

[14C]SM, uniformly labeled in the chloroethyl group, as well as un- 
labeled SM, were supplied by the Analytical Chemistry Branch, U.S. Army Medical 
Research Institute of Chemical Defense.  Two batches of [14C]SM were received 
which had different specific activities (SA):  30 May 90 batch, SA - 0.88 
mCi/mmol and 22 Mar 95 batch, SA - 64.5 mCi/mmol.  2-Chloroethyl-2-hydroxyethyl 
sulfide (hemisulfur mustard, HSM) was prepared by reacting 2-mercaptoethanol 
with 1,2-dichloroethane according to Tsou et al   (36) as described previously 
(37).  6-Chloro-2-amino purine deoxyriboside was a gift of Prof. George Wright, 
University of Massachusetts (38). Mercaptoethanol, ciclopirox olamine (CPX), 
MTT (dimethylthiazolyl-diphenyltetrazolium), micrococcal nuclease, PI nuclease, 
proteinase K, calf thymus DNA and all nucleosides and nucleotides were purchased 
from Sigma.  1-lodobutane, triethylamine, 1,2-dichloroethane, sodium hydride, 
6-chloro-2-amino purine, and bis-hydroxyethyl sulfide were obtained from 
Aldrich; spleen phosphodiesterase, from Worthington Biochemical Corporation; 
and T4 polynucleotide kinase, from New England Biolabs.  [7-32P]ATP (3000 
Ci/mmol) was purchased from New England Nuclear.  DEAE Sephadex A-25 anion 
exchange resin (capacity, 3.5 meq/g; particle size, 40-120/i) was obtained from 
Pharmacia.  Serum-free media (SFM) for the growth of keratinocytes was obtained 
from Gibco.  Chromatography-grade solvents, media ingredients, and other 
reagents were obtained from standard sources. 

A plasmid bearing cloned E.   coli  3-methyladenine DNA glycosylase II was sup- 
plied by Prof. Mutsuo Sekiguchi of Kyoto University in Japan.  A plasmid con- 
taining the cloned gene for human 3-methyladenine DNA glycosylase was obtained 
from Prof. Leona Samson, Harvard School of Public Health, Boston, MA.  Methyl- 
ated DNA substrate for assaying these enzymes was prepared by our published pro- 
cedure (39) . 

Cell Lines 

Human fibroblasts (AG1522B) were obtained from the Coriell Cell Reposi- 
tory and human keratinocytes (NM-1 cells) were obtained from Dr. Howard P. Ba- 
den's laboratory, Massachusetts General Hospital, Charlestown, MA.  Established 
Chinese hamster ovary (CHO) cell lines that are competent (AA8, wild type) or 
deficient (UV41) in nucleotide excision repair were obtained from the American 
Type Culture Collection.  Neither CHO line has detectable 06-alkylguanine-DNA 
alkyltransferase activity (40); in order to determine the effect of 06-alkylgua- 
nine-DNA alkyltransferase, CHO cells transfected with a plasmid expressing hu- 
man 06-alkylguanine-DNA alkyltransferase were obtained from Dr. E. Bresnick of 
this institution (41). 

Methods 

Synthesis of HPLC Markers 

It is essential to have standard SM-modified nucleotides available in 
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the 32P-postlabeling technique to establish labeling conditions and HPLC re- 
tention times.  7-Hydroxyethylthioethyldeoxyguanosine 3'-phosphate (HETEdGp) 
was synthesized as described previously (37). Briefly, HSM (30 pi,  0-21 mmol) 
was reacted with 2'-deoxyguanosine 3'-phosphate (dGp, 10 mg, 0.029 mmol) in 1 
ml of 100 mM KH2P04 buffer, pH 3.5, for 2 h at room temperature. The pH was 
adjusted to 7 and the reaction mixture was separated, 0.5 ml at a time, on an 
A-25 anion exchange column (1 x 10 cm) eluted with 60 mM triethylammonium ace- 
tate (TEAA), pH 7.0, at a flow rate of 0.8 ml/min; purification was performed 
in a cold cabinet to minimize depurination. Twenty min fractions were collect- 
ed and the major product appeared in fractions 4 to 6.  This product had the 
same UV spectrum as HETEdGp, and released HETEG on depurination.  7-Hydroxy- 
ethylthioethyldeoxyguanosine 5'-phosphate (HETEpdG) was produced by the corre- 
sponding reaction with pdG. 

7-Butyldeoxyguanosine 3'-phosphate (BudGp) and 7-butyldeoxyguanosine 5'-phos- 
phate (BupdG) for use in the internal standardization procedure were synthe- 
sized by reacting n-butyliodide in DMSO with the triethylammonium salts of dGp 
and pdG, respectively.  These nucleotides, purified as for HETEdGp and HETEpdG, 
depurinated to 7-butylguanine; the structure of this base was established by 
its characteristic ultraviolet spectra in acid, neutral, and basic pH, and its 
molecular weight of 207 obtained by fast atom bombardment mass spectrometry. 
Fast atom bombardment mass spectrometry was performed for us by Mr. Marion Kirk 
at the University of Alabama in Birmingham, AL. 

06-hydroxyethylthioethyl deoxyguanosine, the expected product of 06-deoxygua- 
nosine alkylation by SM, was synthesized from 6-chloro-2-amino purine deoxyribo- 
side by displacement of the chlorine atom.  Sodium hydride (100 mg, 60% dis- 
persed in mineral oil, 2.5 mmol) was added slowly with stirring to bis-hydroxy- 
ethylsulfide (2 ml, 20 mmol) in a 3-necked flask under nitrogen.  Then, 6-chlo- 
ro-2-amino purine deoxyriboside (5 mg, 0.02 mmol) dissolved in 0.5 ml dried DMF 
was added dropwise and the mixture was stirred overnight at 37°C.  The reaction 
mixture was neutralized with dilute formic acid and purified by passage through 
a G-10 column (2.5 x 100 cm) eluted at 0.7 ml/min with 1 mM formic acid.  The 
ultraviolet absorbance of the eluent was monitored and 30 min fractions were 
collected.  The product appeared in fractions 35-42 which were pooled and lyo- 
philized to recover 06-hydroxyethylthioethyl deoxyguanosine with a 75% yield. 
The structure of the product was established by its characteristic ultraviolet 
spectrum and its molecular weight of 371 obtained by mass spectrometry, in 
agreement with data published by Fidder et al.   (16).  06-hydroxyethylthioethyl 
guanine was synthesized by a similar displacement of chlorine from 6-chloro-2- 
amino purine. 

The HPLC marker for the SM-induced cross-link, di-(2-guanin-7-yl-ethyl)sul- 
fide, was kindly supplied by Dr. H. P. Benschop, TNO-Prins Maurits Laboratory, 
The Netherlands. 

Preparation of [1<C]SM-ix>dified DNAs 

To prepare a radiolabeled SM-modified DNA for calibration of the 32P- 
postlabeling method, DNA was modified with low SA [14C]SM to provide DNAs with 
known HETEG content.  [14C]SM (1 mg/ml in toluene, 0.88 mCi/mmol) was added to 
10 ml calf thymus DNA (6 mg/ml) in 50 mM of sodium cacodylate buffer, pH 7.0, 
to bring the final concentration of SM to approximately 200 /iM.  After incuba- 
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tion with continuous mixing for 2 h at 37"C, l/20th volume of 6 N NaCl and two 
volumes of 95% ethanol were added to precipitate the DNA; the precipitate was 
washed free of noncovalently bound material by repeated dissolutions and re- 
precipitations from buffer solution.  The level of HETEG in this sample was de- 
termined from the optical density and HETEG content of an aliquot to be 630 
HETEG/106 DNA nucleotides.  HETEG content was determined by depurinating the 
sample and measuring the radioactivity of the HETEG peak in an HPLC separation 
as described previously (13,37).  A solution of unmodified DNA was blended with 
a solution of this sample to obtain DNAs ranging in HETEG content down to 0.087 
HETEpdG/106 DNA nucleotides. 

To prepare a radiolabeled substrate suitable for glycosylase studies, calf 
thymus DNA was modified with the higher SA batch of [14C]SM.  The reaction of 
[14C]SM with DNA, purification, and characterization of the substrate were car- 
ried out as described above.  However, since the modified bases in this DNA 
have the same high SA as the original [14C]SM (i.e. 64.5 mCi/mmol), they are 
sufficiently radioactive to be detected in a standard glycosylase assay.  The 
composition of this substrate as well as the composition of the [3H]DMS-modi- 
fied DNA used in comparison experiments is given in the Results Section. 

32P-Postlabeling Method for Detecting SM Damage  to DNA 

This stepwise procedure, slightly modified after Yu et al.   (42), is 
shown in the flow diagram on the next page (Figure 1).  32P-postlabeling is de- 
pendent on the successful digestion of DNA into its constituent deoxynucleotide 
3'-phosphates as a first step because a 3'-phosphate is required for labeling; 
the labeling enzyme (T4 kinase) adds a 5'-phosphate to a substrate only when a 
3'-phosphate is present.  A critical step in the successful application of the 
32P-postlabeling method to SM-modified DNA was the discovery that low tempera- 
ture digestion was possible and that it preserved the unstable HETEdGp.  Anoth- 
er critical step in obtaining accurate analyses was the inclusion of an intern- 
al standard of BudGp from the beginning of the analysis.  Since this nucleotide 
has Chromatographie and stability characteristics similar to those of HETEdGp, 
it can be used to correct for physical losses and decomposition of HETEdGp. 
Furthermore, since amounts of HETEpdG are determined by a ratio to the internal 
standard, it is not necessary to know the specific activity of the [32P]ATP ac- 
curately to calculate the HETEpdG content. 

A detailed explanation of each step of the 32P-postlabeling technique as it 
is applied to SM-modified DNA follows. 

DNA was digested into its constituent 3'-nucleotides by two enzymes: micro- 
coccal nuclease (an endonuclease that cleaves phosphodiester bonds to leave 3'- 
phosphates) and spleen phosphodiesterase (an exonuclease that releases 3'-mono- 
nucleotides) . Typically, 50 fig of DNA was digested overnight at 10*C in 160 /J1 

containing 0.3 M triethylammonium acetate buffer, pH 7.5; 5 mM CaCl2; 0.3 unit 
spleen phosphodiesterase and 6 units micrococcal nuclease. 

We have found that HETEdGp is depurinated if this hydrolysis reaction is per- 
formed at the usual temperature, 37°C.  However, if the digestion is performed 
at 10'C, approximately 50% of the derivative is released as the 3'-mononucleo- 
tide and is, therefore, capable of being phosphorylated by the T4 enzyme. 
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Since the normal nucleotides greatly exceed the derivative nucleotides in 
number, perhaps by 107 to 1, it is desirable to remove these before the 32P- 
postlabeling step.  N-7-substituted guanine nucleotides are separated efficient- 
ly from normal nucleotides on an anion exchange column because they bear a posi- 
tive charge at the N-7 position (43,44).  We have found it convenient to per- 
form both the initial separation of the nucleotides in the enzymatic digest and 
the later separation of labeled N-7 adducts from [S2P]ATP on disposable col- 
umns.  These are made by packing 1 ml plastic tuberculin syringes with 1 ml of 
A-25 resin pre-equilibrated in 0.2 M TEAA buffer, pH 7.0, to form columns meas- 
uring 4 x 68 mm.  The columns are attached in an easily removable way to a Mil- 
ton Roy pump through a plastic connector inserted into the syringe barrel, and 
to a UV monitor through a modified #17 needle.  In the initial separation of 
N-7 adducts from normal nucleotides, an optical marker of BupdG was added; in 
the separation of labeled adducts from [33P]ATP, an optical marker of HETEpdG 
was added.  The column was eluted with 80 mM TEAA, pH 7.0, at a flow rate of 
1 ml/min in both separations; in the initial separation involving unstable 
HETEdGp, cold buffer was used.  Fractions containing N-7 guanine nucleotides, 
identified by the BupdG marker, were frozen immediately and lyophilized to 
dryness. 

SM - DNA + BudGp 

'I 
dNp's + HETEdGp + BudGp 

HETEdGp + BudGp Enrichment 

3! 
T4 Labeling 

'I 
P1 Nuclease Treatment 

5I 
I32?] ATP and [^PJpdN Removal 

6I 
HPLC Analysis 

Figure 1.  32P-Postlabeling Method for Detecting SM Damage to DNA.  A known 
amount of BudGp determined spectrophotometrically («268 - 9800 at pH 7) is 
added as internal standard to an amount of DNA calculated from its A2eo value 
(«260 ~ 6800 at pH 7), and enzymatic digestion is carried out at 10°C (step 1). 
HETEdGp and BudGp separated quickly from unmodified nucleotides on a small col- 
umn to minimize decomposition in step (2), and the solution is concentrated by 
lyophilization.  In step (3), a 32P label is added to the nucleotide 5' posi- 
tion by T4 kinase.  3'-Phosphates are removed by PI nuclease in step (4), and 
the labeled HETEpdG and BupdG are recovered from a disposable anion column in 
step (5).  Residual radioactivity is discarded with the column at this point, 
minimizing laboratory handling of 32P.  Finally, HETEpdG and BupdG are separ- 
ated from contaminating radioactivity by HPLC in step (6), and the amount of 
HETEpdG is calculated from the ratio of HETEpdG to BupdG radioactivity. 
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For levels of modification exceeding one HETEpdG/106DNA nucleotide, N-7 gua- 
nine nucleotides collected from 1 nmol (0.3 /ig) of digested SM-DNA containing 2 
fmol of BudGp were labeled in 5 /il of 0.14 M Tris-acetate buffer, pH 7.5, con- 
taining 28 mM MgCl2, 28 mM dithiothreitol, 2.8 mM EDTA, and 2 mM spermidine. 
One til  of ATP (0.023 mM) and 5 fil  of [32P]ATP (50 fid)  were added, and the sub- 
strate was incubated with twenty units of T4 kinase for 90 min at 37°C. Then, 
2 fil  of 2 mM ZnCl2 and two units of PI nuclease were added and the incubation 
was continued for 1 h at 37'C to remove 3'-phosphates.  For levels below one 
HETEpdG/106 DNA nucleotides, N-7 guanine nucleotides from as much as 40 nmol 
of DNA digest (13 /ig) were labeled. 

The labeling solution was mixed with an optical marker of HETEpdG and loaded 
onto a disposable A-25 column eluted at 1 ml/min with 80 mM TEAA buffer, pH 
7.0. About 10 ml of buffer containing the HETEpdG optical peak were collected 
and lyophilized to dryness. Most of the [32P]ATP remained on the column and 
was discarded in the radioactive waste. 

The final HPLC analysis was performed on a modular apparatus consisting of a 
Milton Roy minipump, Rheodyne 7125 injection valve, and a 5 /im Spherisorb (4.6 
x 250 mm) C18 column from Alltech.  Elution profiles were monitored at 254 ran 
with a Perkin-Elmer LC-55B spectrophotometric detector interfaced with a Hew- 
lett-Packard 3396A integrator.  The column was eluted at 1 ml/min with 1% aceto- 
nitrile in 70 mM TEAA, pH 7.0, for 40 min; then with a gradient of 1 to 3% acet- 
onitrile in TEAA from 40 to 70 min, and finally with 3% acetonitrile in TEAA 
from 70 to 84 min.  One ml fractions were collected and the Cherenkov radiation 
in each fraction was determined in a scintillation counter.  Radioactivity in 
individual peaks was automatically totaled by a computer program which sub- 
tracts background radiation. 

Isolation of DNA from cultured cells 

Some difficulties were encountered initially in applying the 3^-post- 
labeling technique to DNA isolated from cultured cells.  Literature procedures 
start with a cell lysis step followed by a RNAse step to remove RNA and a pro- 
teinase step to digest protein.  Partially digested protein and proteinase it- 
self is then usually removed with an organic extraction step which may involve 
the use of phenol or a mixture of chloroform and isoamyl alcohol.  However, 
this approach led to irreproducible results when we applied it to the analysis 
of DNA isolated from cultured cells exposed to SM.  This irreproducibility was 
traced to the use of organic solvents; when a blend with a known HETEpdG con- 
tent was subjected to the organic extraction step, its HETEpdG content was dras- 
tically lowered.  We assume that the fat soluble hydroxyethylthioethyl adducts 
are somehow removed from the DNA by the organic solvents.  As an alternative to 
organic extraction, we utilized the salt precipitation method of Miller et al. 
to remove proteins (45). 

Our current isolation procedure is shown in Figure 2 (next page). DNA was 
isolated from cultured cells which had been stored frozen in PBS, a treatment 
which probably facilitates lysis. Cells were warmed to room temperature, col- 
lected by centrifugation for 10 min at 1500 x g, suspended in 1 ml of 0.2 M 
Tris-HCl, pH 8.0, containing 0.05 M NaEDTA and 1% sodium dodecyl sulfate, and 
incubated with 250 /ig of RNAse for 2 h at 37*C. Then, 400 /ig of proteinase K 
was added and incubation was continued for an additional 2 h at 37°C.  To re- 
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move protein, one ml of 6 M ammonium acetate was added, and precipitated pro- 
tein was removed by centrifugation for 10 min at 7,000 x g in the cold. The 
supernatant was withdrawn, two volumes of cold ethanol were added, and the solu- 
tion was cooled in a dry ice bath.  Precipitated DNA was redissolved in 300 fil 
of water adjusted to pH 7.5, and concentration was determined from the ultra- 
violet scan of a diluted aliquot in a microcuvette. The ratio of optical ab- 
sorbance at 260 nm to that at 280 nm averaged 1.85 ± .03; approximately 225 /ig 
of DNA was recovered from 107 cells. 

DNA Isolation 

7 
10 Cells 

I 
Cell Lysis 

I 
RNAse Treatment 

I 
Proteinase K Treatment 

J 
Salt Precipitation of Proteins 

I 
Ethanol Precipitation of DNA 

J 
Re dissolution 

Figure 2. Method for Isolating DNA from Cultured Cells. 

Purification of Glycosylase Enzymes 

Bacterial 3-methyladenine DNA glycosylase II (Gly II) was purified 
from an overproducing strain of E.  coli  kindly provided by Professor Mutsuo 
Sekiguchi (46).  Purification was performed according to Nakabeppu et al.   (46) 
through the DNA-cellulose column step as described previously (24). The puri- 
fied enzyme migrated as a single band on a 12.5% polyacrylamide-0.1% SDS gel 
at a molecular weight of 31,000. The enzyme was tested for nuclease activity 
against a double-stranded [3H]thymidine DNA and the same DNA which contained 
apurinic sites. Negligible amounts of radioactivity were released into the 
ethanol-soluble fraction by the purified enzyme indicating that it was essen- 
tially free from non-specific nucleases. However, as a further precaution 
against nuclease activity, EDTA was added to incubations with [3H]DMS-DNA 
and [14C]SM-DNA. 

Human 3-methyladenine DNA glycosylase was purified from a plasmid containing 
the cloned gene (pP5-3, ref 47) grown in E.   coli  (alkA tag)  cells which do not 
contain any endogenous glycosylase activity.  Cells (3.5 gm) grown to early log 
phase were homogenized in 60 ml of 20 mM Tris-HCl, pH 7.5, buffer containing 1 
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mM EDTA, 1 mM DTT, 0.2 DH phenylmethylsulfonyl fluoride (PMSF) , 30 units/liter 
of Aprotinin, 0.2 M NaCl, and 10% glycerol.  The homogenized cells were lysed 
in an ice cold French press and the lysate was centrifuged in a refrigerated 
centrifuge at 10,000 g for 40 min. All subsequent steps were carried out in a 
cold cabinet. 

The supernatant was pumped onto a DEAE-cellulose column (DE23, 2 x 17.5 cm) 
at a flow rate of 0.75 ml/min to remove DNA.  The column was washed with 135 ml 
of 20 mM Tris-HCl, pH 7.5; 1 mM EDTA; 1 mM DTT; 10% glycerol (buffer G) contain- 
ing 0.2 M NaCl and then eluted with a 50 ml gradient to 1 M NaCl in buffer G; 
15 min fractions were collected.  Glycosylase activity appeared in fraction 5 
and gradually tapered off to fraction 25.  Fractions 5 through 13 were pooled 
and pumped at 0.7 ml/min onto a double stranded DNA cellulose column (1.5 x 9.5 
cm) previously equilibrated with buffer G containing 0.2 M NaCl.  The enzyme 
was eluted with an 80 ml gradient to 1 M NaCl in buffer G; 15 min fractions 
were collected.  In addition to a broad peak near the front, a sharp peak of 
glycosylase activity was detected at fraction 18, approximately one third of 
the way through the gradient. 

The peak fraction from the DNA-cellulose column was diluted to 72 ml with 
buffer G and pumped at 0.3 ml/min onto a Pll phosphocellulose column (2x8 cm) 
equilibrated with buffer G containing 0.15 M NaCl.  The column was washed with 
40 ml of buffer G containing 0.15 M NaCl and then eluted with an 80 ml gradient 
from 0.15 M to 1 M NaCl in buffer G.  Again, 15 ml fractions were collected and 
immediately divided in half; 2 mg of serum albumin was added to one half to sta- 
bilize the glycosylase.  Assays of these fractions showed a sharp peak of activ- 
ity at fraction 27.  SDS-PAGE analysis of this fraction showed that the enzyme 
had been concentrated in a band migrating at 39,000. 

Studies of Glycosylase Action 

Studies to measure glycosylase-mediated release of alkylated bases 
were performed in 70 mM Tris-HCl, pH 7.5, which contained 10 mM EDTA and 3 mM 
dithiothreitol.  Incubations with [3H]DMS-DNA contained 19.2 pmols of alkylated 
bases (14.0 pmols of 7-methyl guanine (mTG) and 2.1 pmols of 3-methyl adenine 
(m3A) in 22 fxl  of buffer.  Experiments to determine enzyme dependence were in- 
cubated for 30 min; then, carrier DNA was added and substrate was precipitated 
by the addition of 1/20 volume of 6 M NaCl and 2 volumes of ethanol. An ali- 
quot of the supernatant containing the released bases was evaporated to dryness 
and separated by HPLC to determine the amounts of MA and MG released.  The time 
dependence of base release from [3H]DMS-DNA was determined with 22 /il incuba- 
tion mixtures containing 0.087 units of enzyme. 

To compensate for its relatively low specific activity, incubations with 
[14C]SM-DNA were performed at 6 times the scale of incubations with [3H]DMS-DNA 
(i.e., with an incubation volume of 132 /il and with substrate containing 114 
pmols of total alkylation).  Incubation conditions were the same as described 
for [3H]DMS-DNA, but the actual pmols of HETEG and HETEA that were released 
have been divided by 6 for direct comparison with the [3H]DMS-DNA results.  Be- 
cause of the slightly different distribution of alkylated bases in [14C]SM-DNA, 
there were 12.1 pmols of HETEG and 1.5 pmols of HETEA per 19.2 pmols of total 
alkylation in [14C]SM-DNA. 
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Cell Culture Conditions 

Human skin fibroblasts (AG01522B) obtained from the Coriell Institute 
for Medical Research, Camden, NJ were at a passage number of 6 and a population 
doubling level of 15. All experiments were performed with cells at a passage 
number between 8 and 10.  Fibroblasts were grown as a monolayer in standard min- 
imal essential media (MEM) with a 2 x concentration of amino acids and vitamins 
supplemented with 15% fetal bovine serum (FBS), penicillin and streptomycin. 
Cells were incubated in a humidified atmosphere of 7% C02 at 37°C. 

Human keratinocytes (NM-1 cells) obtained from Dr. Howard P. Baden's labor- 
atory, Massachusetts General Hospital, were at passage number 80.  These cells 
were grown as monolayers in Serum Free Media (SFM) for keratinocytes from Gibco 
supplemented with bovine pituitary extract and epidermal growth factor.  Chi- 
nese hamster ovary (CHO) cells were grown in Alfa minimum essential medium 
(Eagle) without ribonucleosides or deoxyribonucleosides, but supplemented with 
10% FBS.  Keratinocytes and CHO cells were grown in a humidified atmosphere of 
7% C02 at 37°C.  Incubation temperatures were monitored with a Yellow Springs 
Instrument Model 4600 digital thermometer. 

Cytotoxicity Studies 

Exposure Conditions 

The cytotoxicity of SM was investigated by plating cells in 12-well 
plates at an initial density from 2 x 10* to 4 x 104 cells/cm2.  After 24 h 
for fibroblasts and CHO cells or 48 h for keratinocytes, the medium was re- 
placed with fresh medium containing SM at the indicated concentration in a Ster- 
ilchemGARD hood.  Dilute solutions of SM in absolute alcohol were prepared im- 
mediately before treatment.  Cell culture medium was replaced with fresh medium 
containing SM at the required concentration; cells were exposed to SM for 1 h 
at room temperature in the SterilchemGard hood and then incubated in fresh me- 
dium at 37°C.  One half of the medium was changed every 2 days thereafter. At 
the indicated times, cell viability was determined.  The effect of temperature 
on cytotoxicity was examined by incubating one set of plates for 1 or 2 days at 
a lower temperature before transferring them back to 37°C. 

The effect of the cell cycle modulator, ciclopirox olamine (CPX), on cyto- 
toxicity was examined by adding CPX dissolved in the medium to cells at the in- 
dicated times before and/or after exposure to the alkylating agent.  After the 
required time, CPX was removed by replacing CPX-containing media with fresh 
medium. 

Viability Assays 

Trypan Blue Assay 

For the trypan blue exclusion assay, cells were trypsinized, 
washed and resuspended in PBS.  After staining, trypan blue-negative (exclud- 
ing) cells were counted in a hemocytometer.  Analysis of duplicate determina- 
tions shows that these counts are reproducible with a standard deviation of 
± 6.3%. 
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Assay for Colony Forming Ability (CFA) 

Based on the trypan blue excluding cell numbers obtained as de- 
scribed above, cells were diluted in growth medium and replated in five dilu- 
tions (from 50 to 2000 cells/well) in 6-well plates. After cells had been in- 
cubated for 10 to 14 days, the medium was discarded and colonies were rinsed 
with saline solution, fixed with ethanol, and stained with crystal violet. Col- 
onies containing 50 or more cells were counted and colony forming ability was 
calculated as a percent of cells plated.  For SM-exposed cells, CFA was ex- 
pressed as a percent of control CFA.  CFA of control cells remained at approx- 
imately 30% for several weeks. 

Cell Cycle Analysis 

The effect of sulfur mustard or potential modulators of cytotoxicity 
on cell cycle progression was examined by flow-cytometry. Cells grown in mono- 
layers in 75 cm2 flasks (~ 1 x 106 cells) were trypsinized after treatment, 
rinsed with PBS and resuspended in 0.1 ml of PBS. The cells were immediately 
fixed with 0.9 ml of ice-cold 95% ethanol and stored at 4'C for at least 24 h 
before analysis.  Cells were stained by propidium iodide (PI) and fluorescence 
was measured using a FACScan flow cytometer (Becton & Dickinson, San Jose, CA). 

RESULTS 

Investigations into Alkylation of the 0a-Position of Guanine by SM 

Synthesis of O6-hydroxyethylthioethyl deoxyguanosine 

Because of a significant body of literature emphasizing the cytotoxic- 
ity of 06-guanine alkylation in DNA, we have been particularly interested in 
the possibility that SM might react with this position in DNA. Accordingly, 
the adduct that would be formed by such a reaction, 0a-hydroxyethylthioethyl 
deoxyguanosine, was synthesized by the reaction shown below. 

OCHJCHJSCHJCHJOH 

+       NaOCHjCH2SCH2CHjOH      — 

Figure 3.  Synthesis of 06-Hydroxyethylthioethyl Deoxyguanosine. 

The structure of this compound was established by its uv spectra which are 
typical of an 0a-substituted guanine nucleoside, and by its FABMS molecular 
weight of 371 confirming the nature of the substituent. 

With this marker available, it was possible to demonstrate that 06-hydroxy- 
ethylthioethyl deoxyguanosine was formed when SM reacted with deoxyguanosine. 
Deoxyguanosine (2 mg) was reacted with HSM (4 pi) for 4 h at 37*C in 50 mM 



■19- 

sodium cacodylate buffer, pH 7. The mixture was then analyzed on a Clg column 
eluted with an acetonitrile gradient. As shown in Figure 4, a small peak elu- 
ted at 82 min which was identified as 06-hydroxyethylthioethyl deoxyguanosine 
on the basis of its retention time, its uv spectrum as captured on a diode 
array detector, and its intense fluorescence. 
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Figure 4.  HPLC Profile of Sulfur Mustard-Deoxyguanosine Reaction Mixture. 
A small peak of 06-hydroxyethylthioethyl deoxyguanosine appeared at 82 min. 

In order to demonstrate the presence of 06-hydroxyethylthioethyl deoxyguan- 
osine in DNA that has been reacted with HSM or SM, it is necessary to release 
the adduct from DNA as a monomer either by acid hydrolysis or enzymatic diges- 
tion. Acid hydrolysis would release the free base, Oa-hydroxyethylthioethyl 
guanine (06-HETEG) while enzymatic digestion would release 06-hydroxyethyl 
thioethyl deoxyguanosine monophosphate.  When we failed to obtain evidence for 
the presence of this adduct in SM-treated DNA, we performed the control experi- 
ments shown in Figure 5 (next page) to see whether the adduct was stable under 
hydrolysis or digestion conditions. As shown in the top panel of Figure 5, syn 
thetic 06-HETEG appeared as a late peak in the HPLC profile. When 06-HETEG was 
subjected to standard acid hydrolysis conditions (90*C for 1 h at pH 3.5), it 
was converted entirely to guanine as shown in the middle panel of this figure. 
Similar results were obtained using alternate acid hydrolysis conditions (37°C 
for 18 h at pH 1).  Finally, as shown in the bottom panel of Figure 5, 06-HETEG 
was unstable under enzyme digestion conditions (37'C for 18 h at pH 7.5).  As 
would be expected, the deoxynucleoside, 06-hydroxyethylthioethyl deoxyguano- 
sine, was also unstable under enzyme digestion conditions. 

Thus, we conclude that it would not be possible to determine whether an 06- 
guanine adduct is formed in DNA by SM through the use of either standard hydro 
lysis or enzyme digestion conditions.  We have found, however, that 08-hydroxy- 
ethylthioethyl deoxyguanosine remains approximately 50 % intact after exposure 
to the 10°C digestion conditions that we use in the 32P-postlabeling proce- 
dure. Accordingly, it might be possible to obtain a more definite answer as to 
whether 06-guanine adducts are formed by performing the digestion in this way. 
This demonstration will require synthesis of the HPLC marker that would be ex- 
pected from enzymatic digestion, 0a-hydroxyethylthioethyl deoxyguanosine 5'- 
phosphate. 
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Figure 5.  Instability of 06-HETEG Under Standard Acid Hydrolysis and Enzyme 
Digestion Conditions.  Synthetic 06-HETEG appeared at approximately 42 min 
when it was eluted from an C18 column with an acetonitrile gradient as shown in 
the top panel. When marker 06-HETEG was subjected to acid hydrolysis conditions 
(middle panel) or enzymatic digestion conditions (bottom panel) it was converted 
entirely to guanine. 
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32 P-Postlabeling Analysis of SM-induced DNA Modifications 

Our 32P-postlabeling technique has been improved substantially since our 
last final report (37) and can now detect HETEpdG at the level of one modifica- 
tion in 107 DNA nucleotides.  These improvements have been achieved by includ- 
ing an internal standard with HPLC and stability characteristics similar to 
those of HETEdGp from the beginning of the analysis, and by making more exten- 
sive use of disposable A-25 cartridges to separate HETEdGp from unmodified de- 
oxynucleotide 3'-phosphates (step 2 in Figure 1) as well as from [32P]ATP 
(step 5). 

As shown in Table 1, the disposable A-25 columns separate nucleotides into 
three groups: 7-substituted guanine nucleotides that elute between 14 and 16 
min, unsubstituted nucleotides that elute between 35 and 71 min, and ATP that 
is retained on the column. Consequently, similar columns can be used in both 
the HETEdGp enrichment step 2 and the ATP removal step 5. BupdG was added as 
an optical marker in step 2 and HETEpdG as an optical marker in steps 5 and 6. 
The nature of the alkyl substituent, n-butyl, was chosen to produce a satisfac- 
tory separation during the final HPLC analysis, step 6. 

Table 1.  Retention Times on Disposable Sephadex A-25 Columns 

Nucleotide Retention 
(min) 

time Nucleotide Retention time 
(min) 

HETEdGp 15.7 dTp 35 

HETEpdG 15.3 dCp 41 

BudGp 14.3 dAp 50 

BupdG 14.6 dGp 

ATP 

71 

> 120 

Figure 6 (next page) is an example of the assay.  An aliquot of a digest 
from 1 nmol of [14C]SM-DNA that contained 2 fmol of BudGp as internal standard 
was separated on a C18 column.  From our computer program, HETEpdG radioactiv- 
ity equaled 0.75 times BupdG radioactivity, indicating that 1.5 fmol of HETEpdG 
were present.  Separately, however, we had determined from its [14C] content 
that 1 nmol of this [14C]SM-DNA blend originally contained 10.2 fmol of HETEpdG. 
Consequently, the overall recovery of HETEpdG in the analysis was 15%.  How- 
ever, by increasing the amount of DNA analyzed to 40 nmol (13.2 /ig), it was 
possible to measure the HETEpdG content of [14C]SM-DNA blends containing as 
little as one HETEpdG/107 DNA nucleotide accurately. 
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Figure 6. HPLC Profiles Showing Detection of 1.5 fmol of HETEpdG. Top panel 
labeled digest from 1 nmol (0.3 ng)  of [14C]SM-DNA to which 2 fmol of BudGp 
was added as internal standard.  Bottom panel, labeled digest from 1 nmol 
(0.3 /ig) of unmodified DNA with 2 fmol of BudGp added. 

To test the reproducibility of the assay, a representative blend containing 
5.2 fmol HETEpdG per nmol of DNA was analyzed a total of four times by two dif- 
ferent operators.  Recoveries were 13.0%, 20.7%, 21.7%, and 25.6% for a mean of 
20.2 ± 5.2. 

The calibration curve obtained by analyzing a range of blends containing 
from 8.7 x 10  to 3.1 x 10  HETEG per DNA nucleotide is shown in Figure 7 
(next page).  The data show a linear dependence of the log of HETEpdG recov- 
ered on the log of HETEpdG in the DNA blend analyzed. The actual relation- 
ship is given by the equation: log y - 2.47 + 1.61 log x with a correlation 
coefficient of 0.99. 

Although the 32P-postlabeling method described above is satisfactory for 
the detection of HETEpdG in vitro,   irreproducible results were obtained ini- 
tially when the method was applied to DNA that had been isolated from human 
fibroblasts.  This irreproducibility was traced to the effects of extraction 
with organic solvents, a step that is included in most standard DNA isolation 
procedures (48).  By analyzing DNA samples that had been modified by SM in 
vitro,  we were able to demonstrate that extraction with organic solvents dras- 
tically reduced the apparent HETEpdG content (data not shown).  Apparently the 
lipid solubility of the hydroxyethylthloethyl group is sufficient to allow hy- 
droxyethylthioethyl-substituted nucleotides or oligonucleotides to be extracted 
from the remainder of the DNA.  When we substituted a salt precipitation step 
for protein removal (45), reproducible results were obtained. 
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Figure 7.  Calibration Curve for Detecting HETEpdG in DNA.  Samples of DNA 
containing the indicated ratio of HETEpdG to normal nucleotides were digested 
and labeled in the presence of internal standard; the calculated amount of 
HETEpdG recovered is plotted on the y axis. 
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Figure 8. HPLC Profile of 32P-postlabeled Nucleotides from the DNA of Fibro- 
blasts Exposed to 10 fM.  SH. DNA was isolated, digested in the presence of BudGp, 
and the resulting nucleotides were labeled and separated on a C18 column eluted 
as described in Methods.  Positions of optical markers for HETEpdG (A) and 
BupdG (B) are indicated. 
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A typical HPLC profile showing the analysis of HETEpdG in DNA extracted from 
fibroblasts exposed to 10 fM.  SM is shown in Figure 8. The peaks of radioactiv- 
ity corresponding to HETEpdG and BupdG are clearly evident and are well resol- 
ved from each other.  The peak in the front is inorganic 32P-phosphate and 
32P-deoxyribose 5'-phosphate while the small peak at 30 min is not present in 
the reagent blank and probably represents another SM-induced adduct. The sen- 
sitivity of the assay is more than adequate for measurements at this level of 
modification and could be increased if necessary by increasing the amount of 
DNA analyzed. 

Table 2 shows the results of HETEpdG analyses on DNA samples isolated from 
fibroblasts exposed to concentrations of SM from 0 to 15 /iM.  The third column 
in this table gives the number of independent postlabeling assays, n, which 
were performed on a single DNA isolated at each SM concentration except for the 
control at 0 fiK  SM.  For that sample, two separately isolated samples were 
analyzed.  The data in the fourth column are the actual values of HETEpdG re- 
covered in the analysis while those in the fifth column are the original values 
calculated from the mean values in column 4 using the calibration curve shown 
in Figure 7. 

Table 2.  Calculated HETEpdG Levels in DNA of Fibroblasts Exposed to SM 

Sample SM n Recovered HETEpdG 
per 106 nucleotides* 

Calculated HETEpdG 
per 106 nucleotides 

Reagent blank 0 4 0.052 ± 0.028 - 

Fibroblast DNA 0 3 0.039 ± 0.030 0 

Fibroblast DNA 2.5 2 0.166, 0.200 1.61 

Fibroblast DNA 5.0 2 0.120, 0.178 1.37 

Fibroblast DNA 10.0 3 0.569 ± 0.241 3.63 

Fibroblast DNA 15.0 3 0.577 ± 0.168 4.08 

Mean ± SD.  Individual values are given when n - 2. 

A small reagent blank was subtracted from the values in the fourth column 
of Table 2 before applying the calibration curve.  This blank apparently arose 
from a slight contaminant in the 32P-ATP which was not removed by the anion 
exchange column.  An alternate possibility is that the internal standard, 
BudGp, was slightly contaminated with a nucleotide that coeluted with HETEpdG 
after it was labeled. 

The data in table 2 indicate that the HETEpdG levels in DNA isolated from 
fibroblasts have a linear dependence on the SM concentration.  This relation- 
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ship is given by the equation: HETEpdG - 0.396 + 0.268 SM with a correlation 
coefficient of 0.95. HETEpdG in this equation is the number of adducts per 
106 nucleotides and SM is the /*M concentration of SM. This relationship indi- 
cates that one HETEpdG per 106 nucleotides is produced at a SM concentration 
of 2.3 /JM, a level that causes a slight inhibition of growth as described in a 
later section of this report. 

Repair of SM-induced DNA. Modifications 

We have obtained evidence for repair of SM-induced DNA modifications from 
in vitro  as well as in vivo  experiments.  In this section, we report biochem- 
ical studies showing that both bacterial and human glycosylase recognize and re- 
lease HETEG and HETEA from SM-modified DNA.  In a later section we report cyto- 
toxicity studies indicating that nucleotide excision repair (NER) plays a role 
in protecting mammalian cells from the cytotoxic action of SM. 06-Alkylgua- 
nine-DNA alkyltransferase activity does not, however, seem to be effective in 
preventing cytotoxicity. 

[14C]SM-DNA and [3H]DMS-DNA for use in glycosylase studies were prepared by 
reacting the radiolabeled alkylating agents with DNA as described in Methods. 
To determine the content and distribution of alkylated bases in these substrates, 
[14C]SM-DNA was depurinated by adjusting the pH to 3.5 with H3P0< and incubat- 
ing at 90° for 1 h.  [3H]DMS-DNA was depurinated by overnight incubation in 0.1 
N HC1 at 37CC. Optical markers were added and modified bases were separated by 
HPLC; 1 min fractions were collected and counted in an 1KB  model 1214 liquid 
scintillation counter.  Compositions of these two substrates are given in Table 
3 below. 

[3H]DMS -DNA [14C]SM-DNA 

6946 4726 
1.75 33.3 
1.28 21.1 
0.193 2.6 
6.6 8.1 

- 6.5 

Table 3.  Characteristics of Alkylated Substrates 

Property 

dpm/ng 
pmol/^g 
7 - alky lguanine   (pmol//ig) 
3-alkyladenine (pmol/pg) 
ratio, 7-RG/3-RA 
cross-link (pmol//ig) 

These substrates had a similar number of dpm/ng  of DNA, but because of the 
much higher specific activity of the methyl groups, there were fewer pmols of 
methylated bases per ng  of DNA in the [3H]DMS-DNA than in [14C]SM-DNA.  However, 
the ratio of 7-alkylguanine to 3-alkyladenine bases in the two substrates was 
rather similar.  The distribution of adducts in the acid hydrolysate of [14C]SM- 
DNA shown in the left-hand panel of Figure 9 (next page) and in Table 3 is sim- 
ilar to that which has been reported previously (13,16).  The substrate used 
here contained, as a percentage of total alkylation, 7.7% HETEA, 63% HETEG, and 
19.5% cross-link (di-(2-guanin-7-yl-ethyl)sulfide). 



■26- 

Figure 9 shows HPLC profiles of bases released from [14C]SM-DNA by acid, 
and by the action of 3-methyladenine DNA glycosylase II (Gly II). As shown in 
the right-hand panel of this figure, a 15 min incubation at 37' with Gly II 
released both HETEA and HETEG, but there was no evidence for release of the 
cross-link. There was very little spontaneous release (middle panel) of 
either modified base under these incubation conditions. 
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Figure 9.  HPLC Profiles of Bases Released from SM-modified DNA (see text). 
Retention times are indicated for optical markers of:  A, HETEA; B, HETEG; 
and C, cross-link.  The panels from left to right show radioactivity released 
by acid depurination, control incubation with buffer alone, or incubation with 
3-methyladenine DNA glycosylase II. 

To establish the enzyme dependence of this release, and to compare the activ- 
ity of Gly II towards SM-modified bases with its activity towards methylated 
bases, experiments were performed as shown in Figures 10 and 11. Gly II re- 
leases both m3A and m7G readily from the methylated substrate as shown in the 
left-hand panel of Figure 10. Although the amount of m7G released is approxi- 
mately one third of the amount of m3A released, the much greater activity of 
this enzyme towards m3A than m7G becomes apparent when these data are expressed 
as percentages. As shown in the right-hand panel of Figure 10, approximately 
80% of the m3A is released at the highest enzyme concentration while only ap- 
proximately 5% of the m7G is released. 

However, Gly II has a relatively much greater activity towards HETEG than 
m7G as shown in Figure 11. The left-hand panel of this figure shows that more 
HETEG than HETEA is released at each enzyme concentration - the reverse of what 
happens with a methylated substrate where more m3A than m7G is released. A com- 
parison of the left-hand panel of Figure 10 with the left-hand panel of Figure 11 
indicates that approximately twice as much m3A as HETEA is released at each en- 
zyme concentration, but more than three times as much HETEG as m7G is released. 
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Figure 10.  Enzyme-dependent Release of Methylated Bases by 3-methyladenine DNA 
Glycosylase II.  Substrate was incubated with enzyme for 30 min at 37#C (see 
text for details).  The left-hand panel shows the pmols of each base released 
from a substrate containing a total of 19.2 pmols of modified bases, and the 
right-hand panel shows the percent of each base released. 
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Figure 11.  Enzyme-dependent Release of SM-modified Bases by 3-methyladenine 
DNA Glycosylase II.  Substrate was Incubated with enzyme for 30 min at 37*C 
(see text for details).  Left and right panels as in Figure 10. 
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When the data in Figure 11 are expressed as a percentage of bases released 
(right hand panel of figure), it is apparent that a higher percent of HETEA is 
released than HETEG, but the preference of the enzyme for HETEA over HETEG is 
not as great as the preference for m3A over m7G. On a percentage basis, only 
about one sixteenth as much m7G is released as m3A, but more than half as much 
HETEG is released as HETEA. 

0 30 60 90 

TIME (min) 

30 60 90 

TIME (min) 

Figure 12.  Time-dependent Release of Methylated Bases by 3-methyladenine DNA 
Glycosylase II.  Substrate was incubated with enzyme for varying times at 37°C 
(see text for details).  Left and right panels as in Figure 10. 
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Figure 13. Time-dependent Release of SM-modified Bases by 3-methyladenine DNA 
Glycosylase II. Substrate was incubated with enzyme for varying times at 37°C 
(see text for details).  Left and right panels as in Figure 10. 
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Time dependence experiments shown in Figures 12 and 13 lead Co similar conclu- 
sions. Data for the methylated substrate are shown in Figure 12; the rapid re- 
lease of m3A in comparison with m7G is apparent. Again, the difference is mag- 
nified when the data are expressed as percentages of bases present in the sub- 
strate. 

For the hydroxyethylthioethyl bases, however, more HETEG is released than 
HETEA throughout the time course. Again, because there is approximately eight 
times as much HETEG as HETEA in the substrate (see Table 3), HETEG is released 
somewhat more slowly than HETEA on a percentage basis. However, in comparing 
the right-hand panel of Figure 13 with the right-hand panel of Figure 12, the 
much greater activity of this enzyme towards HETEG than mrG is again clearly 
illustrated. 

The results reported above with bacterial enzyme raise the possibility that 
glycosylase may play an important role in the repair of SM-induced DNA modifica- 
tions in human cells. Accordingly, we have begun studies of the action of hu- 
man glycosylase on the same [14C]SM-DNA substrate that we used for the bacter- 
ial glycosylase experiments. 

Figure 14 shows preliminary results with partially purified enzyme.  Incuba- 
tion of the substrate with buffer alone (left hand panel of Figure 14) results 
in some spontaneous release of both HETEA and HETEG. However, the addition of 
either 75 or 150 /il of partially purified human enzyme increases the release of 
both peaks in a dose-dependent manner. Thus we conclude that human glycosylase 
may play an important role in protecting cells from SM toxicity. 
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Figure 14.  HPLC Profiles of Bases Released from 14C-SM-DNA.  Approximately 
16,300 cpm's of 14C-SM-DNA were incubated with 0, 75 or 150 nl  of cloned, 
partially purified human glycosylase for 60 min at 37°C.  Peak identities: 
Peak A, HETEA; Peak B, HETEG. 
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Cytotoxicity Studies 

Effects of SM on Cell Growth 

SM is acutely toxic to human fibroblasts as shown in Figure 15.  In the 
absence of SM exposure, cells grow to confluency in less than one week while 
exposure to even 1 /iM SM slows growth considerably, particularly in the first 
few days. At SM concentrations as high as 20 /xM, cell growth is inhibited for 
a very long time but eventually recovers. 
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Figure 15.  Effect of SM on Growth of Human Fibroblasts. Twenty four h after 
plating (day 0) cells were exposed to 0 jiM (•), 1 /iM (♦), 5 /iM (A), 10 /*M (■), 
or 20 /iM (T) SM at room temperature. After 1 h exposure, the medium was changed 
and the cells were incubated at 37°C; viability was determined by the TBE assay 
as shown.  Points are the mean values from 2 to 4 independent experiments. 

The SM-induced delay in cell growth shown in Figure 15 depends on the SM 
concentration to which the cells were exposed.  This is evident from Figure 16 
(next page) in which the time required for the first doubling of cell popula- 
tion (determined from graphs of the TBE number versus time) is plotted against 
sulfur mustard concentration.  The time required for the first doubling of the 
TBE number shows an almost linear dependence on SM concentration. 

The appearance of fibroblasts exposed to SM changes markedly with time as 
shown in Figure 17 (next page).  This figure shows progressive changes in ap- 
pearance of cells exposed to 10 /iM SM over several weeks in comparison with 
unexposed cells.  After exposure, cells increase greatly in size and show evi- 
dence of "unbalanced growth".  Later, when they begin to divide again, they 
return to a more normal appearance. 
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Figure 16.  Dependence of Growth Inhibition on SM Concentration.  The time re- 
quired for the first population doubling after exposure, determined from growth 
curves as shown in Figure 15, is plotted against SM concentration. 

CONTROL 

SM 10 >xM 

DAY1 DAY 6 DAY 16 DAY 41 

Figure 17. Effect of SM on Fibroblast Appearance. Cells grown in a monolayer 
at a density of 1 x 104/cm2 were exposed to 10 /xM SM at room temperature. Af- 
ter 1 h exposure, the medium was changed and the cells were incubated at 37°C. 
Top row, control cells; bottom row, SM-treated cells. Magnification: 400 x. 
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The effect of SM on cell size is shown in Figure 18 where the relative size 
of fibroblasts is plotted versus time after exposure.  For cells exposed to 
5 /*M SM, the relative size almost triples, reaching a maximum approximately two 
weeks after exposure. After that, cells begin to divide again and return to 
their original size and appearance. 

DAY 

Figure 18.  Relative Change in Size after Exposure to SM.  Cells were exposed 
to 5 /JM SM at room temperature for 1 h.  The medium was changed and the cells 
were incubated at 37"C until they were harvested by trypsinization at the in- 
dicated times.  Cell size was estimated from the spacing of the grids in the 
hemocytometer.  Symbols:  (A), cells exposed to SM; (O), Control, unexposed 
cells. 

Although the slow increase in number of TBE cells which is observed after 
SM exposure could represent a balance between cell division and cell death, no 
significant cell detachment or dose-dependent increase in the number of trypan 
blue non-excluding cells was observed during the recovery period even at the 
highest concentrations of SM tested. We conclude, therefore, that the period 
of growth arrest represents a period in which most cells are not dividing and 
does not represent a dynamic balance between dividing and dying cells. 

Colony forming ability (CFA) as well as TBE number was followed after expos- 
ure to varying concentrations of SM.  Figure 19 (next page) shows CFA versus SM 
concentration at day 1, day 9, and day 31 after exposure.  CFA in this graph is 
plotted as a percentage of CFA for unexposed cells.  Each of these curves shows 
a dose-dependent decrease in CFA, but at any SM concentration, CFA returns to 
more normal levels by day 9 and especially by day 31.  In these CFA experiments, 
there was no apparent difference in size among the colonies formed at any time 
after exposure.  Furthermore, cells within the colonies that were derived from 
SM-treated and those from control populations had a similar appearance. Thus, 
the CFA experiments also suggest that cells may return to a normal condition 
after a temporary growth arrest. 
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Figure 19.  Recovery of Colony Forming Ability (CFA) after Exposure to SM.  Hu- 
man fibroblasts were exposed to the indicated concentrations of SM at room temp- 
erature. After 1 h exposure, the medium was changed and the cells were incubat- 
ed at 37*C. After 1, 9, or 31 d, they were harvested and replated in serial di- 
lutions for CFA. After incubation at 37*C for 12 days, colonies were stained 
with crystal violet and counted; CFA is expressed as a percent of CFA for un- 
treated controls. 

Different cells respond to SM in different ways, however.  We have studied 
Chinese hamster ovary (CH0) cells because several repair-deficient lines are 
available for investigations of DNA repair.  As shown in the left-hand panel of 
Figure 20 (next page), the growth of these cells as measured by TBE number is 
also affected by low levels of SM.  In contrast to fibroblasts, however, there 
is clear evidence for cell death with the appearance of cells that do not ex- 
clude trypan blue. As shown in the right-hand panel of Figure 20, more than 
half of the CHO cells exposed to 5 ^M SM are considered dead by the TBE assay 
within a few days of exposure.  As discussed below, we believe that the ability 
of cells to recover may depend on their ability to arrest growth at various 
checkpoints until DNA repair is complete. 

We have also investigated the toxicity of SM towards a line of human keratin- 
ocytes that we have obtained from Dr. Howard Baden.  This cell line grows more 
slowly than either the fibroblasts or the CHO cells as shown in Figure 21 (next 
page).  They also appear even more sensitive to SM than either the fibroblasts 
or CHO cells. As shown in Figure 21, 5 fM.  SM arrests these cells for at least 
two weeks after exposure.  In order to investigate the interrelationship be- 
tween DNA repair and cell growth, however, we have emphasized studies of fibro- 
blasts and CHO cells. 
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Figure 20.  Effect of SM on Growth of CHO Cells. After CHO cells were exposed 
to 5 uM SM for 1 h, the medium was changed and the cells were incubatedat 37 C. 
Left-hand panel, number of trypan blue excluding (viable) cells; right-hand pan- 
el percent of trypan blue non-excluding (dead) cells.  For comparison, the per- 
cent of trypan blue non-excluding fibroblasts after exposure to the same dose 
is shown as a dashed line in the right-hand panel. 
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Fieure 21  Effect of SM on Growth of Human Keratinocytes. Two days after plat- 
ing cells grown in a monolayer were exposed to 0 pM (O), 1 pM (♦) or 5 MM (■) 
SM at room temperature. After 1 h exposure, the medium was changed and the 
cells were incubated at 37°C; viability was determined by the TBE assay. 
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Effects of SM on Cell Cycle Distribution 

SM exposure produces dose-dependent changes in the cell cycle distribution 
as shown in Figure 22.  This figure compares cell cycle distributions of asyn- 
chronous fibroblasts one day after exposure to varying concentrations of SM 
with the cell cycle distribution of control cells.  On day zero (time of ex- 
posure) , control cells shown at the top of this figure are beginning to enter 
the S phase.  On day one, the distribution is typical of rapidly dividing cells 
with a significant G2 as well as Gx peak. 
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Figure 22.  Effect of SM on Cell Cycle Distribution.  Asynchronized fibroblasts 
grown in a monolayer were exposed to varying concentrations of SM for 1 h at 
room temperature.  After the medium was changed, the cells were incubated at 
37*C; 24 h later, cell cycle analysis was performed as described in Methods. 
Top row:  Cell cycle distribution in control cells on the day of treatment (day 
0) and 24 h later (day 1).  Bottom two rows:  Cell cycle distribution on day 1 
for cells exposed to the indicated concentration of SM. 

SM-exposed cells show an altered distribution on day one which is strongly 
dose-dependent.  At the lowest concentrations of SM, there is a G2 arrest. 
At concentrations above 10 /iM, however, an increasingly large fraction of the 
cells are arrested in Gl.  We are particularly interested in the G2 arrest 
seen at lower concentrations, because we believe that this may represent a 
compensatory response which would allow cells to repair their DNA damage and 
recover from low levels of exposure. 
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The percentage of cells in each phase of the cell cycle distributions shown 
in Figure 22 is given as a function of SM exposure concentrations in Figure 
23. Cells exposed to the lowest dose of SM have approximately 50% of their 
cells in Gx, 20% in S, and 30% in G2. As the SM dose is increased to approx- 
imately 1 (M,  the number of cells in Gx decreases while the fraction in G2 
increases to as much as 70%. At exposure concentrations in excess of 10 ;iM, 
the fraction in G2 falls off rapidly and is replaced by cells in Gl. 

*       60 

0.1 1.0 10.0       100.0 
SM doa» (yU) 

0.1 1.0 10.0        100.0 0.1 1.0 10.0        100.0 
SU dorn« (JJM) SM doss (pU) 

Figure 23.  Cell Cycle Distribution Following Exposure to SM.  The fraction of 
cells in GL S, and G2 was determined from cell cycle distributions as shown 
in Figure 22. 

Cell cycle analyses performed during prolonged incubation of cells exposed 
to low levels of SM demonstrate that progression through S occurs at a slow, 
dose-dependent rate during the period of growth arrest.  Figure 24 (next page) 
shows cell cycle progression following exposure to 2 /iM SM. Control cells 
shown at the top of this figure are already cycling by day 0 (1 day after plat- 
ing) and accumulate in G1  by day 2 as a result of contact inhibition.  Exposed 
cells, on the other hand, proceed slowly through S and accumulate in G2 by day 
2.  Eventually, however, cells are released from the G2/M block and by day 10 
show a much more normal distribution. The absence of fragmented DNA throughout 
suggests that cell death by apoptosis has not occurred. 

Release from the G2/M block coincides with the reinitiation of population 
growth (increase in TBE cell number) as shown in Figure 15.  It also coincides 
with the recovery of CFA as shown in Figure 19. Thus, an analysis of cell cycle 
progression after exposure to low levels of SM supports our interpretation of 
the TBE and CFA data that cells can recover from limited exposure to SM. 

Please see next page for Figure 24. 
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Figure 24.  Effect of SM on Cell Cycle Progression.  Asynchronized fibroblasts 
were exposed to 2 /JM SM for 1 h at room temperature, the medium was changed, 
and cells were incubated at 37°C.  Cell cycle analysis was performed thereafter 
as indicated.  Top row, control cells; bottom row, exposed cells. 

Effects of Cell Cycle Modulation on SM Toxlclty 

Effects of Ciclopirox 

The experiments described above indicate that mammalian cells have 
some ability to recover from exposure to low concentrations of SM.  Experiments 
described below show that this survival depends on the presence of DNA repair 
mechanisms.  Accordingly, we have explored the hypothesis that modalities which 
delay cell cycle progression may allow more time for DNA repair and thereby in- 
crease survival rate. 

As mentioned in the Introduction, one method of arresting cell cycle progres- 
sion reversibly is through the use of chemicals like ciclopirox olamine (CPX). 
Figure 25 (next page) illustrates the reversible cell cycle arrest caused by 
CPX.  This figure compares the cell cycle distribution in a population of human 
fibroblasts held at 8 /iM CPX for 11 h with control cells at 6, 11, and 21 h 
after the addition of CPX.  As shown by the analyses in the bottom row of this 
figure, exposure to CPX results in a Gl/S  arrest.  However, 10 h after the re- 
moval of CPX the cell cycle distribution resembles that of the control popula- 
tion shown in the top row. 

Please see next page for Figure 25. 
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Figure 25.  Effect of CPX on Cell Cycle Progression. Human fibroblasts were ex- 
posed to 8 (xH  CPX for 11 h at 37°C; at the end of 11 h, the medium was changed 
and cells were returned to 37°C for further incubation.  Top row, control cells; 
bottom row, CPX treated. 

Figure 26 shows the effect of CPX exposure on cell growth.  These data in- 
dicate that the cell cycle arrest caused by CPX is eventually overcome and 
exposed cells return to the same growth rate as control cells. 
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Figure 26.  Effect of CPX on Cell Growth.  Cells were exposed to 8 /xM CPX for 
23 h at 37°C; CPX was removed and incubation continued at 37'C.  TBE cell 
number was determined as indicated.  Control cells (O); CPX-treated cells 
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The effect of a CPX arrest on survival after SM exposure was Investigated as 
shown in Figure 27. This figure shows the result of incubating human fibro- 
blasts in the presence of 8 fM. CPX before and after exposure to 2 /iH SM for 1 h 
at room temperature. Exposure to SM, in the absence of CPX resulted in a sig- 
nificant decrease in the rate of growth of TBE cells. It is also apparent from 
this figure that incubation with CPX had practically no effect on the growth of 
cells exposed to SM. 
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Figure 27.  Effect of SM on Human Fibroblasts in the Presence of CPX.  Cells 
were preincubated for 3 h in the presence of 8 /xM CPX before exposure to 2 /iM 
SM for 1 h at room temperature.  SM-containing medium was replaced with medium 
containing 8 /iM CPX and incubation was continued for an additional 20 h at 37°C. 
TBE number was determined thereafter as indicated.  Control cells were exposed 
to 2 /iM SM in the absence of CPX.  Control cells (D): cells exposed to SM in 
the presence of CPX (■). 
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Figure 28.  Effect of Hypothermia on Growth of Human Fibroblasts. 
plated and grown at 31°C (A), 33'C (■), or 37*C (O). 

Cells were 
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These results Indicate that CPX is an effective cell cycle arresting agent, 
but that it does not improve survival after exposure to low concentrations of 
SM under the conditions tested here. 

Effects of Hypothermia 

An alternate and probably more benign method of slowing cell growth is by 
the use of mild hypothermia.  Figure 28 shows that human fibroblasts divide and 
show an increase in number of TBE cells over the temperature range 31°C - 37*C. 
However, when the temperature is lowered to 28*C, cells remain arrested in Gx 
as shown in Figure 29.  If the period of hypothermia at 28°C is 24 h or less, 
and cells are transfered from 28°C to 37'C, they resume growth (data not shown). 

A 37°C 

JL i low. 

B 28°C 
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' 
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Figure 29.  Inhibition of Cell Cycle Progression at 28°C.  Fibroblasts were pla- 
ted at a density of -2 x 104 cells/cm2 in standard medium and incubated either at 
37°C (A) or at 28°C (B); cell cycle analysis was performed at the indicated times. 

We next investigated the effect of hypothermia on the growth of human fibro- 
blasts exposed to SM.  Figure 30 (next page) shows that cells held at 28"C for 
24 h after exposure to 10 /xM SM and then returned to 37*C grew at a somewhat 
faster rate than cells similarly exposed to SM and incubated at 37*C through- 
out. We conclude that a period of mild hypothermia may increase the survival 
of cells exposed to low levels of SM, presumably by allowing more time for DNA 
repair. 

Ä 
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Figure 30.  Effect of Hypothermia on SM Toxicity.  Fibroblasts were exposed to 
10 /iM SM for 1 h at room temperature. The medium was changed and cells were 
incubated either at 37°C (D) throughout the experiment or at 28°C (■) for 1 
day before being returned to 37°C. 

Either physical or chemical methods of delaying progression through the cell 
cycle might also interfere with DNA repair.  Since we believe that glycosylase 
action contributes to the repair of SM-induced modifications we have investigat- 
ed the effects of both temperature and CPX on the activity of human glycosylase 
assayed with [3H]DMS-modified DNA. The data in Table 4 show that glycosylase 
does, indeed, retain its activity at 28*C or in the presence of as much as 100 
/xM CPX. Thus, we believe that glycosylase activity would be unimpaired during 
reversible cell cycle arrest caused by either hypothermia or CPX. 

Table 4.  Effect of Hypothermia and Ciclopirox Olamine (CPX) on 
Human 3-methyladenine DNA Glycosylase Activity 

Temperature CPX Enzym« 3 Activity 
(°C) (PM) (cpm released) 

37 0 1283 
28 0 1153 
37 1 1253 
37 10 1353 
37 100 1283 
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Effects of DNA Repair on Cell Survival 

Effect of Nucleotide Excision Repair 

Identification of the DNA repair modalities that protect cells from 
the toxic effects of SM would assist efforts to improve repair and decrease tox- 
icity.  Since Chinese hamster ovary (CHO) cells are available that are defici- 
ent in nucleotide excision repair, it is possible to determine the importance 
of this repair modality in protecting CHO cells from SM. As shown in the left- 
hand panel of Figure 31, CHO cells lacking the nucleotide excision repair path- 
way grow as well as competent cells under normal conditions. However, after 
exposure to 10 fiH  SM (right-hand panel), repair-deficient cells do not grow at 
all while competent cells begin to recover after a few days.  Thus, it is clear 
that nucleotide excision repair mechanisms play an important role in protecting 
cells from SM-inflicted damage. 
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Figure 31.  Effect of Nucleotide Excision Repair on Survival of Chinese Hamster 
Ovary (CHO) Cells Exposed to Sulfur Mustard. Growth, measured by the number of 
trypan blue excluding cells, is plotted versus days of incubation.  The left 
panel shows the growth of wild type (O) and nucleotide excision repair-deficient 
cells (•) under standard conditions, and the right hand panel shows growth after 
exposure to 10 pH  sulfur mustard. 

The data shown in Figure 31 do not indicate which DNA modification or modifi- 
cations are repaired by this mechanism.  Accordingly, we examined the effect of 
nucleotide excision repair on survival after exposure to hemisulfur mustard 
which forms the same monoadducts as SM, but does not form the cross-link. As 
shown in Figure 32 (next page), cells deficient in nucleotide excision repair 
are also very much more sensitive to hemisulfur mustard.  We conclude two 
things from this experiment:  First, monoadduct formation is cytotoxic and 
second, nucleotide excision repair is effective in protecting cells from the 
lethal effects of monoadduct formation. 
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Figure 32.  Effect of Nucleotide Excision Repair (NER) on Survival of CHO Cells 
Exposed to Hemisulfur Mustard.  Wild type AA8 (NER-competent, open symbols) and 
NER-deficient UV41 cells (closed symbols) CHO cells were exposed to different 
concentrations of HSM for one half hour.  Survival was determined by TBE six 
days later. 

Effect of Oa-Alkylguanine-DNA Alky1transferase 

Alkylation of the 06-position of guanine is known to be a highly 
toxic event and is a major cause for the cytotoxicity of the chloroethylnitro- 
soureas, an important class of antitumor agents (8). At the same time, protec- 
tion against the cytotoxicity that arises from alkylation of the 06-position of 
guanine can be provided by the enzymatic action of 06-alkylguanine-DNA alkyl- 
transferase (8).  Consequently, we wondered whether 06-alkylguanine-DNA alkyl- 
transferase would protect mammalian cells from the toxicity of SM. 

To answer this question, we obtained CHO cells that had been transfected 
with human 06-alkylguanine-DNA alky1transferase (AT) from our colleague Dr. 
Edward Bresnick (42).  Since CHO cells are normally deficient in AT activity, 
a side by side comparison of the cytotoxicity of SM for the control versus AT 
transfected cells would reveal the importance of alkyltransferase activity. 

As shown in Figure 33 (next page), the cytotoxicity of 2 (M.  or 50 /iM SM is 
the same towards both cell lines.  Positive controls, not shown here, demon- 
strated a marked difference in the cytotoxicity of the chloroethylnitrosoureas 
for these two cell lines in agreement with the results of Wu et al (42).  We 
conclude that 06-alkylguanine-DNA alkyltransferase is not an important factor 
in preventing SM toxicity. 

However, this does not rule out 06-alkylation of guanine as a cytotoxic ac- 
tion of SM because 06-alkylguanine-DNA alkyltransferase may not be effective 
in removing the bulky hydroxyethylthioethyl adduct that would be formed by SM 
(49).  Nucleotide excision repair, on the other hand, is known to act on bulk- 
ier groups attached to the 06-position of guanine and might repair 06-hydroxy- 
ethylthioethyl guanine. 
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Figure 33.  Lack of Effect of 06-alkylguanine-DNA Alky1transferase on Survival 
of CHO Cells Exposed to SM.  UV41 CHO cells (open symbols) and UV41 CHO cells 
transfected with a plasmid expressing human 08-alkylguanine-DNA alky1transfer- 
ase (closed symbols) were exposed to 2 /xM (triangles, left-hand panel) or 50 /JM 
(squares, right-hand panel) SM.  Control cells exposed to 0 /*M SM (circles) are 
shown at the top of each panel.  Survival was determined by the TBE exclusion 
assay two and six days after exposure. 

We conclude from this that efforts to increase levels of 06-alkylguanine-DNA 
alkyltransferase would not be helpful in relieving SM toxicity.  However, if SM 
alkylates the 06-position of guanine, NER repair may be effective in lessening 
toxicity resulting from this DNA modification. 

DISCUSSION 

The results presented above show that DNA repair plays an important role in 
protecting mammalian cells from SM toxicity.  The absence of nucleotide exci- 
sion repair, in particular, is accompanied by a major increase in the sensitiv- 
ity of CHO cells to SM.  Furthermore, it is probable that base excision repair 
also plays a protective role against SM toxicity since mammalian glycosylase 
recognizes and releases both 3-hydroxyethylthioethyl adenine (HETEA) and 7-hy- 
droxyethylthioethyl guanine (HETEG) from SM-modified DNA. 

Studies of antitumor agents suggest that a normal cellular defense against 
DNA damage is to delay cell cycle progression to allow more time for DNA re- 
pair.  We believe that this defensive mechanism can be enhanced by modalities 
which cause a reversible cell cycle arrest.  Indeed, a brief period of hypo- 
thermia has been shown to decrease the cytotoxicity of SM for fibroblasts. 
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It is not yet known, however, which DNA lesions are repaired during the per- 
iod of hypothermia or what repair modalities are active.  Answers to these 
questions can presumably be obtained by monitoring levels of DNA damage during 
recovery and by investigating DNA repair in cell lines for which a protective 
effect has been established. 

The following sections discuss the nature and quantification of SM-induced 
DNA damage, experiments that relate DNA repair to SM toxicity, and the role of 
cell cycle progression in SM toxicity. 

Sulfur Mustard-induced DNA Modifications 

Alkylation of the 06-position of Guanine by SM 

Although the major sites of DNA alkylation are the 7 position of gua- 
nine and the 3 position of adenine, minor sites of DNA modification have been 
shown to be important for the cytotoxic action of other DNA modifying agents. 
In particular, alkylation of the 06-position of guanine is often a critical 
event. 

Accordingly, both our laboratory and that of Dr. H.P. Benschop have invest- 
igated the question of 06-guanine alkylation by SM.  Both laboratories have 
been successful in synthesizing 06-hydroxyethylthioethyl guanine and 06-hy- 
droxyethylthioethyl deoxyguanosine and are in agreement as to the ultraviolet 
and mass spectrometric characterization of these marker compounds (see Results 
section and reference 16).  However, neither laboratory has succeeded in estab- 
lishing the presence of this adduct in DNA. 

SM does react with deoxyguanosine to produce small amounts of 06-hydroxy- 
ethylthioethyl deoxyguanosine as shown in Figure 4.  It seems probable that 
this reaction also occurs in DNA, but the adduct decomposes under standard DNA 
hydrolysis conditions as shown in Figure 5. Recently, we have shown that 06- 
hydroxyethylthioethyl deoxyguanosine can be recovered in approximately 50% yield 
after incubation under the conditions that we use for enzymatic digestion in the 
32P-postlabeling analysis (12°C and pH 7.5).  Consequently, it will be possi- 
ble to reexamine this question with the higher specific activity [14C]SM now 
available. 

32P-Postlabeling Analysis of SM-induced DNA Modifications 

Although minor sites of alkylation may have an important biological 
significance, 7-hydroxyethylthioethyl guanine is formed in the greatest amounts 
by the reaction of SM with DNA. Accordingly, methods of measuring this adduct 
provide useful information on exposure.  Although earlier attempts to apply the 
32P-postlabeling method to detection of the 7-alkylguanines formed by chemo- 
therapeutic alkylating agents have been unsuccessful, we have overcome this 
problem by the use of low temperature digestion as described previously (42). 

The key to adapting this previously-reported in vitro  method to in vivo  an- 
alyses was in modifying the DNA isolation step.  The use of salt precipitation 
and the avoidance of organic solvents allowed us to isolate DNA from cultured 
cells in a manner that did not affect adduct levels. 
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The level of DNA modification reported here, one HETEpdG/106 nucleotides in 
fibroblasts exposed to 2.3 >xM SM, can be compared with values reported pre- 
viously for in vitro  exposure of white blood cells. Using a less sensitive 
fluorometric method of detection, we found that exposure of whole blood to 131 
fM  SM resulted in 157 HETEpdG/106 nucleotides in white blood cell DNA (13). 
Van der Schans and colleagues, using a much more sensitive immunochemical meth- 
od of detection, reported that exposure of whole blood to 2 /xM SM resulted in 
2.5 HETEpdG/106 nucleotides (12).  Assuming a linear relationship between 
HETEpdG level and SM concentration, both of these results would predict that 
one HETEpdG/106 nucleotides would be produced in white blood cells by 0.8 (iH 
SM.  Although the conditions of exposure may have varied somewhat among these 
different experiments, this would suggest that the level of DNA modification 
at a given SM concentration is slightly lower in fibroblasts grown in cell 
culture than in white blood cells. 

As shown by the data in Fig. 13, growth of fibroblasts is only somewhat re- 
tarded by 2 /iM SM.  Thus, both the immunochemical and 32P-postlabeling tech- 
nique have the sensitivity necessary to detect DNA modifications in the toxic 
range. Although both methods have been applied to the most prevalent DNA mod- 
ification, HETEG, it can be assumed that levels of other DNA adducts parallel 
HETEG in amounts.  Therefore the ability to measure this adduct at growth- 
inhibiting concentrations of SM should provide a valuable tool for investi- 
gating exposure. 

We would like to add one caveat about the storage of DNA samples prior to 
analysis by the 32P-postlabeling technique.  Although duplicate determina- 
tions on frozen samples have been reproducible over a period of a month, we 
have found that HETEpdG levels fall during longer periods of storage.  Since 
this decrease seems to exceed the rate of loss of HETEG by spontaneous depur- 
ination, it may represent a change in DNA structure which inhibits the diges- 
tion that is necessary for 32P-postlabeling analysis.  These results, which 
have not been fully quantitated, suggest that DNA analysis should follow DNA 
isolation promptly. 

Repair of SM-induced DNA Modifications 

The biochemical experiments shown in Figures 10 - 14 strongly suggest 
that base excision repair initiated by glycosylase action plays an important 
role in protecting cells from SM toxicity.  Bacterial and human glycosylases 
both recognize and release HETEG and HETEA at rates which compare favorably 
with their activity towards methylated bases.  Neither enzyme releases the 
cross-link, di-(2-guanin-7-yl-ethyl)sulfide, which is significant because the 
increased toxicity of bifunctional sulfur mustards over one-armed mustards has 
been attributed to their ability to form this cross-link (3).  However, the 
results reported here do not eliminate the possibility that glycosylase acts 
to "unhook" a cross-link in vivo  as suggested by Reid and Walker (50).  Other 
repair modalities including nucleotide excision repair and recombination repair 
may also act on the cross-link. 

Nucleotide excision repair is clearly important in preventing SM cytotoxi- 
city as shown by the survival data in Figure 31. Accordingly, methods of in- 
creasing the efficiency of this repair mechanism should decrease SM toxicity. 
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SM-indueed Cytotoxic ity 

Most of the studies on SM cytotoxicity reported above have been perform- 
ed on normal human fibroblasts grown in cell culture. These cells are favor- 
able for study because they appear to retain normal controls on cell cycle pro- 
gression.  Thus, it is possible to test our hypothesis that slowing the cell 
cycle may allow more time for DNA repair and diminish SM toxicity. However, 
the importance of nucleotide excision repair has been tested on CHO cells 
which have the advantage of being characterized for competency in this repair 
modality.  Comparison studies have also been performed on cultured NM-1 kera- 
tinocytes. 

Figures 15 and 16 show that micromolar concentrations of SM cause a revers- 
ible arrest in population growth as determined by the TBE assay.  Fibroblast 
appearance changes after exposure and cells become large and somewhat distort- 
ed, a condition often referred to as "unbalanced growth".  However, the per- 
centage of trypan blue non-excluding cells remained low and did not increase 
with SM concentrations up to 20 /JM.  Furthermore, the cells' appearance re- 
turned to normal when they began to divide again.  We take this as evidence 
that human fibroblasts are able to recover from exposure to low levels of SM 
and we believe the recovery is related to their ability to undergo a cell 
cycle arrest while DNA damage is repaired. 

Cell cycle analyses performed at different time points during prolonged 
post-exposure incubation support our interpretation that cells can recover 
from low exposures to SM.  Exposed cells progress slowly through S and accumu- 
late in G2.  Release from the G2/M block coincides with the reinitiation of 
population growth as measured by TBE.  It also coincides with the recovery of 
CFA, and we believe that all of these events may coincide with completion of 
DNA repair. 

Hypothermia produces a reversible cell cycle arrest in cultured human fibro- 
blasts and appears to facilitate the return of normal cell growth in SM-exposed 
cells.  Accordingly, we believe that the use of mild hypothermia offers some 
promise as a modality for decreasing SM toxicity. 

CONCLUSIONS 

The data reported above provide support for the following hypotheses: 
1.  SM toxicity is initiated by DNA modification.  2.  DNA repair decreases 
SM toxicity.  3.  Modalities which slow cell cycle progression decrease tox- 
icity, probably by allowing more time for DNA repair. 

Exposure of cultured human fibroblasts to micromolar concentrations of SM 
causes a dose-dependent arrest in the growth of trypan blue excluding (TBE) 
cells.  During the period of growth arrest, cells increase in size and appear 
abnormal, but return to a normal appearance with the reinitiation of cell div- 
ision.  During the period of time when cells are not dividing, they are arrest- 
ed in the G2 phase of the cell cycle; increase in the number of TBE cells and 
in the colony forming ability occur when the G2/M block is released.  We be- 
lieve that the G2/M block may be an adaptive response allowing cells to re- 
pair DNA damage. 
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Studies of Chinese hamster ovary (CHO) cells show that nucleotide excision 
repair provides important protection against SM cytotoxicity. Glycosylase ac- 
tion also apparently plays an important role in protecting cells from SM toxic- 
ity.  Both bacterial and human glycosylase release 7-hydroxyethylthioethyl guan- 
ine (HETEG) and 3-hydroxyethylthioethyl adenine (HETEA) from DNA that has been 
alkylated by SM. 

We believe that modalities which retard cell cycle progression may allow 
more time for DNA repair and decrease SM cytotoxicity.  The chemical agent, 
ciclopirox, results in a Gx arrest but does not seem to decrease SM toxic- 
ity.  On the other hand, a brief period of hypothermia which apparently causes 
a more general cell cycle arrest, does result in an improvement in the growth 
of fibroblasts subsequently incubated at 37°C. 

Finally, we have adapted the 32P-postlabeling technique to the detection of 
7-hydroxyethylthioethyl guanine in fibroblasts exposed to low micromolar levels 
of SM in cell culture. We have found that one HETEG per 106 nucleotides is pro- 
duced at a SM concentration of 2.3 /JM, a concentration that is minimally toxic. 
Accordingly, this analytical method should prove useful in monitoring exposure. 
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