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The effects of mutagens on three genetic
markers—resistance to ouabain, 6-thioguanine, and dibutyryl
cyclic AMP (BtzcAMP), were investigated in a mouse lymphoma
cell line, S49. Nitrosoguanidine, ethyl methanesulfonate, ICR
191, and x-rays were used. Mutagen-specific responses were
- seen. Ouabain resistance was induced by nitrosoguanidine, but
not by ICR 191. ICR 191 induced resistance to 6-thioguanine
more efficiently than did nitrosoguanidine; the converse was
true of resistance to BtzcAMP. The relative frequency of
biochemically distinguishable subtypes of mutants resistant to
BtacAMP was characteristic of the mutagen used to generate
them. The results can be interpreted as follows: nitrosoguanidine
and ethyl methanesulfonaterg:quently, but ICR 191 and x-rays
rarely, give rise to DNA base sequence changes that result in
structurally altered but functional proteins. This type of change
is required for induction of mutants resistant to ouabain and
of certain classes of mutants resistant to Bt;cAMP. Resistance
to 6-thioguanine and other classes of mutants resistant to
BtacAMP can result from DNA base sequence changes that lead
to extensive alteration of protein structure or expression; these
changes are induced by ICR 191 or x-rays.

ABSTRACT

Substantial evidence indicates that changes in DNA structure
underlie at least some stable alterations in the phenotype of
somatic cells (1). Nonetheless, this is an assumption that must
be tested any new system. Adenosine 3’:5'-cyclic monophos-
phate (cAMP) resistance for S49 mouse lymphoma cells in tissue
culture has many characteristics expected of a mutation. $49
wild-type cells stop growing and later die when they are incu-
bated with the cAMP derivative N¢0%-dibutyryl cAMP
(BtacAMP) (2). Resistant cells can be selected in a single step
by cloning in soft agar containing BtocAMP (3). Fluctuation
analysis has shown that resistance occurs spontaneously at a rate
of 2 X 10~ 7per cell per generation (3). The variant phenotype
is stable.

Compared to wild-type cells, variant cells have absolute or
relative defects in their cAMP-activated protein kinase activity.
Kinase, the only known intracellular receptor for cAMP in
animal cells, is composed of regulatory and catalytic subunits
in 49 cells and other tissues. Binding of cAMP to the regulatory
subunit dissociates the holoenzyme. The free catalytic subunits
thus activated can phosphorylate specific protein substrates,
thereby altering their biologic activity. Clones of S49 cells re-
sistant to BtacAMP have one of three types of alterations in ki-
nase activity (4). Types A, B, and C denote, respectively, cells
with kinase that requires a 5- to 12-fold higher cAMP concen-

Abbreviations: cAMP, adenosine 38":5'-cyclic monophosphate;
BtocAMP, N6,0%dibutyryl adenosine 3':5'-cyclic monophosphate;
EtMeSOs, ethyl methanesulfonate; S5Gua, 6-thioguanine; HAT, hy-
poxanthine + aminopterin + thymidine medium; HPRT hypoxanthine
phosphoribosyl transferase; MNNG, N-methyl-N’-nitro-N-nitroso-
guanidine. )
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tration for activation, cells with reduced levels of kinase activity,
and cells with no detectable cAMP stimulated kinase activity.
The thermal lability of the kinase activity from some type A
mutants is different from that of wild-type cells: in distinct
mutants it is decreased (5) or increased (I. Lemaire and P.
Coffino, submitted for publication). Furthermore, the kinase
of certain type A mutants has been found to consist of altered
regulatory but normal catalytic subunits (5).

These studies provide evidence that at least some cells resis-
tant to cAMP arise from mutations of DNA that result in the
formation of structurally altered proteins. An increase in the
incidence of variant cells after treatment with compounds that
are mutagenic for prokaryotes would further strengthen this
conclusion. Previous preliminary experiments (3) have shown
that ICR 191 (6) increases the incidence of resistance to
BtzcAMP in $49 cells. We have now systematically examined
the mutagenic effects of ICR 191, which is predominantly a
frame-shift mutagen in prokaryotes; N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG) and ethyl methanesulfonate (Et-
MeSOs, EMS) which generate predominantly missense mutants
by alkylation, and x-irradiation. In addition, we have compared
the induction of BtacAMP resistance with the induction of 6-
thioguanine (S%Gua, 6TG) and of ouabain resistance. Resistance
to $®Gua is among the most extensively studied of somatic ge-
netic markers and is associated with a deficiency of hypoxan-
thine phosphoribosyl transferase (HPRT, IMP:pyrophosphate
phosphoribosyltransferase, EC 2.4.2.8) activity. Ouabain re-
sistance is imparted by a structural change in the Na*/K*-
ATPase affecting the binding of ouabain or the response of the
enzyme to bound ouabain (7, 8). In this report, we show that
mutagens differ in the types of mutations they preferentially
induce in somatic cells. Marker- and mutagen-specific responses
can be understood by considering mechanisms of mutagen
action previously demonstrated in prokaryotes and the nature
of the biochemical changes that result in the various mutant

phenotypes.
MATERIALS AND METHODS

Materials. Media and chemicals came from the following
sources: Dulbecco’s modified Eagle’s medium (high glucose),
horse serum, and fetal calf serum—Grand Island Biological Co.;
agarose—Seakem; MNNG—Aldrich; EtMeSOs;—Eastman
Kodak; ICR 191—gift of H. J. Creech; $5Gua—Calbiochem;
(32P]ATP—International Chemical and Nuclear Corp.;
BtocAMP, theophylline, ouabain, and histone Fap,—Sigma.

Cell Culture. S49.1 lymphoma cells were from the Salk In-
stitute (9). The cells are pseudodiploid with a mean chromosome
number of 40 (3, 9). Stationary suspension cultures were
propagated in Dulbecco’s modified Eagle’s medium containing
10% heat-inactivated horse serum with no antibiotics. Growth
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was at 37° in a humidified CO; incubator. The doubling time
was 15-17 hr. Cultures were diluted three times per week to
maintain cell densities within the limits for viability, about 5
X 10* cells per ml to 2.5 X 10° cells per ml. Tests for myco-
plasma were negative. Cultures were reinitiated from stocks
frozen in liquid nitrogen at 1-2 month intervals to assure a low
and uniform background incidence of mutants. Cells were
counted in a Coulter Counter, model Zg;, or in a hemacyto-
meter after staining the cells with trypan blue.

Cloning Procedure. Cells were cloned in growth medium
made semisolid by the addition of agarose over a feeder layer
of primary mouse embryo fibroblasts (10). Duplicate or trip-
licate samples were plated for each experimental point. Clones
were counted on day 8, 9, or 10. The cloning efficiency was
between 50 and 100%, but uniform within a given experiment.
Clones were picked under a dissecting microscope at about day
10 using an Eppendorf pipet with a heat sterilized tip. The
contents of the tip were resuspended in 0.4 ml of medium in
a well of a Falcon Multiwell dish and were subsequently
transferred to flasks for propagation or frozen at —70° directly
in the multiwells after addition of dimethylsulfoxide and N-
2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (Hepes)
at pH 7.4 to final concentrations of 5% and 10 mM, respec-
tively.

Mutagenic Treatment and Selection. ICR 191 was dissolved

in water at 100 ug/ml, MNNG was dissolved in 5 mM sodium
acetate at pH 4.8 as 200 ug/ml. Solutions were sterilized by
filtration, and aliquots stored at —20°. All manipulations with
ICR 191 were done in a semidark room. EtMeSOg was added
directly to culture flasks. X-ray treatment was performed with
a 250 kV peak Westinghouse Quadrocondex at 230 kV, 15 mA
with 0.5 mm Cu and 1 mm Al filters with a dose rate of 989
rad/min. Exponentially growing cells were subjected to mu-
tagenic treatment at a density of 5 to 8 X 105/ml. ICR 191 and
EtMeSO; treatment was for 24 hr, MNNG treatment for 3 hr.
Cells were then centrifuged and resuspended in fresh medium.
Cells were maintained in suspension culture for 6-8 days and
were then cloned at 1 to 2 X 108 cells per 6 cm dish in selective
media. At the same time, 1 to 2 X 102 cells per dish were cloned
in nonselective medium to determine their cloning efficiency.
Mutation frequency was calculated as the cloning efficiency
in selective medium divided by the cloning efficiency in non-
selective medium. Mutation frequency was maximum for each
marker after a post-treatment expression time of 6-8 days. The
dependence of mutation frequency on expression time after
exposure to mutagens will be described elsewhere (U. Friedrich
and P. Coffino, manuscript in preparation).
. Determination of Protein Kinase and Hypoxanthine-
Guanine Phosphoribosyl Transferase Activity. Protein kinase
activity of crude cell extracts was assayed as described (5).
Transfer of 32P from [y-32P]ATP to histone was measured in
an incubation mixture containing the specified concentration
of cAMP. Protein content of the cell extracts was determined
by the method of Lowry et al. (11). Nonspecific activity mea-
sured in controls without cAMP was subtracted from total ac-
tivity to reflect cAMP-dependent protein kinase activity. Hy-
poxanthine-guanine phosphoribosyl transferase activity was
determined as described by Fenwick and Caskey (12).

RESULTS

Establishment of Conditions of Selection. Addition to
cloning medium of BtacAMP (0.5 mM) and theophylline (0.2
mM), an inhibitor of phosphodiesterase activity, killed virtually
all of the wild-type cells. These were the lowest concentrations
that did so. The incidence of false positive mutant colonies was
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Table 1. Cell-density independence of mutant recovery

Cells
plated 6
per dish Mutants/10¢ cells
(X10%) S¢Gua Bt,cAMP Ouabain
5 327 34 37
8 340 32 N.T.
10 358 27 45
20 285 33 46

Cultures for SGua selection and Bto.cAMP selection were muta-
genized with ICR 191; the culture for ouabain selection was muta-
genized with MNNG. After 8 days, the indicated number of cells were
cloned, and mutant colonies counted after 10 days. Values are cor-
rected for efficiency of plating, and were independently determined
for each culture. N.T., not tested.

low: among several hundred clones selected under the above
conditions from several hundred million wild-type cells, only
two clones proved to be sensitive to Bt;cAMP when retested in
suspension culture. Mutants had cloning efficiencies between
20 and 100% when replated in the same selective medium.
Type C mutants cloned with higher efficiency than the others
under these conditions, hence there may be a selection bias for
them. The effect of different concentrations of S%Gua on the
efficiency of mutant colony recovery was determined by testing
both a wild-type culture mutagenized with MNNG and a S%Gua
resistant culture that had been generated from a clone grown
in soft agar containing 30 ug/ml of S%Gua. Both recovery of
mutants from the culture of mutagenized wild-type cells and
the cloning efficiency of S5Gua resistant cells dropped rapidly
above 10 ug/ml. Thus, all selections were carried out at 10
ug/ml. Twelve resistant clones selected at this concentration
and tested for HPRT activity were deficient in enzyme activity
(<0.5% wild-type level). A concentration of 1 mM ouabain
eliminated all wild-type cells (survival <10~7) but allowed a
measurable number of resistant clones to grow. Mutants resis-
tant to 10 mM ouabain were not obtained by one-step selection.
The phenotype of cultures propagated from several clones se-
lected in 1 mM ouabain was confirmed by growing them with
that concentration of drug in both suspension culture and as
colonies in soft agar.

The use of high cell density enhances the convenience and
efficiency of experimental determinations of mutant frequency.
As cell density is increased beyond a certain point, however, the
apparent efficiency of mutant recovery can change (13). To
determine the range of cell density within which mutant fre-
quency could be accurately assessed, we cloned different
numbers of cells of mutagenized wild-type cultures in the three
selective media (Table 1). The yield of resistant colonies did not
vary significantly when plating densities between 5 X 10° and
2 X 108 cells per dish were used. Therefore, all subsequent se-
lections were done at densities of 1 to 2 X 108 cells per dish.

Dose Response of Cell Killing and Induction of Mutants.
The effect of four different mutagens on the colony-forming
ability of S49 cells is shown in Fig. 1. The concentration de-
pendence of killing varied considerably from one experiment
to another. The results were, however, in the range reported
for other cells (14). $49 cells were perhaps less sensitive to the
killing action of MNNG and EtMeSOj3 and more sensitive to
ICR 191. The sensitivity of S49 to x-rays was especially high,
a property that has been found in other lymphoma cells (15).

Fig. 2 shows the frequencies of Bt;cAMP and S8Gua resistant
mutants obtained with different concentrations of each of three
mutagens. The results have been plotted by using a scale for
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FIG 1. Survival of S49 cells after treatment with different doses of
mutagens. Each point represents the mean number of samples that
were plated in triplicate immediately after mutagenesis. All dilutions
were made with respect to cell numbers in the untreated control
culture so that the growth inhibitory effect of the mutagens is included
in the value for killing. The curves for EtMeSO3, MNNG, and ICR
191 were computed from data derived from five different experiments.
(a) EtMeSO0s3, (b) MNNG, (c) ICR 191, and (d) x-rays.

each mutagen that makes the cytolytic effect of mutagens
roughly comparable at each value of the abscissa. X-rays in-
duced almost no mutants at the survival levels (>5%) examined
in this figure (data not shown). Mutagenesis was dose depen-
dent. ICR 191 was a far more effective mutagen for S%Gua re-
sistance than for BtacAMP resistance. The ratio of $Gua to
BtocAMP resistant mutants generated by ICR 191 (1.0 ug/ml)
was consistently (four experiments) 8-10:1. Conversely, in the
experiment shown, MNNG was a more efficient mutagen for
BtocAMP resistance; the ratio was about 1:2 when MNNG was
used at a concentration of 2.5 ug/ml (two experiments).
However, in one experiment, this ratio was as high as 4:1. The
ratio produced by 800 ug/ml of EtMeSO3 was about 1:1.

No induction of ouabain resistance by ICR 191-was observed
in a series of experiments using that mutagen at concentrations
up to 1 ug/ml and post-treatment expression times of 0-14 days.
MNNG, however, generated mutants resistant to ouabain in
a dose-dependent manner. In typical experiments, MNNG (2.5
pg/ml) increased the incidence of mutants from <1/10° to
20-60/10°. The effect of EtMeSOs on this marker was not ex-
amined.

The magnitude of the observed increases in the incidence of
each class of mutant virtually precludes the possibility that these
results could be due to selection artefact rather than de novo
generation of mutants. Significant mutagenic efficacy for
BtocAMP and S®Gua resistance was demonstrated (Fig. 2) using
conditions of EtMeSO3, MNNG, and ICR 191 treatment that
resulted in 5% or greater cell survival (Fig. 1). For all of these
six combinations of mutagen with marker, the absolute number
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FIG. 2. Dose response curves for induction of mutants resistant
to Bto,cAMP and S5Gua. Ater an expression time of 8 days, 1 to 2 X
108 cells per dish were cloned in medium selective for BtocAMP (a)
or S6Gua (b) resistant mutants. Then 102 cells per dish were plated
in nonselective medium for measurement of cloning efficiency. Values
have been corrected for the incidence of spontaneous mutants. The
incidence was 6/10€ for BtocAMP resistance and 0/10¢ for S6Gua re-

sistance.

of mutants was increased by treatment. The same was true for
the combination of MNNG and ouabain resistance, but not for
ICR 191 and ouabain resistance.

There was little distortion of the incidence of mutants by
differential growth after mutagenesis. This was shown by
testing several BtocAMP resistant and SGua resistant clones
to determine their cloning efficiency after treatment with ICR
191, MNNG, and EMS. All were slightly (at most 2-fold) more
resistant than wild-type cells to killing (data not shown). The
growth rate and the time required for cultures to resume ex-
ponential growth after treatment with mutagens did not differ
significantly for wild-type and mutant cells.

Classification of BtscAMP Resistant Mutants. All pre-
viously reported mutants resistant to BtacAMP contain an al-
tered cAMP dependent protein kinase. This alteration, tested
by measuring the ability of crude cell extracts to phosphorylate
histone in the presence of various concentrations of cAMP, can
assume several forms, as has been shown for spontaneously
occurring mutants (4). Representative examples of Bto,cAMP
resistant mutants generated by each mutagen were analyzed
in this way (Fig. 3). The three types, described earlier (4) and
referred to in the introduction as types A, B, and C, are also
found after mutagenesis (Fig. 3a—c). In addition, a new type
of altered kinase activity is found that resembles type A in its
increased apparent K, for cAMP, but differs from that class in
its even greater displacement from the wild type of its apparent
K,. These mutants (Fig. 3d) are termed type D. The depen-
dence of protein kinase activity on cAMP concentration was
determined, as in Fig. 3, by using extracts of 12 to 55 mutants
induced by each mutagen. Each was classified with respect to
type (Table 2). The spectra of mutants produced by the dif-
ferent mutagens are clearly distinguishable. Type D mutants
are by far the most frequent class with EtMeSO3 and MNNG
whereas both types A and D are rare or absent with ICR 191 and
x-rays. These two latter mutagens induce mainly or exclusively
type B mutants. Only ICR 191 induces unequivocal type C
mutants; these are absent in EtMeSOj3 and x-ray treated cul-
tures. The one type C clone produced by MNNG mutagenesis
(Fig. 3c) was not completely lacking in cAMP dependent kinase
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FiG. 3. Illustration of types of cAMP-dependent protein kinase
activities in Bto,cAMP resistant mutants of S49 cells. Shown in a, b,
¢, and d, respectively, are representative examples of mutant protein
kinase of type A, B, C, and D. Mutants were generated by MNNG (O),
EtMeSO; (a), ICR 191 (@) or x-rays (a). A wild-type control (D) is
included in each panel.

activity and should perhaps, therefore, be classified as a type
B clone with extremely low activity.

DISCUSSION

Four different mutagens were tested for their effect on three
different genetic markers in $49 cells. These agents raised
mutant frequencies from 5/10° for Bto,cAMP resistance and
<0.5/10° for SGua and ouabain resistance to as much as
20-300/105, 100-800/105, and 60/106, respectively, depending
on the mutagen and dose used. These observations support the
hypothesis that stable, heritable resistance to each of three drugs
in S49 cells results from alterations in DNA base sequence. A
series of different mutagens that interact with DNA in different
ways and cause different types of mutation at the level of DNA
sequence ought to produce, not only an increase in the fre-
quency of somatic cell mutants, but also should cause predict-
able changes in the mutant gene product and phenotype, if the
relation between gene product and phenotype is well enough
understood. If it is assumed that mutagens increase the fre-
quency of animal cell heritable variants by mechanisms similar
to those established in prokaryotes, then the specificities of re-
sponse to mutagens in S49 cells can be understood as follows:
Base pair substitution mutagens (MNNG and EtMeSOs) are
able to produce structurally altered but functional proteins. This
kind of mutation is required for resistance to ouabain and
certain types of resistance of BtacAMP. Mutagens that produce
frame-shift or other mutations that result in extensive change
in, or loss of, gene products (ICR 191 and x-ray) can lead to
$%Gua resistance and other types of resistance to BtocAMP.
EtMeSO3 and MNNG act as mutagens in microorganisms
by alkylating bases, and thereby produce primarily transition
type miscoding at the site of the altered base (16, 17). MNNG
may also act as a frame-shift mutagen in Salmonella (18). ICR
191 has been shown to produce mainly frame-shift mutations
in bacteria and fungi (19, 20), although it is also capable of in-
ducing base pair substitutions by alkylation (20). X-rays can
induce point mutations but can also produce large chromosome
aberrations, chromosome breakage and chromosome loss. Each
of these agents is capable of increasing the incidence of a variety
of somatic cell mutants. Mutagen-specific responses for forward
(17, 21, 22) and back (23, 24) mutation have been reported; in
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Table 2. Classification of Bt,cAMP resistant mutants
induced by different mutagens

Protein .

Kinase Inducing mutagen

type MNNG EtMeSO, ICR 191 x-rays
A 0 (0) 0 (0) 6 (12) 0 (0)
B 13 (24) 3 (25) 36 (72) 12 (100)
C 1 (2) 0 (0) 6 (12) 0 (0)
D 41 (75) 9 (75) 2 4) 0 (0)

Total 55 (100) 12 (100) 50 (100) 12 (100)

The data shown are the number of kinase mutants of a given type
induced by the mutagen. The values in parentheses are the percentage
of clones of this kinase type among the clones generated by a mutagen.
The single MNNG derived type C clone may be type B (see text).

particular, Artlett et al. (25) have compared the mutagenic
potency of several agents for induction of HPRT deficient and
ouabain resistant mutants.

In the present studies, mutagen specificity has been dem-
onstrated in several ways: (i) ICR 191 did not induce ouabain
resistance but MMNG did. (#) ICR was a much better mutagen
for resistance to S%Gua than for resistance to BtacAMP; MNNG
tended to show the opposite effect, though not as consistently
(Fig. 2). (#i) The frequency distribution of the types of kinase
mutants induced by ICR 191 and x-rays was different; each of
these was different from that induced by MNNG and EtMeSOs,
but the latter two were similar (Table 2).

Resistance to ouabain is presumably the result of a mutation
of the gene coding for Na*/K+ATPase. In this case, the prop-
erties of the mutant enzyme require a specific change in the
enzyme that can only result from a base pair substitution.
Frame-shift or deletion mutations would likely result in reduced
or absent activities, but would not confer on the enzyme the
ability to generate essential Nat/K* gradients in the presence
of ouabain. Resistance to S%Gua, however, can be produced by
any mutation that sufficiently alters or deletes the single active
gene coding for HPRT, an enzyme not usually required for cell
viability (25). When $S49 cells were selected for retention of
some degree of HPRT activity by first cloning them in S°Gua
and then counterselecting them in HAT medium (26), the re-
sultant mutants contained functioning HPRT with an altered
requirement for substrate (making them resistant to both $Gua
and HAT). This class of mutant could be obtained only after
mutagenesis with EtMeSO3 or MNNG but not with x-rays or
ICR 191 (U. Friedrich and P. Coffino, submitted). These results
suggest that x-rays and ICR 191 can seldom induce the small
structural changes that lead to altered but not totally func-
tionally deficient proteins, but that MNNG and EtMeSOj3 can
readily do so.

The induction of mutations that result in resistance to
BtocAMP can be understood in terms of this analytic frame-
work. All BtocAMP resistant $S49 cells we have examined so far
have defects of the cAMP dependent protein kinase. These
could arise from mutations that affect the structure or expres-
sion of either the regulatory or catalytic kinase subunit. cAMP
dissociates regulatory from catalytic subunit, thereby activating
the latter. This is a lethal event in S49 cells. Hence, mutations
that lead solely to loss of functional regulatory subunits should
not be obtained. Structural mutations in the r tory subunit
that increase its affinity for the catalytic subunit or reduce
dissociability of holoenzyme by cAMP, however, are readily
selected as type A and D kinase mutants. We postulate that, in

principle, similar constraints limit the types of mutation that
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can be found in both the regulatory subunit of protein kinase
and the Na*/K* ATPase.

The validity of this analysis is supported by similarity of
mutagen specificity for the type D kinase mutants and ouabain
resistant mutants; both are far more readily induced by MNNG
than by ICR 191. The failure of MNNG to induce type A kinase
mutants, however, is not explained. The hypothesis that some
type A and D mutants are point mutants in the regulatory
subunit of the kinase has been further strengthened by ana-
lyzing isotopically-labeled regulatory subunits of wild-type and
mutant cells in two-dimensional polyacrylamide gel electro-
pherograms: many of these mutants show differences in charge
without apparent change in molecular weight (27).

Mutations that reduce the activity of the catalytic subunit
of kinase should also produce resistance to Bt2cAMP. Type B
and C mutants may arise in this way. Recent evidence suggests
that type C mutants are devoid of catalytic activity but syn-
thesize detectable amounts of functionally and electrophoret-
ically normal regulatory subunits (unpublished). By analogy
with the inessential HPRT, all classes of catalytic subunit mu-
tants that result in sufficient loss of activity should be expressed
and selectable, including frame-shift and deletion mutations.
Both ICR 191 and x-rays induce a preponderance of type B
mutants. Only ICR 191 has been found to produce unequivocal
type C mutants among the clones we have tested. These rela-
tions, while intriguing, will remain speculative until the various
mutants have been characterized structurally. »

Tests of suspected mutagens by using $49 cells as described
here may be useful and informative for the following reasons:
(#) specificity of mutagenic action has been demonstrated for
known mutagens. Substances with unknown mutagenic action
could be screened to determine their relative potency for three
or more genetic markers. The chance of failure to detect mu-
tagenic action should thus bé diminished. (#) The system is
sensitive and technically simple; high mutant frequencies can
be achieved and large numbers of cells (1 to 2 X 10 per plate)
can be subjected to selection. (##f) As suspension cells, S49 can
be grown easily and quickly from single cells to quantities
sufficient for biochemical analyses. This facilitates detailed
examination of mutants.
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assistance and H. J. Creech for ICR 191. This work was supported by
the National Science Foundation (BMS-75-06764), the University of
California Cancer Research Coordinating Committee, and the USPHS
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10.
11.
12
18.

14.
16.
17.
18.

19.

21.

26.

27.

Proc. Natl. Acad. Sci. USA 74 (1977) 683

Siminovitch, L. (1976) Cell 7, 1-11.

Daniel, V., Litwack, G. & Tomkins, G. M. (1973) Proc Natl
Acad. Sci. USA 70, 76-79.

Coffino, P., Bourne, H. R. & Tomkins, G. M. (1975) J. Cell.
Physiol. 85, 603-610. :

Insel, P. A., Bourne, H. R., Coffino, P. & Tomkins, G. M. (1975)
Science 190, 896-898.

Hochman, J., Insel, P. A., Bourne, H. R., Coffino, P. & Tomkins,
G. M. (1975) Proc. Natl. Acad. Sci. USA 72, 5051-5055.
Creech, H. J., Preston, R. K., Peck, R. M. & O’Connell, A. P.
(1972) J. Med. Chem. 15, 739—745 .

Baker, R. M., Brunette, D. M., Mankovitz, R., Thompson, L. H
Whitmore, G F., Slmmowtch L. & Till, J. E. (1974) Cell 1,
9-21.

Mankovitz, R. M., Buchwald M. & Baker, R. M. (1974) Cell 3,
221-226.

Horibata, K. & Harris, A. W. (1970) Exp. Cell Res. 60, 61-T77.
Coffino, P., Baumal, R., Laskov, R. & Schartf, M. D. (1972) J. Cell
Physiol 79, 429-440.

Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J.
(1951) J. Biol. Chem. 193, 265-275.

Fenwick, R. G. & Caskey, C. T. (1975) Cell 5, 115-122.

Van Zeeland, A. A., Van Diggelen, M. C. E. & Simons, . W. L.
M. (1972) Mutat. Res. 14, 355-363.

Kao, F.-T. & Puck, T. T. (1969) J. Cell. Physiol. 74,245-258.
Knaap, A.G.A.C. & Simons, ] W.LM. (1975) Mutat. Res. 30,
97-110.

Drake, J. W. (1976) in Annual Reolewof Biochemistry, ed. Snell,
E. E. (Annual Reviews Inc., Palo Alto, Calif.), Vol. 45, pp. 11-
37.

Lawley, P. (1974) Mutat. Res. 23, 283-295.

Isono, K. & Yourno, J. (1974) Proc. Natl. Acad. Sci. USA 71,
1612-1616.

Ames, B. N. & Whitfield, H. J., Jr. (1966) Cold Spring Harbor
Symp. Quant. Biol. 31, 221-225.

Roth, J. R. (1974) in Annual Review of Genetics, ed Herschel
L. R. (Annual Reviews Inc., Palo Alto, Calif.), Vol. 8, pp. 319-
346.

Baumal, R., Birshtein, B., Coffino, P. & Scharff, M. D. (1973)
Science 182, 164-166.

Cole, J. & Arlett, C. F. (1976) Mutat. Res. 34, 507-526.

Chu, E. H. Y. (1971) Mutat. Res. 11, 23-34.

Morrow, J., Prickett, M. S., Fritz, S., Vernick, D. & Deen, D.
(1976) Mutat. Res. 34, 481-488.

Arlett, C. F., Turnbull, D., Harcourt, S. A., Lehmann, A. R. &
Colella, C. M. (1975) Mutat. Res. 33, 261-278.

- Littlefield, J. W. (1963) Proc. Natl. Acad. Sci. USA 50, 568-

576.
Steinberg, R., O'Farrell, P. H., Friedrich, U. & Coffino, P. (1977)

Cell, in press.



