
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/97/$04.0010

Mar. 1997, p. 1484–1489 Vol. 17, No. 3

Copyright q 1997, American Society for Microbiology

Incubation at the Nonpermissive Temperature Induces Deficiencies in
UV Resistance and Mutagenesis in Mouse Mutant Cells Expressing

a Temperature-Sensitive Ubiquitin-Activating Enzyme (E1)
HIRONOBU IKEHATA,1* SUMIKO KANEDA,2 FUMIAKI YAMAO,2 TAKESHI SENO,2 TETSUYA ONO,1

AND FUMIO HANAOKA3

Department of Radiation Research, Tohoku University School of Medicine, Sendai 980-77,1 Laboratory of
Mutagenesis, National Institute of Genetics, Mishima 411,2 and Cellular Physiology Laboratory,

The Institute of Physical and Chemical Research (RIKEN), Wako 351-01,3 Japan

Received 8 July 1996/Returned for modification 29 July 1996/Accepted 17 December 1996

In temperature-sensitive (ts) mutants of mouse FM3A cells, the levels of mutagenesis and survival of cells
treated with DNA-damaging agents have been difficult to assess because they are killed after their mutant
phenotypes are expressed at the nonpermissive temperature. To avoid this difficulty, we incubated the ts
mutant cells at the restrictive temperature, 39&C, for only a limited period after inducing DNA damage. We
used ts mutants defective in genes for ubiquitin-activating enzyme (E1), DNA polymerase a, and p34cdc2 kinase.
Whereas the latter two showed no effect, E1 mutants were sensitized remarkably to UV light if incubated at
39&C for limited periods after UV exposure. Eighty-five percent of the sensitization occurred within the first
12 h of incubation at 39&C, and more than 36 h at 39&C did not produce any further sensitization. Moreover,
while the 39&C incubation gave E1 mutants a moderate spontaneous mutator phenotype, the same treatment
significantly diminished the level of UV-induced 6-thioguanine resistance mutagenesis and extended the time
necessary for expression of the mutation phenotype. These characteristics of E1 mutants are reminiscent of the
defective DNA repair phenotypes of Saccharomyces cerevisiae rad6 mutants, which have defects in a ubiquitin-
conjugating enzyme (E2), to which E1 is known to transfer ubiquitin. These results demonstrate the involve-
ment of E1 in eukaryotic DNA repair and mutagenesis and provide the first direct evidence that the ubiquitin-
conjugation system contributes to DNA repair in mammalian cells.

Mutations that lead to temperature-sensitive (ts) pheno-
types usually occur in genes essential for cell viability. Since
DNA repair plays a critical and basic function to preserve the
genetic information of cells against external and internal
DNA-modifying agents, it is logical to assume that some ts
mutations fall within DNA repair genes. We isolated ts mu-
tants from the mouse mammary carcinoma cell line FM3A and
classified them into 11 genetic complementation groups (8)
comprising three groups of defective genes, each of which
encoded DNA polymerase a (Pol a), ubiquitin-activating en-
zyme (E1), or p34cdc2 kinase. There are indications that these
three gene products contribute to cellular DNA repair mech-
anisms. First, a study with DNA polymerase inhibitors sug-
gested that Pol a is a repair synthesis enzyme, in addition to its
role in DNA replication (44). Second, a rad6 DNA repair
mutant of Saccharomyces cerevisiae is defective in UBC2 (14),
a ubiquitin-conjugating enzyme (E2), to which E1 transfers
ubiquitin. This suggests relevance to DNA repair of the ubiq-
uitin-conjugation system in which E1 and E2s cooperate to
mark proteins with ubiquitins as substrates for intracellular
nonlysosomal protease complexes (10). Third, a number of
cellular responses to DNA-damaging agents in eukaryotes are
mediated through cell cycle arrest or delay (7, 25), which is
regulated by the cyclin-cdk systems in which p34cdc2 kinase is a
key enzyme (30).
In the present study, we attempted to evaluate the contri-

bution of these three enzymes to mammalian DNA repair by

estimating the levels of cell survival and induced mutation
frequency in ts cells with mutations in these enzymes’ genes.
However, the study of DNA repair using ts mutant cells is not
easy for the following reason. Cell survival and mutation fre-
quency cannot be estimated by colony formation assays at the
temperature used to induce the mutant phenotype of ts cells,
because the cells are not viable at this limiting temperature. In
fact, until now, clonogenic assays for estimating the DNA re-
pair capacity of ts mutants at the limiting temperature have not
succeeded for mammalian cells, although some results con-
cerning yeast cells have been published elsewhere (3, 19, 43).
To overcome this problem, we incubated cells for only a lim-
ited period at the nonpermissive temperature after exposure to
DNA-damaging agents. Using this approach, we were able to
show that E1 mutants are deficient with respect to UV resis-
tance and mutability, thus directly demonstrating the relevance
of E1 to eukaryotic DNA repair.

MATERIALS AND METHODS

Cells and culture. The following ts mutant cell lines were used: ts85 and tsFT5
defective in E1 (9, 22, 23), tsFT20 defective in Pol a (11, 13, 24), and tsFT210
defective in p34cdc2 kinase (21, 41, 45) at the nonpermissive temperature 398C.
All of these mutants were derived from the wild-type clone 28 of the mouse
mammary carcinoma suspension cell line FM3A (26). Transformed cell lines of
ts85, including ts85YMTA1, were isolated by transfection with a mouse E1
cDNA (12) cloned downstream of the simian virus 40 promoter in the pSG5
expression vector (Stratagene) and established by selection for viability at the
limiting temperature (29). The proficiency of E1 activity at 398C in the transfor-
mants was confirmed by assaying for ubiquitin-protein conjugation activity in
crude cell extracts (9). All cell lines except the E1 cDNA transformants were
cultured at the permissive temperature of 338C. The transformants were grown
at 338C only during the last two subcultures before experiments but were oth-
erwise maintained at 398C. The basic culture medium was RPMI 1640 (Nissui)
supplemented with 5% calf serum (HyClone). Medium for colony formation
assays was RPMI 1640 agar medium containing 10% calf serum.
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Irradiation of UV and X rays. Cells suspended in phosphate-buffered saline at
a density of 6 3 105 (survival assays) or 1.2 3 106 (mutation induction assays)
cells per ml were irradiated with UV at a dose rate of 0.2 J m22 s21 from 254-nm
germicidal lamps (Hitachi). Cells suspended in medium at a density of 6 3 105

cells per ml were irradiated with 0.722 Gy of X rays per min with a PANTAK
HF-320 X-ray source (200 kV, 10 mA; Shimadzu).
Survival assays. Cells in the growth phase were suspended in phosphate-

buffered saline or in medium, irradiated if necessary, harvested, and resuspended
in fresh culture medium. After dilution with molten agar medium (final concen-
tration, 0.33% agar), 1-ml portions were plated onto 60-mm culture dishes
containing a 4-ml base of 0.5% agar medium. Unless otherwise indicated, half of
the plates were directly placed at 338C, while the other half were incubated at
398C for 20 h before being transferred to 338C. The incubation at 338C was
continued until the 14th day after plating, at which point the colonies were
counted and the level of survival was calculated.
Assay of UV-induced mutation frequency. Cells were maintained at 338C in

medium supplemented with HAT (100 mM hypoxanthine, 0.4 mM aminopterin,
16 mM thymidine) to suppress propagation of cells resistant to 6-thioguanine
(6TG) that might preexist in the cell population. After a passage through me-
dium supplemented with HT (100 mM hypoxanthine, 16 mM thymidine), expo-
nentially growing cells were suspended in phosphate-buffered saline, UV irradi-
ated if necessary, and harvested. A portion of the cells was used for the survival
assay, and the remainder was transferred to nonselective medium and divided
into two cultures, one of which was directly placed at 338C and the other of which
was incubated at 398C for 20 h before being placed at 338C. (At this step, it was
critical to process cells in a population large enough to include the potentially
mutating cells which should later express 6TG resistance. If this requirement
were not satisfied, the apparent mutation frequencies would be found to fluctu-
ate widely from experiment to experiment, because the population of the ts cells
deficient in UV resistance decreases additively or synergistically by killings fol-
lowing exposure to UV and incubation at the restrictive temperature.) The
incubation at 338C in nonselective medium was continued for 2 weeks, to fully
express 6TG resistance (6TGr) mutations, with subculturing every 3 or 4 days. To
determine plating efficiencies, a portion of the culture was plated on nonselective
agar medium in the same way as for the survival assay. From the remainder,
another portion was removed and resuspended at a density of 3.3 3 105 cells per
ml in molten 0.33% agar medium containing 2.73 mg of 6TG per ml (Wako,
Osaka, Japan). Three-milliliter portions, each containing 106 cells, were plated
onto 100-mm culture dishes containing a 10-ml base of 0.5% agar medium to
select 6TGr cells. There was no apparent metabolic cooperation (31) in FM3A
cells under these plating conditions. After a further 2 weeks at 338C, colonies
were scored and mutation frequencies were calculated by dividing the 6TGr

colony number by the plated cell number and the plating efficiency. Spontaneous
mutation frequency was the mutation frequency of unirradiated cells, and in-
duced mutation frequency was calculated by subtracting the spontaneous fre-
quency.
Expression time assay for 6TGr mutation. Cells were exposed to UV with or

without a transient postirradiation incubation period at 398C as described above
for the induced mutation assay. Thereafter, they were maintained in 25 ml of
nonselective medium at 338C. Portions were removed on the day of irradiation,
4 days later, and thereafter every other day, and the UV-induced mutation
frequency was assayed as described above. The reduced volume of the expression
culture was brought up to 25 ml by adding fresh medium after every removal, so
that the subsequent cultures were always in the growth phase.

RESULTS

Temperature sensitivity of ts mutants. Our basic strategy to
study DNA repair in FM3A ts mutant cells was to inactivate
the ts gene products only for the period necessary for the
establishment of the DNA damage as a lethal hit. This was
achieved by incubating the cells transiently at the nonpermis-
sive temperature, 398C. Before starting the experiments with
the DNA-damaging agents, we evaluated the feasibility of this
strategy by studying the survival kinetics of the ts mutant cells
during incubation at 398C, by colony formation assays (Fig. 1).
Depending on the incubation period, the survival of all the ts
mutants decreased in a similar shape of curves, though the
sensitivities were quite different among the mutants. The re-
sults showed that a 1-day incubation at 398C decreased survival
of the ts mutants to 10 to 80%, resulting in an adequate
number of survivors for further investigation with colony for-
mation assays of the cell killing and mutations induced by
DNA-damaging agents. Therefore, we decided to use a 20-h
incubation period at the nonpermissive temperature, 398C, in
the studies with the DNA-damaging agents as this time length
also fitted well with the experimental schedule.

UV survival. The colony formation assay including the tran-
sient incubation at 398C was used to examine the UV survival
of the parental FM3A clone 28 and its ts mutants ts85, tsFT20,
and tsFT210 (Fig. 2A and B), which are known to be defective
at 398C in E1, Pol a, and p34cdc2 kinase activities, respectively.
Cells were UV irradiated, plated onto agar medium, and in-
cubated at 398C for 20 h and then at 338C to form colonies. The
E1 mutant ts85 clearly expressed greater UV sensitivity than
the others by the 20-h incubation at 398C (Fig. 2A). The ac-
quisition of UV sensitivity by the ts85 strain was not a general
effect of the 398C treatment but was specific to this strain, since
the parental clone 28 and the other ts mutants were not sig-
nificantly sensitized by the same treatment. A result similar to
that for the ts85 mutant was observed for another E1 mutant,
tsFT5 (data not shown), indicating that UV sensitization by the
398C treatment is a common feature of E1 mutants, and not a
cell-line-specific characteristic of ts85. A comparison of the
survival curves of clone 28 with those of ts85 showed that the
survival of these two clones differed significantly only if they
were incubated at 398C, irrespective of the UV doses used to
irradiate the cells (Fig. 2A). This suggests that heat inactiva-
tion of E1 expected to occur specifically in ts85 cells enhances
UV killing.
As ts85 cells are known to be arrested in late S and G2

phases (8, 22), it was possible that the UV sensitivity induced
in the ts85 cells was not a direct effect of inactivation of ts gene
products but rather a result of growth arrest at a specific cell
cycle phase(s). However, this appears unlikely as little UV
sensitivity was induced for tsFT20 and tsFT210 (Fig. 2B),
which are arrested at 398C in the same S and G2 phases of the
cell cycle, respectively (8, 21, 24), as the ts85 clone.
Complementation by E1 cDNA transfection. To confirm that

the UV sensitivity of ts85 induced by transient 398C treatment
is really the result of a ts mutation in the E1 gene, we per-
formed a complementation test using clonal transformants of
ts85 which were transfected with mouse E1 cDNA. A typical
result is shown in Fig. 2A, where the temperature-induced UV
sensitivity of the ts85 clone was completely abolished in the
transformant, ts85YMTA1, to recover a level comparable to
that of the wild-type clone 28. On the other hand, without the
398C treatment, the UV resistance of the transformant did not
exceed those of clone 28 and ts85. This ruled out the possibility
of a nonspecific stimulatory effect on cell survival due to the

FIG. 1. Cell survival of FM3A ts mutants following nonpermissive-tempera-
ture incubation. Cells exponentially growing at 338C were plated on agar me-
dium, incubated at 398C for the indicated times, and then returned to 338C for
colony formation. The survival of each cell line was calculated as the ratio of the
plating efficiency to that of the non-398C-treated control. Circles, wild-type
FM3A clone 28; triangles, E1 mutant ts85; inverted triangles, Pol a mutant
tsFT20; squares, p34cdc2 kinase mutant tsFT210.
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exogenous E1. Similar results were obtained for the other
clonal transformants of the E1 mutant cells (data not shown).
Dependence of UV survival on 39&C incubation time. Al-

though 20 h was used as the 398C incubation period, experi-
mental confirmation of its virtue was necessary to precisely
evaluate the methodology used in our study. Therefore, we
investigated the kinetics of UV sensitization of ts85 at 398C by
changing variously the length of the 398C incubation period in
the UV survival assay (Fig. 3). Although the results showed
time-dependent decreases in the viability of both irradiated
and unirradiated ts85 cells at 398C, the extent of heat inacti-
vation of the irradiated cells was significantly greater than that
of the unirradiated cells at every time point examined (Fig.
3A). These results indicate that killing by UV irradiation and
incubation at 398C is synergistic, probably reflecting the heat
lability of some cellular activity mediating to remove or avoid
UV-induced lethal damage. This activity is in all likelihood
E1 in the ts85 clone. To extract only the synergistic effect, we
divided the surviving fractions of the irradiated cells by those
of the corresponding unirradiated cells. The surviving fractions
of the unirradiated cells reflect the killing effect of the 398C
incubation alone. The calculated values are plotted in Fig. 3B
and reveal that ts85 cells were killed quickly during a period of
12 h after the postirradiation shift to 398C, running up to 85%
of the overall sensitization to UV finally achieved by incuba-
tion at 398C. More than 36 h at 398C, however, did not produce
any further sensitization for ts85. Therefore, the 20-h incuba-
tion at 398C is sufficient for assaying the cell survival of E1
mutants. Longer incubation periods would create experimental
difficulties with loss of cell population although little UV sen-
sitization should be added. In addition, we found that cell
inactivation at 398C of the irradiated clone 28 was also mod-
erately synergistic (Fig. 3B), suggesting that some normal cel-
lular processes related to UV resistance are slightly susceptible
to inactivation at 398C although they remain unknown.
X-ray survival. Since the yeast rad6 mutant is sensitive to X

rays as well as UV (6), X-ray survival of the E1 mutant ts85 was
also examined by the same method applied to the UV survival
assay and compared with that of clone 28 (Fig. 2C). Unexpect-
edly, ts85 was not appreciably more sensitive than clone 28
irrespective of the 398C treatment. Although this failure in
detecting X-ray sensitivity for ts85 might suggest a special
function for yeast RAD6-encoded E2 in X-ray resistance, it is

also possible that our protocol did not allow ts85 to express
X-ray sensitivity sufficiently because E1 inactivation was only
transient. However, a prolonged 48-h incubation at 398C failed
to induce any sensitization to X rays in ts85 above the level of
the non-398C-treated cells (data not shown).
UV-induced mutation frequency. Our success in detecting

UV sensitivity in mammalian E1 ts mutant cells prompted us to
assay the UV-induced mutation frequency in these mutants
with a 20-h postirradiation incubation period at 398C. As
shown in Fig. 4, the 398C treatment enhanced the induced
6TGr mutant frequencies of the wild-type clone 28 (Fig. 4B),

FIG. 2. Cell survival of FM3A ts mutants following UV or X-ray irradiation. (A) UV survival of the E1 mutant and its E1-cDNA transformant; (B) UV survival
of the other mutants; (C) X-ray survival of the E1 mutant. Cells exponentially growing at 338C were irradiated and plated on agar medium, followed by an incubation
for colony formation at 338C with (closed symbols) or without (open symbols) a prior 20-h incubation at 398C. Survival was calculated for each experimental group of
each cell line with or without the 398C incubation as the ratio of their plating efficiencies to that of the unirradiated control. Error bars indicate standard deviations
determined from at least three independent experiments. Circles, wild-type FM3A clone 28; triangles, E1 mutant ts85; inverted triangles, Pol amutant tsFT20; squares,
p34cdc2 kinase mutant tsFT210; diamonds, an E1 cDNA transformant of ts85, ts85YMTA1.

FIG. 3. Kinetics of UV sensitization of the E1 mutant, ts85, at 398C. (A) Cell
inactivation kinetics of UV-irradiated and unirradiated FM3A clone 28 and ts85
at 398C. Cells exponentially growing at 338C were irradiated with (closed sym-
bols) or without (open symbols) 6 J of UV per m2, plated on agar medium,
incubated at 398C for periods of 0 to 48 h, and then returned to 338C for colony
formation. Survival was calculated for each experimental group of each cell line
with or without irradiation as the rate of their plating efficiencies to that of the
corresponding non-398C-treated cells. Error bars indicate standard deviations
determined from at least four independent experiments. Some error bars of
clone 28 are hidden behind the symbols. The survival at 338C following 6-J/m2

irradiation of UV was 0.76 6 0.08 for clone 28 and 0.68 6 0.21 for ts85. Circles,
wild-type FM3A clone 28; triangles, E1 mutant ts85. (B) Synergistic cell killing of
clone 28 and ts85 by UV irradiation and 398C incubation. Surviving fractions of
the irradiated cells shown in panel A were divided at every time point of the 398C
incubation by those of the corresponding unirradiated cells, and the values were
plotted. Circles, clone 28; triangles, ts85.
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compared to the control incubated only at 338C (Fig. 4A). On
the other hand, the same treatment rather suppressed the
mutation induction of ts85 and resulted in a significant de-
crease of the induced mutation frequencies of ts85 compared
with those of clone 28 (Fig. 4B), although there were no sig-
nificant differences in the frequencies of the non-398C-treated
cells (Fig. 4A). The same results were obtained for another E1
mutant, tsFT5 (data not shown). These findings indicate that
E1 inactivation results in inefficiency in the stable conversion
of DNA lesions into mutations. This was confirmed by the
remarkable recovery of the UV-induced mutagenesis in ts85
after transfection with E1 cDNA, as shown for ts85YMTA1 in
Fig. 4B. Notably, the degree of recovery in the transformant
exceeded the wild-type level whether the irradiated cells had
been temperature shifted or not (Fig. 4), suggesting that an
activity that promotes the induction of mutations is associated
with E1.
The spontaneous mutation frequencies in all cell lines were

3 3 1026 to 5 3 1026 irrespective of the temperature, with the
exception of ts85 treated with 398C, which showed about three
to five times more than the normal level (Table 1). Significant
differences in the spontaneous mutation frequency of the 398C-
treated ts85 were apparent when compared to those of clone

28, ts85YMTA1, and non-398C-treated ts85 cells. Thus, E1
inactivation might induce a moderate mutator phenotype in
cells, as in the case of the yeast rad6 mutant (34).
Expression time of the UV-induced 6TGr mutation. When

clone 28 was mutagenized with UV and grown at 338C, full
expression of 6TG resistance took at least 12 days to appear
(see Fig. 5). During this period, the preexisting wild-type hy-
poxanthine phosphoribosyltransferase activity should have
been decreased and lost through dilution by cell division or
degradation by proteolysis. However, the acquisition of maxi-
mal 6TG resistance in E1 mutants might be delayed by the
398C treatment compared to wild-type cells, since E1 mutants
arrest cell growth and are defective in protein degradation at
the nonpermissive temperature (5). In other words, 2 weeks in
the nonselective medium used for the mutation induction assay
might be too short a time for the E1 mutants to acquire the
complete 6TGr mutant phenotype. To test this notion, we
investigated the expression kinetics of 6TG resistance in clone
28 and ts85 by varying the nonselective incubation period avail-
able for expression of the mutant phenotype (Fig. 5). Without
the 20-h postirradiation incubation at 398C, ts85 expressed full
6TG resistance in 11 or 12 days like the wild-type clone 28.
When clone 28 was subjected to the postirradiation 398C treat-
ment, the full expression of 6TG resistance was hastened by a
day or two. This was in contrast to ts85, for which this treat-
ment had the opposite effect of delaying the acquirement of
the full 6TG resistance by 3 to 5 days compared with the
non-398C-treated controls. However, the maximum level of
mutation frequency achieved by the 398C-treated ts85 after
the extended expression time was still much lower than those
of the 398C-treated clone 28 and the untreated ts85. More-
over, since the 398C-treated ts85 shows a relatively high
spontaneous mutation frequency as shown in Table 1, if the
components derived from spontaneous mutations were sub-
tracted from the mutation frequencies presented in Fig. 5,
the differences between the 398C-treated ts85 and the others
should be larger than those actually appearing in Fig. 5. These
results confirmed that E1 deficiency not only prolongs the
time for the full expression of mutant phenotypes like 6TG
resistance but also represses the conversion of lesions in cel-
lular DNA into mutations.

FIG. 4. UV induction of 6TGr mutations in the E1 mutant, ts85. Cells expo-
nentially growing at 338C were UV irradiated with (closed symbols [B]) or
without (open symbols [A]) a 20-h postirradiation incubation at 398C, grown at
338C in nonselective medium for 2 weeks, and then plated on agar medium
containing 6TG. Induced mutation frequencies were calculated as described in
Materials and Methods. Error bars indicate the standard deviations determined
from at least four independent experiments. Circles, wild-type FM3A clone
28; triangles, E1 mutant ts85; diamonds, an E1 cDNA transformant of ts85,
ts85YMTA1.

FIG. 5. Expression time for UV-induced 6TGr mutation. Cells were irradi-
ated with 6 J of UV per m2, transferred to nonselective medium, subjected
(closed symbols) or not (open symbols) to a 20-h incubation at 398C, and then
grown at 338C. A portion was removed at the indicated postirradiation time
points (expression time), and the frequency of 6TGr mutations was assayed. A
representative result is shown. Five independent experiments were performed,
and similar results were obtained. Circles, wild-type FM3A clone 28; triangles,
E1 mutant ts85.

TABLE 1. Spontaneous mutation frequenciesa

Cell type No. of expts 398C
treatment

Spontaneous
6TGr frequencyb

(1026)

FM3A 9 2 3.5 6 1.5
1 4.2 6 2.3

ts85 9 2 4.9 6 3.4
1 16.2 6 6.0

ts85YMTA1 7 2 2.7 6 1.8
1 3.6 6 1.9

a Cells maintained in HAT medium were passaged once through HT medium,
harvested at exponential growth phase, resuspended in fresh nonselective me-
dium, incubated or not at 398C for 20 h, and then placed at 338C. After 2 weeks,
cells were plated onto agar medium containing 6TG and left to form colonies at
338C for 2 weeks.
b Values are means 6 standard deviations of the means.
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DISCUSSION

Methodology. In order to estimate the surviving and muta-
genic potentials of mammalian ts mutant cells exposed to
DNA-damaging agents, we used a method that relied on the
inactivation of the ts gene products for a limited period. This
was achieved by transient incubation of the mutant cells at the
nonpermissive temperature. We succeeded in detecting both
UV sensitivity and a mutagenic deficiency in mouse E1 mutant
cells, proving the suitability of this method. However, it should
be pointed out that the phenotypes of DNA repair deficiency
detected in this manner should be leaky, because inactivation
of the mutant gene products might be delayed or even incom-
plete after the shift to 398C. Moreover, it is possible that some
repair activities recover or survive and work effectively even
after the 20-h incubation at 398C. In fact, more than 10% of the
activity of histone ubiquitination remains in ts85 after an 8-h
incubation at 398C (23), and the UV sensitization and muta-
genic deficiency found in ts85 are less evident than those of the
budding yeast rad6mutant (18). Thus, the data obtained by the
method used here may underestimate the contribution of the ts
gene products to DNA repair processes. It is probable that E1
plays a more critical role in DNA repair of mammalian cells
than that indicated by this study. Despite this possible under-
estimation, this method provides an effective tool for the de-
tection of DNA repair defects in mammalian ts mutant cells.
E1 mutants. The defects in UV resistance and induced mu-

tagenicity of E1 mutants, as well as their mutator phenotype,
directly demonstrate the involvement of E1 in eukaryotic DNA
repair pathways. These phenotypes of the mouse E1 mutant
cells are similar to, though less remarkable than, those of the
S. cerevisiae rad6 mutants defective in a ubiquitin-conjugating
enzyme, E2 (17, 18, 34). E1 and E2s catalyze the first and
second steps, respectively, of the ubiquitin-conjugation path-
ways in a closely interactive manner (10), which strongly sug-
gests that the ubiquitin system itself, but not E1 or E2 alone,
contributes to the eukaryotic DNA repair process. Actually,
the ubiquitin-mediating activity of the RAD6 protein, which is
catalyzed by E1, is essential in yeast cells for UV resistance and
mutagenicity (39, 40). Also, a ubiquitin mutant of yeast defi-
cient in an alternative multiubiquitination site shows defective
UV resistance and mutability (38). In addition, structural and
functional homologs of the RAD6 gene have been isolated
from Schizosaccharomyces pombe (33), Drosophila (15), mouse
(35), and human (16). Therefore, the involvement of the ubiq-
uitin-conjugation system in DNA repair may be an important
characteristic conserved among eukaryotic cells from yeasts to
mammals.
Mechanisms implicating the ubiquitin-conjugation system

in DNA repair. It has been suggested that the presence of
many kinds of E2 species in yeast and mammalian cells implies
that these enzymes, through their activation by E1, function in
different cellular reactions and that they share multiple cellular
functions mediated by the ubiquitin-conjugation system (10).
Therefore, it is likely that some E1-E2 pathways specifically
contribute to certain eukaryotic DNA repair reactions. Actu-
ally, their relevance in postreplicative DNA repair has been
shown by a study of a yeast rad6 mutant (32), although the
precise molecular mechanisms remain unclear.
One possible mechanism whereby the ubiquitin system

might participate in DNA repair is through a direct interaction
between E1 or E2s and damaged regions of cellular DNA or
repair enzymes working therein. In fact, yeast RAD6/UBC2 E2
forms a specific complex with the product of the DNA repair
gene RAD18, which is able to bind single-stranded DNA (1). In
addition, products of the human DNA repair genes HHR23A

and HHR23B and their yeast homolog RAD23 have a ubiq-
uitin-like domain at their amino termini (20, 42), suggesting a
physical association of these gene products with ubiquitin-
binding proteins such as E1 or E2s. Actually, the ubiquitin-like
domain has been shown to be essential for the DNA repair
functions of the yeast RAD23 protein (42). An alternative
mechanism by which the ubiquitin pathways work in DNA
repair could be mediated indirectly through the proteolysis-
promoting function of the ubiquitin system (10), for example,
by removing stalled and dysfunctional enzyme complexes for
replication, transcription, or repair from damaged DNA or by
metabolizing repair and mutagenesis proteins for activation or
degradation.
We also found that most of the UV sensitization of E1

mutant cells appeared within the first 12 h after the shift to
398C. This suggests that the DNA repair pathway involving the
ubiquitin-conjugation system processes UV-induced DNA le-
sions that would otherwise be lethal for cells if they were not
repaired within half a day. Cyclobutane-pyrimidine dimers, the
major type of DNA damage induced by UV irradiation, are
removed by two distinctive nucleotide excision repair path-
ways, one working at actively transcribed DNA regions and the
other covering the entire genome (2). The former pathway
functions relatively faster than the latter and follows a time
course that is similar to the sensitization kinetics of UV-irra-
diated E1 mutants at 398C (2) (Fig. 3B). Therefore, the ubiq-
uitin system might be more involved in the former, referred to
as transcription-coupled DNA repair.
Mammalian cells induce cell-cycle arrest mechanisms called

checkpoint controls in response to DNA damage (7). A tumor-
related protein, p53, is a key factor functioning in checkpoint
control, and its cellular level is thought to be regulated partly
through the ubiquitin-mediated proteolytic pathway, according
to studies using oncogenic human papillomavirus-infected cells
(36). Chowdary et al. reported that p53 proteins are stabilized
in a ts E1 mutant of mouse BALB/c 3T3 cells through a
reduction in their breakdown after a shift to a restrictive tem-
perature (4). This might suggest that alterations in the check-
point controls induced by a deficiency of p53 metabolism cause
the DNA repair defects observed in E1 mutants.
Pol a and p34cdc2 kinase mutants. The UV sensitivity of the

Pol a mutant tsFT20 and the p34cdc2 kinase mutant tsFT210
was not higher than that of the wild-type clone 28, irrespective
of the transient postirradiation incubation at 398C (Fig. 2B). In
addition, we did not detect any alterations in the X-ray sensi-
tivity of tsFT20 with or without the 20-h treatment of 398C
(unpublished data). These results might suggest that Pol a and
p34cdc2 kinase make little contribution to at least some DNA
repair pathways that intervene rapidly after the occurrence of
DNA damage. Although Pol a has been suggested to be rele-
vant to DNA repair as a repair synthesis enzyme (44), recent
reports about its role in repairing UV-damaged DNA are con-
tradictory (3, 28). Studies with specific chemical inhibitors (28),
antibodies (46), in vitro-reconstituted systems (27, 37), and a
genetic approach (3) support the notion that the eukaryotic
DNA polymerases d and ε are repair synthesis enzymes of the
eukaryotic nucleotide-excision repair system. The results pre-
sented in this study are consistent with this notion.
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