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We describe the molecular cloning of a 6-kilobase (kb) fragment of yeast
chromosomal DNA containing the RAD3 gene of Saccharomyces cerevisiae.
When present in the autonomously replicating yeast cloning vector YEp24, this
fragment transformed two different UV-sensitive, excision repair-defective rad3
mutants of S. cerevisiae to UV resistance. The same result was obtained with a
variety of other plasmids containing a 4.5-kb subclone of the 6-kb fragment. The
UV sensitivity of mutants defective in the RADI, RAD2, RAD4, and RAD14 loci
was not affected by transformation with these plasmids. The 4.5-kb fragment was
subcloned into the integrating yeast vector YIp5, and the resultant plasmid was
used to transform the rad3-1 mutant to UV resistance. Both genetic and physical
studies showed that this plasmid integrated by homologous recombination into the
rad3 site uniquely. We conclude from these studies that the cloned DNA that
transforms the rad3-1 mutant to UV resistance contains the yeast chromosomal
RAD3 gene. The 4.5-kb fragment was mapped by restriction analysis, and studies
on some of the subclones generated from this fragment indicate that the RAD3
gene is at least 1.5 kb in size.

The biochemistry of the incision of UV-irradi-
ated DNA containing pyrimidine dimers is a key
step in excision repair but is only understood in
some detail in the procaryotes Micrococcus lu-
teus (13-15, 17) and phage T4-infected Esche-
richia coli (9, 13, 23, 25, 28, 35, 43). In uninfect-
ed E. coli, the products of three unlinked genes
(uvrA, uvrB, and uvrC) are required for incision
of damaged DNA (36). E. coli cells normally
contain very small amounts of these gene prod-
ucts, and this quantitative limitation has compli-
cated their extensive purification and detailed
characterization. However, recent efforts in a
number of laboratories have resulted in the
successful cloning and expression of all three
genes (27, 31-33, 37, 45). This experimental
approach has yielded interesting information
about these genes and their products and shows
promise of overcoming the quantitative prob-
lems encountered in protein fractionation with
conventional strains of E. coli.
With eucaryotes, progress has been much

more limited. Cells from humans suffering from
the disease xeroderma pigmentosum show de-
fective repair of UV-irradiated DNA, and a large
number of subjects studied fall into one of seven
complementation groups defined by cell fusion

analyses (see references 10 and 11 for recent
reviews). Studies on the ability of cells from
each group to effect incision of their DNA after
UV irradiation in vivo indicate that at least five
of the seven groups are defective (46), suggest-
ing significant complexity in the biochemistry of
DNA incision in normal human cells. Such ge-
netic complexity appears to be a feature of other
eucaryotic cells that have been less extensively
investigated, including Chinese hamster ovary
cells (4, 41, 42) and Drosophila melanogaster (3,
16).
The yeast Saccharomyces cerevisiae is a par-

ticularly attractive organism for the study of the
molecular mechanism(s) of pyrimidine dimer
excision in eucaryotes. In contrast to human
cells in culture, yeast cells can be grown quickly
and relatively inexpensively in the large quanti-
ties required for most biochemical studies. Also,
in recent years this organism has been investi-
gated as a model for the regulation of gene
expression, and numerous techniques are now
available for gene cloning and transformation in
yeasts (1). S. cerevisiae has also been the sub-
ject of extensive genetic analyses, and over 80
loci affecting sensitivity to physical or chemical
agents known to promote DNA damage have
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TABLE 1. Bacterial and yeast strains
Strain Relevant genotype' Source

Bacterial
HB101 hsdR hsdM J. Rubenstein, Stanford University
LE392 hsdR hsdM+ J. Rine, Stanford University
SR73 uvrA6 recA13 S. Lloyd, Stanford University
SR58 uvrB5 recAS6 S. Lloyd, Stanford University
SR57 uvrC34 recAS6 N. Sargentini, Stanford University

Yeast
SX46A MATa ura3-52 trpl-289 his3-832 ade2 RAD+ J. Rine, Stanford University
XR270-34C MATa his4-580a trpla tyrl° lys2' ade2° RAD+ J. Rine, Stanford University
S288C MATa gal2 RAD+ R. Reynolds, Harvard University
LN1 MATa radl-19 ura3-52 This study
LN2 MATa rad2-2 ura3-52 trpl-289 This study
LN3 MATa rad3-1 ura3-52 his3-832 ade2 This study
LN4 MATa rad4-3 ura3-52 trpl-289 This study
LN14 MATa radl4-1 ura3-52 trpl-289 his3-832 This study
a The superscripts "a" and "o" indicate amber and ochre mutations, respectively.

been identified (18). Many of these fall into three
major independent (so-called epistasis) groups,
of which one (the RAD3 group) contains a
number of loci required for the normal excision
repair of pyrimidine dimers (18).

In previous studies from this laboratory it has
been shown that strains carrying mutations in
the RADI, RAD2, RAD3, and RAD4 genes (all
members of the RAD3 epistasis group) do not
show detectable incision of UV-irradiated DNA
in vivo (29, 30). These results were confirmed by
Wilcox and Prakash (44), who also showed that
the RADIO gene is required for incision of UV-
irradiated DNA in vivo. Collectively these data
suggest that, as it is in human cells, the biochem-
istry of the incision of damaged DNA in yeasts is
complex. Numerous attempts to demonstrate a
UV DNA incising activity in cell-free prepara-
tions of S. cerevisiae have been unsuccessful in
our hands (R. J. Reynolds, J. D. Love, and
E. C. Friedberg, unpublished data). We have
therefore molecularly cloned some of the RAD3
group genes to isolate and characterize their
products and reconstitute a catalytically active
UV DNA incising activity in vitro. We report
here the molecular cloning and preliminary char-
acterization of the RAD3 gene from S. cerevisi-
ae.

MATERIALS AND METHODS
Yeast and bacterial strains and plasmids. The yeast

and bacterial strains used in this study are shown in
Table 1. S. cerevisiae S288C (RAD+), radi-19, rad2-2,
rad3-1, rad4-3, and radl4-1 were provided by
R. Reynolds, Department of Radiobiology, Harvard
University. These rad mutants were originally isolated
from strain S288C and have been extensively back-
crossed to maximize their isogenicity with the wild-
type strain (38). The rad3-2 mutant was obtained from
the Yeast Genetic Stock Center, Berkeley, Calif.
Strains for transformation with plasmids were con-
structed by mating rad mutants to strain SX46A (ura3-
52 trpl-289 ade2-1 his3-832) (kindly provided by

J. Rine, Department of Biochemistry, Stanford Uni-
versity) and isolating appropriate haploid strains by
standard procedures (24).
E. coli LE392 (hsdR hsdM) (provided by J. Rine)

and E. coli HB101 (hsdR hsdM) (provided by J. Ru-
benstein, Department of Biochemistry, Stanford Uni-
versity) were used for the propagation of plasmids. E.
coli strains carrying mutations uvrA6 recA56, uvrB5
recAS6, and uvrC34 recA56 were obtained from
N. Sargentini, Department of Radiology, and
S. Lloyd, Department of Biological Sciences, Stan-
ford University. Plasmids YRp16, YRpl7, and YIp5
were obtained through the courtesy of R. W. Davis,
Department of Biochemistry, Stanford University.

Culture media. Yeast strains were grown selectively
in medium containing 0.17% (wt/vol) yeast nitrogen
base and 2% (wt/vol) dextrose, supplemented with the
required nutrients except uracil (minimal medium).
For nonselective growth, YPD medium (1% [wt/vol]
yeast extract [Difco], 2% [wt/vol] glucose, and 2%
peptone [Difco]) was used. Agar was added to 2%
(final concentration) for growing the cultures on
plates. Minimal medium agar was used for measure-
ment of cell viability after UV irradiation. For selec-
tion of plasmid-containing transformants, E. coli
strains were grown in L broth supplemented with
ampicillin (50 1Lg/ml) or tetracycline (15 t.g/ml).

Preparation of DNA. E. coli HB101, carrying DNA
fragments representative of the entire yeast genome as
inserts in the yeast cloning vector YEp24 (5), was
obtained through the courtesy of Marion Carlson,
Department of Human Genetics and Development,
Columbia University.
Rapid lysates of yeast cultures containing self-repli-

cating or integrated plasmid DNA were prepared by
suspending 10-mi cultures of cells in 0.2 ml of 50 mM
Tris-hydrochloride (pH 7.5)-50 mM EDTA-1% sodi-
um dodecyl sulfate. Siliconized glass beads were add-
ed up to the meniscus, and the suspensions were
mixed in a Vortex stirrer for 60 s. The resulting lysates
were brought to a volume of 0.5 ml with water and
extracted three times with buffered phenol (pH 8.0)
and twice with anhydrous ether. The DNA was precip-
itated by the addition of 1/10 volume of 3.0 M sodium
acetate (pH 5.5) and 2 volumes of ethanol. The precipi-
tate was dissolved in 0.01 M Tris-hydrochloride (pH

J. BACTERIOL.



CLONING THE RAD3 GENE OF S. CEREVISIAE 325

7.5)-1.0 mM EDTA and 10 ,ug of DNase-free RNase
per ml and used in this form to transform E. coli and
for hybridization experiments.
Rapid lysates of E. coli containing plasmids were

prepared by suspending the cells in 15% sucrose-50
mM EDTA-50 mM Tris-hydrochloride (pH 8.0) and
lysozyme (1.0 mg/ml) and incubating them at 23°C for
30 min. A 0.3-ml amount of 50 mM Tris-hydrochloride
(pH 8.0)-S50 mM EDTA-0.1% Triton X-100 was added
to the suspension, and the cells were heated to 55°C
for 15 min. After lysis had occurred, the preparation
was centrifuged for 60 min at 15,000 rpm in an SS-34
Beckman rotor containing adaptors for microfuge
tubes, extracted with phenol and then with ether, and
precipitated by the addition of 1/10 volume of 3.0 M
sodium acetate (pH 5.5) and 2 volumes of ethanol. The
ethanol precipitates were dissolved as described
above.

Transformation of cells with DNA. Transformation of
E. coli with plasmid DNA was carried out by the
method of Cohen et al. (7) as described by Okayama
and Berg (26). For transformation of yeast cells the
procedure of Hinnen et al. (20) was followed, except
that cells were converted to spheroplasts by treatment
with 2% glusulase for 1 to 2 h. After the addition of
DNA and polyethylene glycol, cells were incubated
for 5 min at 23°C, then centrifuged at 3,000 rpm in a
GLC 1 table-top centrifuge for 3 min, and suspended in
1.0 ml of 1.0 M sorbitol. Regeneration agar (0.17%
yeast nitrogen base without amino acids, 2% dextrose,
1.0 M sorbitol, 3% agar, supplemented with histidine
[20 Fg/ml], tryptophan [30 ,ug/ml], and adenine (30 ,ug/
ml]) was added to the cells, mixed gently, and poured
onto mninimal medium plates. Transformants were
generally visible after 3 days of incubation at 30°C and
could usually be picked by 5 days after plating, de-
pending on the particular plasmid and strains used.

Characterization of DNA. Cesium chloride-ethidium
bromide gradient centrifugation of plasmid DNA, re-
stiiction enzyme digestion, gel electrophoresis, 32p
labeling of DNA by nick translation, and DNA-DNA
hybridization were performed as described by Davis et
al. (8). Restriction enzymes were purchased from
Bethesda Research Laboratories, Bethesda, Md., or
from New England Biolabs, Boston, Mass.

RESULTS
Strategy for the isolation of UV-resistant yeast

colonies. The molecular cloning of RAD genes
from S. cerevisiae was accomplished by screen-
ing for colonies of UV-sensitive rad strains that
showed the phenotype of enhanced resistance to
UV radiation after being transformed with plas-
mids containing putative yeast chromosomal
DNA inserts representative of the entire yeast
genome. A priori such an identification method
seemed to be feasible, since at a UV dose of 15 J/
m2 the survival of the wild-type and most mutant
strains of interest to us (radl-19, rad2-2, rad3-1,
rad4-3, and radlO-I) differs by 4 to 5 orders of
magnitude (29, 30).
The gene pool used was constructed by Carl-

son and Botstein (5) by ligating a partial Sau3AI
digest of yeast chromosomal DNA into the

BamHI site of the cloning vector YEp24 (2).
This vector contains pBR322 DNA, including
the Tcr and Apr genes, the yeast chromosomal
URA3 gene, and a region of yeast endogenous
plasmid DNA required for autonomous replica-
tion in yeast. Approximately 21,000 E. coli
transformants were isolated, collectively consti-
tuting a complete yeast gene pool.

Haploid strains were constructed by appropri-
ate crosses to contain the ura3-52 and rad3-1
alleles as well as the other genetic markers
indicated in Table 1. Yeast cultures were trans-
formed with plasmid YEp24 containing yeast
chromosomal DNA inserts, plated on minimal
medium plates, and incubated at 30°C. Colonies
that grew under these selective conditions pre-
sumably contained plasmid DNA which had
expressed the URA3 gene. Small samples of
individual colonies were transferred as a thin
film of cells to minimal medium master plates by
using sterile toothpicks and replica plated onto
agar plates containing complete medium since,
after UV irradiation, cells grew faster on the
latter medium. The replica plates were exposed
to a dose ofUV radiation (12.5 J/m2) determined
to be lethal to a strain carrying the rad3-1
mutation but not to a strain with a UV-resistant
phenotype.
A rad3-1 ura3 his3 ade2 haploid strain of S.

cerevisiae was transformed with the Sau3AI
gene pool. After screening -2,000 colonies,
about 40 colonies that showed partial UV resist-
ance were identified. All of these were retested
by isolating samples of each colony from the
minimal medium master plate and suspending
each in sterile water. Each culture was streaked
onto an agar plate containing complete medium
as a single line across the entire plate; RAD3 and
rad3 control cultures were streaked onto each
plate as well. Different sectors of the plates were
exposed to graded doses of UV radiation be-
tween 0 and 50 J/m2, and the plates were incu-
bated at 30°C overnight. By this test a single
colony still showed considerable UV resistance
relative to the rad3-1 control but was qualitative-
ly somewhat UV sensitive relative to RAD3
(Fig. 1).
The partial resistance to UV radiation (Fig. 1)

reflects a mixed population of transformants,
only some of which carried the UV resistance
determinant (data not shown). Cotransformation
in yeasts is a frequent event (19, 22, 39), and
subculturing of this colony under selective
growth conditions was necessary to isolate one
with normal UV resistance that contained only a
single plasmid carrying both the URA3 and UV
resistance determinants. Subcultured colonies
on minimal medium plates were streaked onto
YPD agar plates, and samples of individual
colonies were transferred in an ordered pattern
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FIG. 1. Retesting of the originally isolated UV-
resistant colony by a qualitative assay. A small sample
of the UV-resistant colony was taken from a master
plate and suspended in 0.5 ml of sterile water. Colo-
nies of control rad3 and RAD3 strains were resus-
pended in separate tubes of water. A sample of each
suspension was streaked across the surface of a YPD
plate and allowed to dry. Selected parallel regions of
the plate were exposed to graded doses of UV radia-
tion between 0 and 50 J/m2 (from right to left).

to a minimal medium plate and replicated onto
two separate YPD plates, one of which was
exposed to UV radiation. The plasmid YEp24
replicates autonomously and segregates ran-
domly to daughter cells (2). Thus, if the acquired
resistance of cells to UV radiation was due to
expression of a gene on a single plasmid, mitotic
loss of the plasmid should result in a strict
correlation between loss of UV resistance and
loss of the ability to grow on medium without
uracil. A colony demonstrating this cosegrega-
tion of plasmid markers was identified, and
isolation of plasmid DNA from this colony and
its propogation in E. coli demonstrated the pres-
ence of a single plasmid, which was designated
pNF3000.
When plasmid pNF3000 was introduced into

the UV-sensitive mutant rad3-1, the transfor-
mants demonstrated a normal resistance to UV
radiation as qualitatively measured by the streak
test described above. Quantitative UV survival
data for rad3-1 cells transformed with either
YEp24 or pNF3000 show complementation of
UV resistance to normal levels by the latter
plasmid (Fig. 2). This plasmid also transformed a
different rad3 mutant allele (rad3-2) to normal
levels of UV resistance (data not shown). No
enhanced UV resistance was observed after
transformation of radl-19, rad2-2, rad4-3, or
radl4-1 strains, all of which contain the ura3-52
mutation (data not shown). In addition, all of the
rad3-1 colonies transformed with purified
pNF3000 DNA showed a strict correlation be-
tween the loss ofUV resistance and the require-
ment for uracil for growth.

Restriction mapping and subcloning of
pNF3000. Plasmid pNF3000 DNA was digested
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separately with the restriction enzymes EcoRI,
BglII, SstI, and BamHI, and the products were
subjected to agarose gel electrophoresis. A com-
parison of the additive molecular weights of the
fiagments generated in each case with those
generated from the original cloning vector
showed that pNF3000 contains an insert of
about 6 kilobases (kb). A restriction enzyme
analysis of the plasmid with EcoRI enzyme
generated 6 fiagments, labeled A-F in order of
decreasing size. The correct orientation of these
DNA fragments in the plasmid was determined
by subcloning partial EcoRI digests of pNF3000

100
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cn 0.1
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0 5 10 15 20

UV DOSE (J/m2)
FIG. 2. UV survival of yeast strains transformed

with various plasmids. Yeast cultures transformed
with the relevant plasmids were grown overnight in
minimal medium to a density of 2 x 10 to 4 x 10 cells
per ml. Appropriate dilutions were then spread onto
agar plates containing minimal medium and exposed to
UV radiation at the doses indicated. Colonies were
counted after 4 days of incubation at 30°C. *, Strain
SX46A (RAD3) transformed with YEp24; *, strain
rad3-1 transformed with pNF3000; A, strain rad3-1
transformed with pNF3207 (integrating plasmid; see
the text); 0, strain rad3-1 transformed with YEp24.
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into the EcoRI site of the plasmid YRp16. DNA
prepared from subclones was digested to com-
pletion with EcoRI enzyme and analyzed by gel
electrophoresis to yield the unique orientation of
fragments A-F (Fig. 3).
Some of the subclones were tested for their

ability to confer UV resistance to strain rad3-1.
A positive result was obtained with two of the
subclones, both of which contained only frag-
ments B and E (3.15 and 1.35 kb, respectively) in
common (Fig. 3). Subclones containing only
fragment B or E did not confer UV resistance.
Thus, the gene that conferred UV resistance to
rad3-1 is presumably spanned by these two
fragments and inactivated by cleavage at the
central EcoRI site (Fig. 3). The 4.5-kb subfrag-
ment containing fragments B and E was subject-
ed to further restriction mapping, and the sites
identified are shown in Fig. 3.
The 4.5-kb DNA subfragment contains the

RAD3 gene. Experiments were performed to
demonstrate more definitively that the 4.5-kb
DNA subfragment described above contains the
RAD3 gene rather than some other function that
confers UV resistance to rad3 strains. Such a

Plasmid EcoRI fragments subcloned

result could arise, for example, if the rad3-1
strain contained a suppressible mutation and we
had cloned a suppressor gene. The experimental
approach that we used is based on the observa-
tion by others (19, 20) that yeast plasmids that
cannot replicate autonomously integrate into the
yeast genome by site-specific recombination
with homologous DNA sequences. The plasmid
can then be physically and genetically mapped in
the genome to establish the identity of the
cloned gene in question.
The 4.5-kb fragment was subcloned into the

vector YIp5 to yield plasmid pNF3207, which is
10 kb in size (Fig. 4A). This plasmid lacks a
sequence required for autonomous replication
and hence can transform yeast cells only by
integrating into the genome (34). A rad3-1 mu-
tant (strain LN3, Table 1) was transformed with
plasmid DNA, transformants were identified as
URA+, and stable RAD+ (see Fig. 2 for UV
survival curve) URA+ integrants were selected.
DNA was extracted from cultures of these inte-
grants and from cultures ofRAD3 and rad3 non-
integrant control strains and restricted with the
enzyme SstI. The restricted DNA was hybrid-

--O

-_ Bgla
-O BamHI
-C Kpn I

Transformation to
UV resistance

pNF 3002
pNF 3005
pNF 3010
pNF 3031
pNF 3032
pNF 3033
pNF 3039
pNF 3014
pNF 3030

A C

D E
D E B

EB
B F

F A
B F A

E
B

+

.9.

A C D E B F A

FIG. 3. Subcloning and restriction mapping of the plasmid pNF3000. Plasmid DNA was cleaved with EcoRI
to yield partial digests which were subcloned into the yeast vector YRp16. Transformants were selected as Tc'
colonies. A set of subclones containing overlapping partial digests was identified and used to transform a rad3-1
ura3-52 strain. URA+ transformants were selected and tested for their resistance to UV radiation. The EcoRI
restriction map (fragments A-F) was deduced from this analysis, the results of which are shown in the lower half
of the figure. Sites for other restriction enzymes were mapped by multiple digests of pNF3000 or various
subclones in YRp16. The bold line in the insert represents the 4.5-kb subfragment defined by fragments B and E.
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FIG. 4. Structure and construction of plasmids pNF3207 (A) and pNF3157 (B). pNF3207 was constructed by
cloning partial EcoRI digests of pNF3000 into the EcoRI site of YIp5. This plasmid expresses genetic functions
after integration into the yeast chromosome and was used in some of the integration experiments described in the
text. pNF3157 was constructed by cloning partial EcoRl digests of pNF3000 into the EcoRI site of YRp17. This
plasmid was used to effect the deletion of the 1.7-kb segment of DNA between the two BamHI sites shown.

ized against a 32P-labeled plasmid probe
(pBR322) containing the 4.5-kb subfragment by
the Southern blot technique.
Plasmid pNF3207 cannot integrate at the chro-

mosomal ura3 site because the ura3-52 mutation
used in these studies has a significant alteration
that precludes homologous recombination at this
site (34). Hence, if the plasmid integrated by
homologous recombination at the site of the
cloned 4.5-kb fragment within the genome (puta-
tively the rad3 site), we would expect to observe
hybridization of the probe to a unique fragment
of DNA containing the integrated plasmid and
its homolog in tandem array, provided the re-
striction enzyme did not cut within either se-
quence. Plasmid pNF3207 does not contain an
SstI-sensitive site; thus, the restriction fragment
identified by hybridization should be -10 kb
larger (the size of the integrated plasmid) than
the unique restriction fragment generated by
digestion of the rad3 and RAD3 control DNA
(lanes 2 and 3, Fig. 5A) to which the probe
should also hybridize. The results expected
were obtained and are shown in lane 1 of Fig. 5A
for one of the integrants.

Further corroboration of this result was ob-

tained by carrying out the identical experiment
with the restriction enzyme PvuII. We estab-
lished that the integrating plasmid pNF3207 has
a single site for this enzyme in the pBR322
region of the vector (Fig. 4A). Thus, whereas we
again expected to observe hybridization to a
single restriction fragment from control DNA
(RAD3 or rad3), in this case hybridization to two
unique restriction fragments of integrant DNA
should be observed. This result was obtained for
eight integrants isolated, and the sizes of these
restriction fragments (12 and 9.5 kb) gave a
cumulative value of 21.5 kb (Fig. SB). This value
is -9.5 kb larger than the size of the fragments
from the control DNA (12.5 kb) identified by the
hybridization probe and close to that of the
integrating plasmid.
To determine whether pNF3207 integrated at

or very close to the rad3 gene, we mated two
UV-resistant integrants to an RAD3 strain. Dip-
loids were selected by growth on appropriate
selective plates and allowed to sporulate. Asci
were isolated, and the spores from each ascus

were subjected to tetrad analysis to determine
the segregation of UV resistance and the re-

quirement for tryptophan, an unlinked marker.

(A)
/

PVUII

(B)

-0 EcoRI

-E' KpnI

-_ BgI

-0 EcoRI

,lF-O°EcoRL

-0O EcoRI

- BarmHt

-0 EcoRI

I
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If plasmid pNF3207 had integrated near the rad3
site, there should be a very tight genetic linkage
between the rad3 (host) and RAD3 (cloned)
genes. Thus, essentially all of the spores isolated
from a cross of such integrants with a RAD3
strain should be phenotypically UV resistant.
All of 21 complete tetrads tested showed this
result (Table 2). In addition, the TRP and trp
genes segregated 2+:2- in these crosses (Table
2), indicating that meiotic segregation was nor-
mal in all asci tested. In control experiments the
untransformed rad3-1 strain was crossed with an
RAD3 strain. As expected, RAD3, TRPI, and
URA3 genes segregated 2+:2- (Table 2).
Further subcloning of the 4.5-kb subfragment.

The 4.5-kb fragment was subcloned into the
vector YRp17 (Fig. 4B). The resulting plasmid
(pNF3157) was restricted at the BamHI sites and
self-ligated at low DNA concentrations, result-
ing in deletion of the 1.7-kb region of DNA
between the two BamHI sites (Fig. 4B). Plas-
mids with this deletion were propogated in E.
coli HB101 cells and tested for their ability to
transform the rad3-1 strain to UV resistance. No
UV-resistant colonies were observed, suggest-
ing that the BamHI site in the 4.5-kb fragment
resides within the RAD3 gene. This gene there-
fore extends at least from the EcoRI site at the
junction between fragments B and E to the
BamHI site in fragment B (Fig. 3 and 4B), a
distance of 1.5 kb.
Complementation of E. coli uvr- strains.

Strains of E. coli carrying the uvrA, uvrB, or
uvrC mutation (Table 1) were transformed with
plasmid pNF3000. None of the strains showed
recovery of UV resistance as compared with
controls. However, it was not specifically deter-
mined whether yeast genes on the plasmid were
expressed in the E. coli strains.

DISCUSSION
The protocol described here is clearly useful

for the identification of plasmids containing
DNA inserts that confer enhanced UV resist-
ance to rad3-1 mutants of S. cerevisiae. This
screening procedure is somewhat laborious,
since it involves the transferral of individual
colonies to master plates and replica plating to a

second set of plates for irradiation. However,
mass screening protocols that involve selection
of transformants for UV resistance were not
successful in this study.
Plasmid pNF3000 contains a 6-kb yeast DNA

insert. Partial EcoRI fragments of the plasmid
were subcloned and used to construct a restric-
tion map. Only subclones containing two EcoRI
fragments, called B and E (4.5 kb), conferred
UV resistance to rad3 mutants. Smaller sub-
clones generated by BamHI digestion failed to
produce this result. We therefore conclude that
the cloned RAD3 gene spans at least the distance
between the central EcoRI and the BamHI sites
(1.5 kb) (Fig. 3 and 4B). Thus, if both the BamHI
and EcoRI enzymes cleaved within the structur-
al gene, the protein product of the RAD3 gene
has a molecular weight of at least 50,000. Cur-
rent studies are aimed at defining more precisely
the region(s) of the cloned fragment that is
essential for the expression and regulation of the
RAD3 gene.
Our experiments indicate that the transforma-

tion of rad3-1 mutants by plasmids containing
the cloned DNA is caused by expression of the
RAD3 gene specifically rather than being the
result of suppression of the rad3-1 mutation by a
cloned suppressor gene. This was shown by
integrating the 4.5-kb subfragment into the
genome of a rad3-1 mutant at its homologous
sequence with the integrating vector YIp5. Mat-
ing UV-resistant rad3 integrants to RAD3 cells
and performing tetrad analysis on the resulting
spores showed that the two genes were very
closely linked. This indicates that the 4.5-kb
subfragment underwent integration by homolo-
gous recombination at or very near the rad3 site.
Control mating experiments showed normal
meiotic segregation of all markers tested.

In addition to these genetic experiments we
carried out Southern blot analysis of restricted
wild-type yeast DNA and of restricted DNA
containing the integrated 4.5-kb fragment. These
analyses confirmed that the cloned DNA was of
yeast origin and that it had integrated at the
expected site of homology, i.e., the rad3 site.
The observation that the size of the restriction
fragments from rad3 and RAD3 DNA identified

TABLE 2. Genetic analysis of integrant strains
Marker segregation (ratio)

Genetic cross Selection 4+:0- 3+:l- 2+:2- 1+:3- O+:4-

Intl (MATa) x XR270-34C (MATa) RAD+ 12 0 0 0 0
TRP+ 0 0 12 0 0

Int2 (MATo) x XR270-34C RAD+ 9 0 0 0 0
TRP+ 0 0 9 0 0

rad3-1 (MATa) x XR270-34C RAD+ 0 1 10 0 0
TRP+ 0 0 11 0 0
URA+ 0 0 11 0 0
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FIG. 5. Southern hybridization analysis of inte-
grant and control strains of yeast. (A) Total genomic
DNAs from one strain containing integrated DNA (see
the text) and from rad3 and RAD3 non-integrant
control strains was extracted as described in the text.
The DNAs were restricted with the enzyme SstI and
electrophoresed on a 0.5% agarose gel. Southern blot-
ting and hybridization against 32P-labeled pBR322
DNA containing the 4.5-kb cloned subfragment were
carried out as described by Davis et al. (8). Lanes: 1,
integrant DNA; 2, RAD3 DNA; 3, rad3 DNA; 4,
unrestricted integrant DNA. The molecular weights
(xlo-3) of marker fragments obtained by HindIII
digestion of A DNA are shown at the left. The band in
lane 1 is separated from those in lanes 2 and 3 by a

distance equivalent to -9 kb. (B) The same analysis
was performed with eight integrant strains and one
RAD3 control strain, except that the enzyme PvuII
was used and the restricted DNA was electrophoresed
through a lower-percentage gel. Lanes: 1-8, integrant
DNA; 9, RAD3 DNA. The molecular weights (Xlo-3)
of previously characterized DNA fragiments are shown
at the right. The single band in lane 9 is 12.5 kb in size.
The upper and lower bands in lanes 1-8 have sizes of
12.0 and 9.5 kb, respectively.

by hybridization were indistinguishable also sug-
gests that the rad3-1 mutant does not contain
any gross altertion in DNA structure at the
rad3 locus that is detectable by this technique.
Since no other hybridization bands were detect-
ed, we further conclude that the RAD3 gene
does not share extensive sequence homology
with other sites in the yeast genome.
The possibility that we cloned a tRNA sup-

pressor located very close to the RAD3 gene in
the yeast chromosome was considered highly
unlikely for the following reasons: (i) strains
carrying pNF3000 grow normally as compared
with wild-type strains; other strains carrying
some tRNA suppressors generally do not (12);
(ii) the minimum size of the gene conferring UV
resistance to rad3 mutants is 1.5 kb, far larger
than the small tRNA suppressor genes de-
scribed; (iii) no other genetic markers used in
this study were affected by the presence of the
cloned DNA, including other RAD mutations,
amber mutations in the HIS and TRP genes, and
ochre mutations in the TYR and ADE genes
(unpublished data); (iv) two independent RAD3

mutant alleles were complemented with equal
efficiency; and (v) the rad3-1 mutant used in our
study was originally isolated from strain S288C
(38), the same strain used for the construction of
the Sau3AI gene pool. If S288C contains a
suppressor of rad3-1, it should not have been
possible to isolate the rad3-1 mutant.
Our results show that when the rad3-1 strain is

transformed with either integrating or autono-
mously replicating plasmids containing the
cloned yeast DNA, normal levels of UV resist-
ance are observed. The latter group of plasmids
normally exist at a high copy number (1, 40).
Assuming that this situation results in over-
expression of the RAD3 gene, as is true of other
genes that have been studied (6, 21), we con-
clude that such putative over-expression is not
lethal to the host or else that the expression of
the cloned gene is regulated in S. cerevisiae.

Using the same screening protocol, we also
cloned a DNA fragment that complements rad2
mutants of S. cerevisiae, a DNA fragment that
complements the radl-l mutation (E. Yang, L.
Naumovski, and E. C. Friedberg, manuscript in
preparation), and one that complements the
rad4-3 mutation (G. Pure and E. C. Friedberg,
unpublished data). The characterization of these
will be described elsewhere. The cloning and
expression of other RAD genes is in progress.
Studies on the expression of these genes may
provide information on the gene products re-
quired for the incision of UV-irradiated DNA in
S. cerevisiae specifically and perhaps in eucary-
otes in general.

ACKNOWLEDGMENTS
We thank Jasper Rine for his expert advice, help, and

encouragement and Jack D. Love for his help in many phases
of this study. We also acknowledge David Clayton, Jack
Love, Thomas Bonura, and Eric Radany for their critical
reading of the manuscript.

L.N. is a trainee in the Stanford University Medical Scien-
tist Training Program supported by Public Health Ser-
vice training grant no. GM-07365. This research was support-
ed by Public Health Service grant no. CA-12428 from the
National Institutes of Health.

LITERATURE CITED
1. Beggs, J. D. 1981. Gene cloning in yeast, p. 175-203. In R.

Williamson (ed.), Genetic engineering, vol. 2. Academic
Press, Inc., New York.

2. Bo_dtn, D., S. C. Falco, S. E. Stewart, M. Brenm, S.
Scberer, D. T. Stbdmb, K. Strull, and R. W. Davis.
1979. Sterile host yeasts (SHY): a eukaryotic system of
biological containment for recombinant DNA experi-
ments. Gene 8:17-24.

3. Boyd, J. B., and P. V. Harris. 1981. Mutants partially
defective in excision repair at five autosomal loci in
Drosophila melanogaster. Chromosoma 82:249-257.

4. Busch, D. B., J. E. Cleaver, and D. A. Glaser. 1980. Large-
scale isolation of UV-sensitive clones of CHO cells.
Somat. Cell Genet. 6:407-418.

5. Carsn, M., and D. Botatn. 1982. Two differentially
regulated mRNAs with different 5' ends encode secreted
and intracellular forms of yeast invertase. Cell 28:145-
154.

6. Cbevaller, M.-R., J.-C. Block, and F. Lacroute. 1980.

J. BACTERIOL.



CLONING THE RAD3 GENE OF S. CEREVISIAE 331

Transcriptional and translational expression of a chimeric
bacterial-yeast plasmid in yeasts. Gene 11:11-19.

7. Cohen, S. N., A. C. Y. Chang, and L. Hsu. 1972. Non-
chromosomal antibiotic resistance in bacteria: genetic
transformation of Escherichia coli by R-factor DNA.
Proc. NatI. Acad. Sci. U.S.A. 69:2110-2114.

8. Davis, R. W., D. Botstein, and J. R. Roth. 1980. Advanced
bacterial genetics. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

9. Demple, B., and S. Linn. 1980. DNA N-glycosylases and
UV repair. Nature (London) 287:203-208.

10. Friedberg, E. C. 1981. Xeroderma pigmentosum-a hu-
man model of defective DNA repair, p. 313-320. In E.
Seeberg and K. Kleppe (ed.), Chromosome damage and
repair. Plenum Press, New York.

11. Friedberg, E. C., U. K. Ehmann, and J. I. Williams. 1979.
Human diseases associated with defective DNA repair.
Adv. Rad. Biol. 8:35-174.

12. Gilmore, R. A. 1967. Super-suppressors in Saccharomy-
ces cerevisiae. Genetics 56:641-658.

13. Gordon, L. K., and W. A. Haseltine. 1980. Comparison of
the cleavage of pyrimidine dimers by the bacteriophage
T4 and Micrococcus luteus UV-specific endonucleases. J.
Biol. Chem. 255:12047-12050.

14. Gordon, L. K., and W. A. Haseltine. 1981. Early steps of
excision repair of cyclobutane pyrimidine dimers by the
Micrococcus luteus endonuclease: a three step incision
model. J. Biol. Chem. 2:6608-6615.

15. Grossman, L., S. Riazuddin, W. A. Haseltine, and C.
Lindan. 1979. Nucleotide excision repair of damaged
DNA. Cold Spring Harbor Symp. Quant. Biol. 43:947-
955.

16. Harris, P. V., and J. B. Boyd. 1980. Excision repair in
Drosophila. Analysis of strand breaks appearing in DNA
of mei-9 mutants following mutagen treatment. Biochim.
Biophys. Acta 610:116-129.

17. Haseltine, W. A., L. K. Gordon, C. P. Lindan, R. H.
Grafstrom, N. Shaper, and L. Grossman. 1980. Cleavage
of pyrimidine dimers in specific DNA sequences by a
pyrimidine dimer DNA-glycosylase of M. luteus. Nature
(London) 285:634-641.

18. Haynes, R. H., and B. A. Kunz. 1981. DNA repair and
mutagenesis in yeast, p. 371-414. In J. Strathern, E.
Jones, and J. Broach (ed.), The molecular biology of the
yeast Saccharomyces. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

19. Hicks, J. B., A. Hinnen, and G. R. Fink. 1979. Properties
of yeast transformation. Cold Spring Harbor Symp.
Quant. Biol. 43:1305-1314.

20. Hinnen, A., J. B. Hicks, and G. R. Fink. 1978. Transfor-
mation of yeast. Proc. Natl. Acad. Sci. U.S.A. 75:1929-
1933.

21. Hsu, Y.-P., and G. B. Kohlhaw. 1982. Overproduction and
control of the Leu2 gene product, ,-isopropyl-malate
dehydrogenase, in transformed yeast strains. J. Biol.
Chem. 257:39-41.

22. Jimenez, A., and J. Davies. 1980. Expression of a trans-
posable antibiotic resistance element in Saccharomyces.
Nature (London) 287:869-871.

23. McMillan, S., H. J. Edenberg, E. H. Radany, R. C.
Frledberg, and E. C. Friedberg. 1981. denV gene of bacte-
riophage T4 codes for both pyrimidine dimer-DNA glyco-
sylase and apyrimidinic endonuclease activities. J. Virol.
40:211-223.

24. Mortimer, R. K., and D. C. Hawthorne. 1969. Yeast
genetics, p. 385-460. In A. H. Rose and J. S. Harrison
(ed.), The yeasts, vol. 1. Academic Press, New York.

25. Nakabeppu, Y., and M. SekiguchL. 1981. Physical associa-
tion of pyrimidine dimer DNA glycosylase and apurinic/
apyrimidinic DNA endonuclease essential for repair of
ultraviolet-damaged DNA. Proc. Natl. Acad. Sci. U.S.A.
78:2742-2746.

26. Okayama, H., and P. Berg. 1982. High efficiency cloning
of full-length cDNA. Mol. Cell. Biol. 2:161-170.

27. Pannekoek, H., I. A. Noordermeer, C. A. van Sluis, and P.

van de Putte. 1978. Expression of the uvrB gene of
Escherichia coli: in vitro construction of a pMB9 uvrB
plasmid. J. Bacteriol. 133:884-8%.

28. Radany, E. H., and E. C. Friedberg. 1980. A pyrimidine
dimer-DNA glycosylase activity associated with the v
gene product of bacteriophage T4. Nature (London)
286:182-185.

29. Reynolds, R. J., and E. C. Friedberg. 1981. Molecular
mechanisms of pyrimidine dimer excision in S. cerevisiae.
I. Studies with intact cells and cell-free systems, p. 121-
139. In W. M. Generoso, M. D. Shelby, and F. J. de
Serres (ed.), DNA repair and mutagenesis in eukaryotes.
Plenum Press, New York.

30. Reynolds, R. J., and E. C. Friedberg. 1981. Molecular
mechanisms of pyrimidine dimer excision in Saccharomy-
ces cerevisiae: incision of ultraviolet-irradiated deoxyri-
bonucleic acid in vivo. J. Bacteriol. 146:692-704.

31. Sancar, A., N. D. Clarke, J. Griswold, W. J. Kennedy, and
W. D. Rupp. 1981. Identification of the uvrB gene prod-
uct. J. Mol. Biol. 148:63-72.

32. Sancar, A., B. M. Kacinskl, D. L. Mott, and W. D. Rupp.
1981. Identification of the-auvrgene product. Proc. Natl.
Acad. Sci. U.S.A. 78:5450-5454.

33. Sancar, A., R. P. Wharton, S. Seltzer, B. M. Kacinskl,
N. D. Clarke, and W. D. Rupp. 1981. Identification of the
uvrA gene product. J. Mol. Biol. 148:45-62.

34. Scherer, S., and R. W. Davis. 1979. Replacement of
chromosome segments with altered DNA sequences con-
structed in vitro. Proc. Natl. Acad. Sci. U.S.A. 76:4951-
4955.

35. Seawell, P. C., C. A. Smith, and A. K. Ganesan. 1980.
denV gene of bacteriophage T4 determines a DNA glyco-
sylase specific for pyrimidine dimers in DNA. J. Virol.
35:790-797.

36. Seeberg, E. 1978. Reconstitution of an Escherichia coli
repair endonuclease activity from the separated uvrA+
and uvrB+/uvrC+ gene products. Proc. Natl. Acad. Sci.
U.S.A. 75:2569-2573.

37. Sharma, S., A. Ohta, W. Dowhan, and R. E. Moses. 1981.
Cloning of the uvrC gene of Escherichia coli: expression
of a DNA repair gene. Proc. Natl. Acad. Sci. U.S.A.
78:6033-6037.

38. Snow, R. 1967. Mutants of yeast sensitive to ultraviolet
light. J. Bacteriol. 94:571-575.

39. Stnchcomb, D. T., K. Struhl, and R. W. Davis. 1979.
Isolation and characterization of a yeast chromosomal
replicator. Nature 282:39-43.

40. Struhl, K., D. T. Stlnchcomb, S. Scherer, and R. W. Davis.
1979. High frequency transformation of yeast: autono-
mous replication of hybrid DNA molecules. Proc. Natl.
Acad. Sci. U.S.A. 76:1035-1039.

41. Thompson, L. H., D. B. Busch, K. Brookman, C. L.
Mooney, and D. A. Glaser. 1981. Genetic diversity of UV-
sensitive DNA repair mutants of Chinese hamster ovary
cells. Proc. Natl. Acad. Sci. U.S.A. 78:3734-3737.

42. Thompson, L. H., J. S. Rubin, J. E. Cleaver, G. F.
Whitmore, and K. Brookman. 1980. A screening method
for isolating DNA repair-deficient mutants of CHO cells.
Somat. Cell. Genet. 6:391-405.

43. Warner, H. R., L. M. Christe n, and M.-L. Persson.
1981. Evidence that the UV endonuclease activity in-
duced by bacteriophage T4 contains both pyrimidine
dimer-DNA glycosylase and apyrimidinic/apurinic endo-
nuclease activities in the enzyme molecule. J. Virol.
40:204-210.

44. Wilcox, D. R., and L. Prakash. 1981. Incision and post-
incision steps of pyrimidine dimer removal in excision-
defective mutants of Saccharomyces cerevisiae. J. Bac-
teriol. 148:618-623.

45. Yoakum, G. H., and L. Grossman. 1981. Identification of
E. coli uvrC protein. Nature (London) 292:171-173..

46. ZeUle, B., and Lohman, P. H. M. 1979. Repair of UV-
endonuclease-susceptible sites in the 7 complementation
groups of xeroderma pigmentosum A through G. Mutat.
Res. 62:363-368.

VOL. 152, 1982


