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The Thy- mutants of Chinese hamster ovary cells have a 5- to 10-fold elevated
pool of deoxycytidine 5'-triphosphate (dCTP) and are auxotrophic for thymidine
as an apparent consequence of a single mutation. thy is also a mutator gene,
elevating the spontaneous rate of mutation 5- to 200-fold for at least two genetic
markers. Previous experiments suggested that this mutator activity was caused
by the elevated pool of dCTP in Thy- cells. To test this, the dCTP and
deoxythymidine 5'-triphosphate (dTTP) pools were manipulated by altering the
extemal concentration of thymidine in the growth medium. The rate of mutation
at one genetic locus, ouabain resistance, was directly related to cellular dCTP
content. At the highest level of dCTP the rate in one Thy- strain was -200 times
that of wild-type cells. However, the relationship between dCTP content and the
rate of mutation at the ouabain locus was different for two mutator strains and
wild-type cells. The rate of mutation at a second locus, thioguanine resistance,
was increased -10-fold over wild type regardless of the dCTP-dTTP pools. These
experiments suggest that the mutator activity of thy is clearly related to dCTP
content, but the dCTP level alone does not appear to be the cause of the mutator.

Cells require a continuous and balanced sup-
ply of deoxynucleoside triphosphates for repli-
cation of deoxyribonucleic acid (DNA) (28).
Pools of deoxynucleoside triphosphate accumu-
late in celLs but are very small and are sufficient
to sustain DNA synthesis for only a short time
(26, 30). Recently, evidence has been presented
that the enzymes which synthesize deoxynucleo-
side triphosphates are organized into a complex
which "channels" the supply of these com-
pounds to the replication fork from the ribonu-
cleoside diphosphates, suggesting that the pools
themselves may not function as the direct pre-
cursors of DNA synthesis (27). Nevertheless
there is good evidence that the pools play a key
role in the control of the supply of deoxynucleo-
side triphosphates through feedback inhibition
of the enzyme ribonucleotide reductase (3, 14,
22, 25).
We have previously described the isolation of

a class of arabinosylcytosine- and thymidine-re-
sistant Chinese hamster ovary (CHO) cell mu-
tants that also require thymidine for growth
(thy, 24). This class of mutants has a 5- to 10-
fold expanded pool of deoxycytidine 5'-triphos-
phate (dCTP), but it is also dependent upon an
exogenous source of thymidine for maintenance
of the deoxythymidine 5'-triphosphate (dTTP)
pool. The thymidine requirement of Thy- cells
can be satisfied by deoxyuridine or deoxycyti-

dine but not by the other ribo- or deoxyribonu-
cleosides. Thy- revertants, selected by their abil-
ity to grow in the absence of added thymidine,
become sensitive to arabinosylcytosine and in
most cases thymidine (24) due to the restoration
of the dCTP pool to near normal levels (23). In
somatic cell hybrids between Thy- mutants and
wild-type cells, resistance to arabinosylcytosine
is dominant or codominant, whereas the thymi-
dine requirement is recessive. The dCTP level
of these hybrids is intermediate between wild-
type and Thy- mutants. On the basis of these
data we suggested that thy is a single mutation
of ribonucleotide reductase. However, experi-
ments with cell-free preparations of reductase
have not shown any difference in the level of
reductase or in the sensitivity of the enzyme to
effector molecules (using cytidine, uridine, or
guanosine diphosphates as a substrate). In con-
trast, another class of arabinosylcytosine-resist-
ant mutants, which differ from Thy- mutants in
that they are resistant to deoxyadenosine and
prototrophic for thymidine (24), have demon-
strable alterations ofribonucleoside diphosphate
reductase activity. We have also examined the
level of two other enzymes involved in the syn-
thesis of dTTP, deoxyuridine triphosphate hy-
drolase and deoxycytidylate deaminase. The
levels of both these enzymes were also un-
changed in Thy- strains relative to wild type
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(both Thy- and wild-type cell strains were defi-
cient in the deaminase).
The property of thy that has attracted our

attention is its mutator activity (23). Like the
excess dCTP pool, the mutator is codominant in
hybrid cells, and initial expenments suggested
that the increased rate of mutation in these lines
was related to the altered balance of pools of
deoxynucleoside triphosphates caused by the ex-
cess pool of dCTP.

In the experiments reported here, intracellular
concentrations of deoxynucleoside triphos-
phates were manipulated by altering the exter-
nal thymidine level of both Thy- mutants and
the parental strain. The effect of these manipu-
lations on the rate of mutation at three genetic
loci was determined. Here I present evidence of
a clear relationship between pools of dCTP and
the rate ofmutation at two genetic loci in mutant
and, to some extent, wild-type cell strains. How-
ever, the evidence suggests that the pool altera-
tions alone are not the cause of the high muta-
tional rate of Thy- strains.

MATERIALS AND METHODS
Materials. Powdered medium and fetal calf serum

for cell culture were purchased from GIBCO Labora-
tories, Grand Island, N.Y. Aminopterin, hypoxanthine,
6-thioguanine, ouabain, and emetine were purchased
from Sigma Chemical Co., St. Louis, Mo. Thymidine
and deoxynucleoside triphosphates were products of
P-L Biochemicals, Milwaukee, Wis. Plastic dishes for
cell culture were obtained from NUNC Products (Ros-
kilde, Deumark) and Costar (Cambridge Mass.).

Cell lines and culture techniques. The deriva-
tion of the cell strains used in these experiments has
been described in previous communications (23, 24).
The wild-type strain was the CHO proline-requiring
cell line obtained from Louis Siminovitch. Thy-49 and
303 are independent thymidine-requiring mutant
strains obtained by selection in arabinosylcytosine and
thymidine. Cells were maintained in suspension cul-
ture at 37°C in alpha minimal essential medium
(GIBCO) plus 8% fetal calf serum (GIBCO). Thymi-
dine (10 ,M for wild type and 100 uM for Thy-49 and
303), but not the other ribo- or deoxyribonucleosides,
was added to all cultures. During serial cultivation,
cultures were diluted to 2 x 104 cells per ml and then
allowed to grow to about 6 x 105 cells per ml before
redilution. All cell strains have been periodically
checked for mycoplasma contamination by staining
with Hoechst dye (10) and were found to be free of
contamination.

In experiments in which it was necessary to pre-
cisely control the exogenous thymidine concentration,
cells were cultured in alpha minimal essential medium
with 8% dialyzed fetal calf serum and the desired
thymidine concentration. Fetal calf serum was di-
alyzed against a 10-fold excess of phosphate-buffered
saline solution over 4 days with four changes of the
solution. The serum was then filtered through a 0.22-
um membrane filter with an AP15 prefilter (Millipore
Corp., Bedford, Mass.).

Genetic markers. To determine the rates of mu-
tation in our strains, three genetic markers independ-
ent of the Thy- phenotype were used: 6-thioguanine
resistance (thgT), ouabain resistance (ouaR), and eme-
tine resistance (emtr). 6-Thioguanine-resistant (6-tgr)
mutants have been shown to be deficient or altered
in hypoxanthine guanine phosphoribosyltransferase
(HPRT-) by previous investigators (8). For determi-
nation of 6-tgr mutants, cultures were plated in me-
dium containing 10 pM 6-thioguanine, 10 uM thymi-
dine, and 8% dialyzed fetal calfserum. Plating densities
were not greater than 5 x 105 per 100-mm dish. Re-
construction experiments indicated that this cell den-
sity did not reduce the frequency of thgr mutations in
our cultures. Since HPRT- cells are unable to grow in
HAT medium (31), we also tested a number of our 6-
tgr mutants in HAT medium consisting of 1lo M
hypoxanthine, 10' M aminopterin, and 10' M thy-
midine.

Ouabain is an inhibitor of the Na+-K+ transport
system of mammalian cells, and cells resistant to this
drug have an Na+-K+ adenosine triphosphatase more
resistant to ouabain (2). To determine the number of
ouabain-resistant mutants in a culture, up to 106 cells
were plated per 100-mm dish in 2 mM ouabain in
alpha minimal essential medium with 8% dialyzed fetal
calf serum and 10 pLM thymidine.

Emetine is a potent protein synthesis inhibitor in
mammalian cells (17). CHO cells resistant to this drug
have alterations of the 40S ribosomal subunit, render-
ing protein synthesis, as measured in vitro, resistant
to inhibition by emetine (4, 17, 18). A sample of 2 x
106 cells per 100-mm dish was plated in 0.2 ,uM emetine
in the experiments to determine the number of eme-
tine-resistant cells.

In all these experiments, cells were incubated for 7
days in the selective medium, and then plates were
fixed and stained with 0.5% methylene blue in 50%
methanol. Only colonies with more than 50 cells were
counted. Occasionally drug-resistant clones were taken
and serially cultivated in nonselective medium for
further screening. The drug resistance phenotype was
stable in all cases.

Determination of mutational rates. In these ex-
periments, mutational events have been quantified by
measuring the rate of mutation by using the Luria-
Delbruck (20) fluctuation test. Mutation frequencies
for our strains vary considerably because of the high
background of resistant cells in Thy- strains. For each
fluctuation experiment 15 to 30 replicate cultures of
each cell line were grown in alpha minimal essential
medium supplemented with 8% dialyzed fetal calf se-
rum and the desired thymidine concentration from an
inoculation density of 100 cells per replicate culture.
When these cultures had reached the desired density,
the entire cell population was plated in the appropriate
selective medium. Mutational rates were calculated
from the fraction of cultures containing no mutants. It
was necessary to use this calculation since one of the
mutants, Thy-49, has an unusually rounded morphol-
ogy and only loosely attaches to plastic culture dishes.
It has also been suggested that 6-tgr, resistant HPRT-
cells grow more rapidly than sensitive cells in medium
with excess thymidine (6). By calculating the muta-
tional rate on the basis of cultures with no mutants,
we have avoided this complication.
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Deoxynucleoside triphosphate pool measure-

ments. Deoxynucleoside triphosphates were ex-

tracted from cell monolayers growing in medium with
defined thymidine concentrations by using ice-cold
60% methanol. Measurement was made by high-per-
formance liquid chromatography using a Whatman
Partisil-10-SAX column, with 0.30 M ammonium
phosphate (pH 3.45) at 1.0 or 1.5 ml/min as the mobile
phase (16). Elutions were monitored at 254 nm with a

Waters variable-wavelength detector. Because the ex-

cess of ribonucleotides in the cells obscures the de-
oxyribonucleotides, it was necessary to degrade ribo-
nucleotides by using sodium periodate (16, 27). Even
with this digestion it was not always possible to mea-
sure deoxyguanosine 5'-triphosphate (dGTP) pools in
the CHO cell strains. For some measurements it was
therefore necessary to use the more sensitive tech-
nique (30) of the defined copolymer polydeoxyinosi-
nate-polydeoxycytidylate and DNA polymerase I
(both from Boehringer-Mannheim, Montreal, Can-
ada). At least two determinations were made for each
culture, and two to three independent experiments
were performed for each thymidine concentration.
The pool values were normaliwd to the amount of
DNA measured in the methanol precipitate (3).

RESULTS

Manipulation of deoxynucleoside tri-
phosphate pools in wild-type and Thy- cell

lines. The pools of deoxynucleoside triphos-
phates were altered by changing the extemal
thymidine concentration over a range that did
not greatly affect cellular viability or growth.
Wild-type cells were grown either in the absence
of thymidine or in concentrations as high as 100
,uM. Thy- mutants were grown in concentrations
ofthymidine ranging from 1 to 2,000 MLM. Chang-
ing the thymidine concentration allowed manip-
ulation to some extent of dTTP, dCTP, and
dGTP pools (Fig. 1). These manipulations were
possible because of the regulatory effects of
dTTP on the reduction of both cytidine diphos-
phate and guanosine diphosphate by the enzyme
ribonucleoside diphosphate reductase (14, 25).
dTTP is a negative effector of cytidine diphos-
phate reduction, so increased intracellular con-

centrations ofdTTP, produced by increasing the
exogenous thyniidine concentrations, decreased
the pool of dCTP. Thy- mutants are consider-
ably more resistant to growth inhibition by thy-
midine as a result of the expanded pool ofdCTP.
Consequently, these cells were able to tolerate
a greater pool of dTTP before growth was in-
hibited due to lack of dCTP. dTTP is an essen-

tial positive effector of guanosine diphosphate
reduction (14, 25), and thymidine starvation of
Thy- mutants leads to depletion of both dTTP
and dGTP pools (24). In these experiments,
varying the concentration of thymidine in the
medium of wild-type and Thy- strains led to
parallel changes of dTTP and dGTP. To alter
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the pattem of these parallel pool changes, de-
oxyguanosine was added to the medium of wild
type and Thy-49. However, the added deoxy-
guanosine did not change the pool of dGTP.
Most likely this was due to the catabolism of
deoxyguanosine (9) and perhaps an inhibition of
phosphorylation of deoxyguanosine by the high
intracellular dCTP. High dCTP also appears to
inhibit phosphorylation of deoxyadenosine to
deoxyadenosine 5'-triphosphate (22).
Dependence of the rate of mutation to

Oua" on the deoxynucleoside triphosphate
content of wild-type and Thy- cell strains.
The effect of alterations ofthymidine concentra-
tions on the rate of mutation to ouabain resist-
ance is presented in Fig. 2. For wild type, the
highest rate of mutation was obtained in the
absence or in low concentrations of thymidine.
Increasing concentrations of thymidine caused
the rate of mutation first to decrease, to reach
its lowest point at 20 uM, and then to increase
with increasing thymidine. The difference be-
tween the highest and lowest rates was 10-fold.
Thy- mutants showed a similar, though greater,
response in mutational rate to alterations of
thymidine concentration. The highest rate of
mutation was again observed in low concentra-
tions of thymidine (1 uM), and the minima were
observed in 100 ,uM for Thy-49 and about 400
pM thymidine for Thy-303. Increasing the con-
centration of thymidine above these levels pro-
duced an increase in the rate of mutation. The
Thy- mutants were much more sensitive than
wild-type cells to changes in thymidine concen-
tration: the greatest difference in mutation rate
was 16-fold for Thy-49 and 250-fold for Thy-303.
The rate of mutation to OuaR for the Thy-
mutants was greater than that of wild type at all
concentrations ofthymidine. The difference var-
ied with thymidine concentration and was great-
est (160-fold) between 4 and 10,uM.

In Fig. 3 the log of mutational rates obtained
at the different thymidine concentrations has
been plotted against the log of deoxynucleoside
triphosphate content of the cells at the same
concentrations (see Fig. 1). In the presence of
low thymidine (Fig. 3A), there was a clear rela-
tionship between the rate of mutation to OuaR
and the pool of dCTP for Thy-49 and 303 al-
though the slope was different for the two cell
strains. High levels of dCTP also had an effect
on wild-type cells, but no clear single relation-
ship emerged. Plotting the mutational rates ob-
tained in low thymidine against dTTP content
did not produce a clear response. In the presence
of high thymidine (Fig. 3B) the rate of mutation
to Qua" was dependent upon the level of dTTP
for all three cell strains. It is clear that the
mutational rate in high thymidine was not de-
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FIG. 1. Effect of exogenous thymidine on the deoxynucleoside triphosphate content of wild-type and Thyf
cell lines. CeUs were grown in defined concentrations of thymidine for 3 days before harvesting and analysis
of pool content as described in the text. Each point represents the average of at least two independent
experiments. Wild type (0); Thy 49 (0); Thy 303 (A).

pendent upon dCTP concentration since condi-
tions producing very similar dCTP levels pro-
duced very different mutational rates.
Effect of deoxynucleoside triphosphate

pool alterations on the rate of mutation to
6-tg'. Altering the thymidine concentration of
the medium also altered the rate of mutation to
6-tgr (Fig. 4). As before, low concentrations of
thymidine produced the highest mutational rate.
However, the response of mutational rate at this
locus (thg) was less dramatic than that at oua,
as the variation in mutational rate for all cell

strains was only about fivefold. The greatest
difference in the rate of mutation to 6-tgr be-
tween wild-type and Thy- strains was 12-fold at
40 uM thymidine. High concentrations of thy-
midine also increased the rate of mutation of the
Thy- strains to 6-tge but did not ignificantly
affect wild type. Administration of lethal con-
centrations of thymidine to wild-type cells (10
mM thymidine for 24 h), however, did increase
the fiequency of 6-thioguanine-resistant mu-
tants (unpublished data).

In Fig. 5 the log of the rate of mutation to 6-
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FIG. 2. Effect of exogenous thymidine on the rate of mutation to OuaR. Replica cultures of wild type (0),
Thy 49 (0), or Thy 303 (A) were grown in medium containing defined concentrations of thymidine. At the
appropriate cell density the entire culture wasplated in medium containing ouabain to determine the fraction
ofcultures containing OuaR mutants. The mutational rate to OuaR was determined on the basis ofthe fraction
of cultures containing no mutants, termed the PO calculation (20).

tg' at low thymidine concentrations has been.
plotted as a function of the log of the dCTP or
dTTP content. The rate of mutation for this.
marker in wild type did not show a strong de-
pendence on dCTP content, increasing only
slightly with increased intracellular levels of this
deoxynucleoside triphosphate. The rate ap-
peared to show a more pronounced inverse re-
lationship to dTTP concentration. For Thy-49
and 303 the rate of mutation appeared to be
directly related to dCTP content and inversely
to dTTP. For this marker, the two Thy- mutants
showed similar responses to dCTP and dTTP.
Effect of deoxynucleoside triphosphate

pools on emt locus. Previous experiments had
suggested that the thy mutator gene is site spe-
cific and does not act upon the emt locus (23). In
these experiments I have shown that the muta-
tional rate of Thy- cells can be stimulated by
growing cells in low thymidine. To determine
whether low thymidine could also stimulate the
rate of mutation to Emtr, wild-type and Thy-
strains were grown in a range of thymidine con-
centrations including those which produced
maxnmum mutagenesis for the oua and thg
markers. The results of these experiments are
presented in Table 1. There was no significant
difference in mutational rates to Emtr of celLs
grown in low thymidine relative to those grown
in 100 uM thymidine. Excess thymidine caused

a small but significant increase in mutational
rate to Emt' for Thy-49 and 303.

DISCUSSION
In these experiments I have demonstrated

that manipulations of the pools of dCTP and
dTTP produce clear changes in the rates of
mutation to both 6-tgr and OuaR in wild-type
and Thy- strains.
Even though the mutator activity of thy is

strongly affected by the pools ofdeoxynucleoside
triphosphates, the pool imbalance alone does
not appear to be the cause of the higher rate of
mutation in Thy- strains. If mutational rates
were dependent upon the dCTP content and a
Thy- strain had a greater rate of mutation sim-
ply because of its higher pool of dCTP, then one
would predict a common relationship between
dCTP content and mutational rate for both mu-
tator and wild-type strains. Such a relationship
for the rate of mutation to Oua' and the dTTP
content is evident in high thymidine concentra-
tions (Fig. 3B). I have also demonstrated that
sensitivity to DNA alkylating agents is a func-
tion of dCTP/dTTP ratio for all three strains
(21). However, in the presence of low thymidine
the relationships of mutational rate to pool con-
tent are clearly different. Very similar levels of
dCTP in the three strains produce very different
mutational rates.

MOL. CELL. BIOL.
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FIG. 3. Rate of mutation to Oua' as a fuinction ofdCTP or d7TP content. Data firom Fig. I and 2 uwere
used for this figure. The relationsh4ps ofpool content and mutational rate in low thymidine (A) and high
thymidine (B) are presented. Low and high thymidine are defined on the basis of the data in Fig. 2. At one
thymnidine concentration for each cell strain, the mutational rctte to OuaR recached a minimum level. Thjymidine
concentrations lower than this point are defined as low thymdidne. Thymidine concentrations greater than
this are high thymidine. Wild type (-0); Thy -49 (0); Thy -303 (A).

The responses of the three markers ouaR,
thgr, and emtr to changes in the pool content
were markedly different. The rate of mutation
to Oua" showed extreme sensitivity to changes
in pool level, whereas that to 6-tgr showed rela-
tively little variation. This could be due to a
difference in the types of mutations which can
be detected by the two markers. It has been
suggested that Oua" is the result of only base

pair changes (1), whereas the loss of hypoxan-
thine guanine phosphoribosyltransferase activ-
ity in 6-tgr cells could be due to base pair
changes, deletions, insertions, or frameshifts (8).
The results presented here would then suggest
that the thy mutator gene is very proficient at
producing base pair mutations, since the rate of
mutation to Oua' is so strongly affected. The
data also suggest that thy may increase the
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FIG. 4. Effect of exogenous thymidine on the rate of mutation to 6-tgr. Replica cultures of wild type (-),
Thy 49 (0), or Thy 303 (A) were grown in medium containing defined concentrations of thymidine. At the
appropriate ceU density, the entire culture was plated in medium containing 6-thioguanine to determine the
fraction of cultures containing 6-tgr mutants. The mutational rate to 6-tgr was determined on the basis of a
Po calculaion.
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FIG. 5. Rate of mutation to 6-tg' as a function of
dCTP or dTTP content. Data from Fig. I and 4 were

used for this figure. The relationship ofpool content
and 6-tg' in low thymidine (<20 EM for Pro- and
<1(00 s& for the Thyf strains) only is presented here
since there were too few points to make a significant
plot in higher concentrations ofthymidine. Wild type
(0); Thy-49 (0); Thy-303 (A).

occurrence of other types of mutations, as the
rate of mutation to 6-tgr is uniformly higher than
that in wild type in all conditions. However, it is
difficult to substantiate these suggestions in the
absence of specific probes for characterization of
genetic damage at these loci.
The rate of mutation to Emte was unaffected

by thy at concentrations of thymidine which
produced maximum rates of mutation to OuaR
or 6-tgr. The explanation for this is not clear. We
are examining the rate of mutation at a locus
closely linked to emt, chromate resistance (7), to
determine whether the site specificity extends

over a significant part of chromosome 2 of CHO.
The increase of mutational rate caused by

excess thymidine (5) appears to proceed by a
different pathway from that caused by thy. The
rate of mutation to both OuaR and 6-tgr in wild-
type and Thy- cells is stimulated by excess
(sublethal) thymidine. This mutagenesis is di-
rectly related to the pool of dTTP, and values
for all cell strains give a common relationship.
This suggests that excess thymidine has a
greater effect on Thy- mutants simply because
they can tolerate more dTTP. Furthernore, ex-
cess thymidine causes a small but significant
increase in the rate of mutation at the emt locus,
whereas thy does not.

mutD, a mutator gene of Escherichia coli,
shows a dependence on exogenous thymidine
similar to that demonstrated for thy (12, 13).
Evidence suggests that mutD may be a protein
active in DNA replication, since two suppressors
of the mutator activity map in the nalA gene
(12). Thus there appear to be proteins important
for the faithful replication of DNA which are

; sensitive to deoxynucleoside triphosphate fluc-
tuations. In vitro experiments with recon-
structed bacteriophage systems suggest that
both base pairing and proofreading are also de-
pendent upon deoxynucleoside triphosphate
levels (11, 15, 19). It is possible that the thy
mutator gene is an alteration of a replication
protein conferring increased sensitivity to de-

; oxynucleoside triphosphate variations. Further-
more, the increased level of dCTP in these cells
could be a consequence of misincorporation of
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TABLE 1. Effect of exogenous thymidine on the rate of mutation to emetine resistance
Mutation rate in thymidine concn:

Cell line
Love 100IoM 2,000 1M

Wild type 1.4 ± 0.6 x 10-8 1.8 ± 0.8 x 10-8
Thy-49 3.4 ± 1.3 x 10-8 1.7 ± 0.8 x 10" 6.6 ± 1.5 x 10-8
Thy-303 4.8 ± 3.2 x 10-9 2.1 ± 1.1 x 10-8 4.3 ± 2.0 x 108

a Low thymidine is medium without thymidine for wild type and 4 yIM for Thy-49 and 303. Replica cultures
were grown in medium containing the specified thymidine concentration and then examined for the presence of
emtr mutations as described in the text. Mutational rates were determined by a Po calculation.

dCTP followed by excision by the normal proof-
reading mechanisms, rather than a cause of the
miisincorporation. Although the evidence pre-

sented here is consistent with such an explana-
tion there is no direct evidence for it. It is equally
possible that the differences observed between
mutational rate and pool content are due to
subtleties of intracellular deoxynucleoside tri-
phosphate localization in mutant and wild-type
strains. Thus, though these studies provide evi-
dence for a role of deoxynucleoside triphosphate
pools in maintaining the fidelity of DNA repli-
cation, the mechanism by which they fulfill this
role and how it is altered by the thy mutation
remain unresolved.
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