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The PHRI gene of Saccharomyces cerevisiae encodes a photolyase which repairs specifically and exclusively
pyrimidine dimers, the most frequent lesions induced in DNA by far-UV radiation. We have asked whether
expression of PHRI is modulated in response to UV-induced DNA damage and to DNA-damaging agents that
induce lesions structurally dissimilar to pyri'midine dimers. Using a PHRI-lacZ fusion gene in which expression
of j3-galactosidase is regulated by PHRI 5' regulatory elements, we found that exposure of cells to 254-nm light,
4-nitroquinoline-N-oxide, methyl methanesulfonate, and N-methyl-N'-nitro-N-nitrosoguanidine induced syn-
thesis of increased amounts of fusion protein. In contrast to these DNA-damaging agents, neither heat shock
nor exposure to photoreactivating light elicited a response. Induction by far-UV radiation was evident both
when the fusion gene was carried on a multicopy plasmid and when it replaced the endogenous chromosomal
copy of PHRI, and it was accompanied by an increase in the steady-state concentration of PHRI-lacZ mRNA.
Northern (RNA) blot analysis of PHRI mRNA encoded by the chromosomal locus was consistent with either
enhanced transcription ofPHR1 after DNA damage or stabilization of the transcripts. Neither the intact PHRI
or RAD2 gene was required for induction. Comparison of the region of PHRI implicated in regulation of its
expression with other damage-inducible genes from yeast cells revealed a common conserved sequence that is
present in the PHRI, RAD2, and RNR2 genes and is required for damage inducibility of the latter two genes.
These sequences may constitute elements of a damage-responsive regulon in S. cerevisiae.

Pyrimidirne dimers (cis,syn-cyclobutane dipyrimidines)
and other bulky adducts in DNA elicit a variety of physio-
logical responses in living cells, including transient cell cycle
arrest, increased mutagenesis of both damaged and undam-
aged DNA, and enhanced radioresistance. In Escherichia
coli, these changes have been termed the SOS response and
reflect the coordinated expression of a group of unlinked
genes regulated at the level of transcription via the recA and
lexA gene products. During normal growth, transcription of
these genes is repressed by LexA protein, which binds to a
common DNA sequence near or overlapping each promoter.
In response to bulky DNA adducts such as pyrimidine
dimers, activated RecA protein binds to LexA, thereby
stimulating autoproteolysis by the repressor. Induction is the
direct consequence of the reduced affinity of cleaved LexA
for its cognate operator. Among the genes comprising this
regulon are lexA, recA (required for recombination as well as
activation of LexA and UmuD), uvrA, uvrB, and uvrD
(required for nucleotide excision repair), umuC and umuD
(required for damage-induced mutagenesis), and sfiA (in-
volved in cell septation) (for a recent review, see reference
72).
Many of the physiological changes induced as part of the

SOS response in E. coli are also displayed by eucaryotic
cells following DNA damage; transient cell cycle arrest (26,
33, 69), increased mutability and recombination of both
damaged and nondamaged templates (10, 12, 13, 27, 63), and
enhanced levels of nucleotide excision repair (4, 35) have
been reported, and in several cases it has been shown that
these responses depend on RNA or protein synthesis follow-
ing damage, suggesting an inducible component (4, 13, 27,
35). Increased amounts of specific transcripts following
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DNA damage have been observed in both mammalian and
yeast cells (18, 38, 55), and several damage-inducible genes
have been identified, including those encoding c-Fos, colla-
genase, and metallothionein in human cell lines (1-3) and the
RAD2, RAD7, RAD54, POLI, RNR2, CDC8, CDC9, and
UBI4 genes of Saccharomyces cerevisiae (6, 9, 14, 32, 36,
48, 49, 53, 71, 73). However, in contrast to the situation in E.
coli, in eucaryotes strong evidence for transcriptional con-
trol mediated by one or a few damage-responsive regulatory
elements is lacking. This may reflect the absence of global
regulation or the fact that the majority of damage-inducible
genes identified to date in eucaryotes participate in meta-
bolic processes other than or in addition to DNA repair and
thus may respond to stimuli that are not damage specific (16,
19, 39, 71).
To further elucidate the mechanisms involved in regulat-

ing expression of genes whose products are involved specif-
ically in DNA repair and damage tolerance in eucaryotes, we
have characterized the expression of the PHRI gene of S.
cerevisiae. PHRI encodes the apoenzyme of a DNA photol-
yase that catalyzes the light-dependent repair of pyrimidine
dimers in DNA and stimulates nucleotide excision repair of
these lesions in the dark (58, 61). The holoenzyme contains
two noncovalently bound chromophores, FADH2 and 5,10-
methenyltetrahydrofolate (31, 62). The only known function
of the enzyme is DNA repair. It has been previously
reported that photolyase activity increases in vivo in re-
sponse to photoreactivating light and that at least a part of
this increase requires protein synthesis, suggesting that
enzyme activity or concentration is regulated (22-24).
Whether this increase reflects transcriptional, translational,
or posttranslational modifications has been unclear, in part
because a method of quantifying the number of photolyase
molecules independent of photoreactivating activity was not
available. We report here the construction of a PHRI-lacZ
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FIG. 1. Restriction maps of plasmids carrying the PHRI-lacZ fusion gene and of the 3.3-kbp PvuII fragment of yeast genomic DNA
carrying the PHRI gene (59, 64). Symbols: _, PHRI 5' and 3' flanking sequences; M , PHRI coding sequences; , locations of lacZ
coding sequences. ATG indicates the translational start site of PHRI. Restriction sites in parentheses were destroyed during subcloning.
Arrows indicate the direction of transcription. Plasmid constructions are described in Materials and Methods.

fusion gene that allows changes in photolyase apoenzyme to
be quantified independent of repair activity. Using this
construct, we have demonstrated that expression of a PHRI-
lacZ fusion gene increases in a dose-dependent manner in
response to 254-nm light as well as to a number of DNA-
damaging agents that do not induce formation of pyrimidine
dimers, but not after heat shock or exposure to photoreac-
tivating light. Induction reflects an increase in the steady-
state concentration of PHRI mRNA.

MATERIALS AND METHODS
Reagents and materials. DNA-modifying enzymes, restric-

tion endonucleases, oligonucleotide linkers, and RNA mo-
lecular weight markers were obtained from GIBCO-Be-
thesda Research Laboratories, Promega Corp. (Madison,
Wis.), or New England BioLabs, Inc. (Beverly, Mass.), and
were used as specified by the manufacturers. Working
stocks of N-methyl-N'-nitro-N-nitrosoguanidine (MNNG)
and 4-nitroquinoline-N-oxide (4-NQO; Sigma Chemical Co.,
St. Louis, Mo.) were prepared either at 4.5 mg/ml in di-
methyl sulfoxide and stored at 4°C (4-NQO) or at 20 mM in
10 mM sodium acetate (pH 4.8) and stored at -20°C
(MNNG). Methyl methanesulfonate (MMS; Aldrich Chemi-
cal Co., Milwaukee, Wis.) was stored at -20°C and then
diluted to 1% (wt/vol) in dimethyl sulfoxide immediately
before use. Bleomycin sulfate was a gift from Bristol-Myers
Corp. (Evansville, Ind.) and was dissolved in SC medium
(see below) at 5 mg/ml immediately before use. Zymolyase
60000 and 100T were from Miles Laboratories, Inc. (Elkhart,
Ind.) and ICN Pharmaceuticals (Irvine, Calif.), respectively;
aprotinin, soybean trypsin inhibitor, leupeptin, and phenyl-
methylsulfonyl fluoride were from Sigma or Boehringer
Mannheim Biochemicals (Indianapolis, Ind.). Chlorophe-
nolred-o-D-galactopyranoside (CPRG) was obtained from
Boehringer Mannheim Biochemicals, 5-bromo-4-chloro-3-
indolyl-o-D-galactopyranoside (X-gal) was obtained from
GIBCO-Bethesda Research Laboratories, [a-32P]dCTP
(>800 Ci/mmol) was obtained from Amersham Corp. (Ar-
lington Heights, Ill.), and oligonucleotide primer labeling
reagents were obtained from Pharmacia-LKB Biotechnology
Inc.

Strains and media. Yeast strains for this study were

constructed by standard techniques (66). DBY745 (a ura3-52
adel-101 leu2-3,112) was obtained from David Botstein via
Howard Fried. GBS43 (a ura3-52) is a haploid derivative
from a genetic cross between DBY745 and X12-6B (a radl-J
ade2-1; obtained from the Yeast Genetic Stock Center,
Berkeley, Calif.). Constructions of GBS58 (a radl8 ura3-52
leul hisS trpl) and GBS76 (a ura3-52 leu2-3,112 rad2 phrl)
have been previously described (60, 61). GBS77 (a ura3-52
leu2-3,112 rad2) is a product of the same genetic cross that
produced GBS76. GBS112 is a derivative of GBS43 in which
the PHRJ gene has been replaced by a BgIII fragment
carrying a PHRI-lacZ fusion gene and URA3 from pGBS143
(see below); as a result, GBS112 is Phr- Ura+. For routine
culture, yeast strains were grown in YPAD (66). Plasmid-
containing strains and GBS112 were propagated in synthetic
complete medium minus uracil (66). X-Gal plates were
prepared as described previously (56). E. coli DH5a [4+80d
lacZAM15 A(argF-lacZYA)U169 endAl hsdRI 7 supE44 thi-l
recAl gyrA96 relAl X-] was used for routine propagation
and amplification of plasmids containing the PHRI-lacZ
fusion gene.

Plasmid constructions and transformations. Recombinant
DNA techniques and transformation of yeast and E. coli
strains were performed essentially as described elsewhere
(25, 37, 54). Plasmid YEp357 is a 2,um URA3 Ampr yeast-E.
coli shuttle vector containing a 5' truncated lacZ gene
immediately 3' to a series of unique restriction sites (45).
Expression of plasmid-encoded P-galactosidase in both E.
coli and yeast cells depends on insertion of a promoter and
translational start site 5' to and in frame with lacZ. PHRI 5'
flanking sequences and the amino-terminal coding region
were inserted into YEp357 as follows. Hindlll linkers were
ligated to a 1,148-base-pair (bp) RsaI fragment containing
(5'-*3') 515 bp of DNA from the coding region of the cat
gene in pBR328 (RsaI415-PvuIIL101; 51), followed by 634 bp
of yeast DNA extending from the PvuII site 5' to PHRI
through the first 280 bp of the PHRI coding sequence (59;
Fig. 1), and the fragment was inserted into YEp357 at the
unique HindIII site. Colinear orientation of PHRI and lacZ
coding sequences was confirmed by restriction mapping.
The resulting plasmid, pGBS116 (Fig. 1), programmed syn-
thesis of a fusion protein with P-galactosidase activity in
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both S. cerevisiae and DH5a cells; presumably transcription
of the PHRI-lacZ fusion gene in E. coli was due to the
presence in the yeast DNA of a sequence with weak pro-
moter activity (58). P-Galactosidase activity in extracts from
yeast cells was not observed with YEp357 alone (45; our
unpublished observations). In addition, removal of the
pBR328 sequences from pGBS116 did not alter the pattern of
expression of the fusion protein (K. Brust and G. B. Sancar,
unpublished data).
For replacement of the chromosomal PHRI locus with the

fusion gene, a 454-bp HaeIII-DraI fragment from the 3' end
of the PHRJ coding sequence was inserted at a HpaI site
within the 2,um portion of pGBS116 as follows: pGBS116
was digested with HpaI in the presence of ethidium bromide
(47) such that on average only one of the three sites in the
plasmid was cleaved, the HpaI site was filled in with E. coli
DNA polymerase I (Klenow fragment), and a SalI-NruI-PstI
linker was added via ligation. After transformation of DH5a,
clones that still produced ,-galactosidase were identified on
X-Gal plates; plasmid pGBS142, containing a Sall-NruI-PstI
linker at the desired HpaI site only, was identified by
restriction mapping. pGBS142 was digested with NruI, and
the 454-bp HaeIII-DraI fragment was ligated into this site,
yielding plasmid pGBS143 (Fig. 1). BglII digestion of
pGBS143 produced a 5.1-kbp fragment carrying the URA3
gene flanked by the PHRJ-lacZ fusion gene on one side and
the 3' PHRI fragment on the other. This fragment was used
to transform yeast strain GBS43 to uracil prototrophy,
yielding strain GBS112. Replacement of the endogenous
PHRI gene with a single copy of this fragment was con-
firmed by (i) Southern analysis of genomic DNA, (ii) mitotic
stability of URA3 under nonselective growth conditions, (iii)
loss of the ability to photoreactivate UV-induced DNA
damage, and (iv) 100% cosegregation of URA3 and the Phr-
phenotype among the meiotic products of a cross between
GBS112 and GBS58.

I8-Galactosidase assays. Quantitative assays for P-galac-
tosidase activity in yeast cells grown in liquid medium were
carried out on 5-ml samples of cultures in duplicate or
triplicate. Cells were collected by centrifugation at 1,600 x g
for 5 min at 4°C; the cell pellet was washed once in Z buffer
(41), resuspended in 0.5 ml of Z buffer, and frozen at -80°C.
For assay, the suspension was thawed on ice, and Zymol-
yase (50 ,ug/ml) and a cocktail of protease inhibitors (10 p.g of
aprotinin, 10 pLg of soybean trypsin inhibitor, and 4 ,ug of
leupeptin per ml, 20 mM phenylmethylsulfonyl fluoride)
were added. After incubation for 2 h at 35°C, the mixture
was vortexed vigorously for 30 s, 100 ,ul of CPRG (4 mg/ml
in H20) was added, and the mixture was incubated for 10
min to 2 h at 22°C. Cleavage of CPRG was halted by addition
of 250 ,ul of 1 M Na2CO3, and cellular debris was subse-
quently removed by centrifugation at 18,000 x g for 15 min.
The absorbance maximum of cleaved CPRG is at 574 nm;
thus, f-galactosidase activity, corrected for culture density
and scattering by residual cellular debris, was calculated in
Miller units (41) as follows: Miller units per milliliter of
culture = [(A574- A634)/(Awo x 5 ml x minutes of reaction)]
x 1,000. We found that compared with the more commonly
used o-nitrophenyl-p-D-galactoside (ONPG), use of CPRG
as a substrate increased the sensitivity of the ,-galactosidase
assay in these crude cell extracts by 10- to 20-fold. Variation
between duplicate or triplicate assays performed on the
same day was <15%. All datum points shown are the means
of two to three independent assays.
Treatment of cultures with inducing agents. Strains to be

treated with various chemical or physical agents were grown

at 30°C to early log phase (A60 = 0.1) in SC minus uracil
(plasmid-containing strains) or YPAD. DNA-damaging
chemicals were added directly to the culture medium, and
5-ml samples were removed in triplicate at subsequent times
for P-galactosidase activity measurements. Cell survivals
were determined 4 h after addition of the chemical by plating
dilutions of treated or nontreated cultures on YPAD. For
studies on the effect of heat shock on photolyase expression,
cultures were grown to early log phase at 22°C and then
exposed to a 20-min heat shock at 37°C before the culture
was returned to 22°C (39). For UV irradiation, cells from
early-log-phase cultures were harvested by centrifugation,
washed in phosphate-buffered saline at 4°C, and suspended
to A6. = 0.3. The cell suspension was exposed with stirring
to 254-nm radiation from a G8T5 germicidal lamp (General
Electric Co., Schenectady, N.Y.) (61). When Phr+ strains
were used, all manipulations during and after irradiation
were performed under yellow safe lights to prevent uncon-
trolled photoreactivation. After irradiation, the cells were
suspended in fresh growth medium at the same density as
before irradiation and incubated at 30°C, and samples were
taken for ,-galactosidase activity as described above. Con-
trol cultures were subjected to the same manipulations as
irradiated cultures. For the irradiated cultures, zero-time
samples consisted of cells harvested immediately after irra-
diation and before return to growth medium. Experiments to
determine whether photoreactivating light induced PHRI
expression were carried out in a similar manner except that
cells were grown under yellow safe lights for at least 24 h
before and at all times after exposure to 365-nm radiation
from a Sylvania TF8-BLB black light bulb.

Determination of steady-state mRNA levels. Yeast cells
were cultured, irradiated, and returned to growth medium as
described above. Samples of 20 ml were removed immedi-
ately after irradiation as well as at subsequent times after
return to growth medium, and total RNA was extracted as
described previously (40). Purified RNA in H20 was spotted
onto nitrocellulose membranes, using a dot blot manifold
(Bio-Rad Laboratories, Richmond, Calif.). Hybridization
was carried out at 42°C for 16 h, using 25 ng of a 32P-labeled
2.5-kbp PstI fragment from plasmid pMC1871 (65) to detect
lacZ mRNA. The relative intensities of the hybridized dots
were quantified by using a Biomed Instruments scanning
laser densitometer. For analysis of transcription from the
chromosomal copy of PHRI, 10-,ug samples of total RNA,
isolated as described above and denatured in 50% formam-
ide, were subjected to electrophoresis in 1% agarose gels
containing 2.2 M formaldehyde (37). RNA in the gel was
blotted onto Nytran 2000 Plus membranes, and hybridization
was performed as described above except that the probe was
25 ng of a 32P-labeled 2.4-kbp PvuII-PstI fragment from
pCB8 containing the entire PHRI gene (60). After autoradi-
ography, the PHRJ probe was removed from the filter by
boiling for 2 min in distilled H20, after which the filters were
probed with a 2.3-kbp 32P-labeled SphI fragment from the
yeast CYH2 gene, encoding ribosomal protein L29 (kindly
provided by Howard Fried). Quantitation of relative
amounts of RNA was performed as described above.

RESULTS

Expression of PHRI is induced in response to DNA-damag-
ing agents. To monitor expression of PHRI, we constructed
plasmid pGBS116, which carries 354 bp of 5' flanking
sequence from PHRI followed by the first 280 bp of the
PHRI coding sequence fused in frame to a truncated lacZ

MOL. CELL. BIOL.
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FIG. 2. Accumulation of the PHRJ-lacZ fusion protein in re-
sponse to various fluences of 254-nm light. Early-log-phase cells of
strain GBS76(pGBS116) were irradiated, returned to growth me-

dium, and assayed for ,-galactosidase activity at various times after
irradiation as described in Materials and Methods. Symbols: 0,

nonirradiated control cells; *, 2.5 J/m2; V, 5 J/m2; A, 7.5 J/m2;*,
10 J/m2.

gene from E. coli (Fig. 1). Plasmid pGBS116 thus encodes a

hybrid PHRI-lacZ fusion protein, the expression of which is
controlled by PHRI 5' regulatory elements. Since S. cere-

visiae does not normally produce 3-galactosidase, any
change in the enzyme activity should reflect solely changes
in the amount of the fusion protein. Yeast genomic se-

quences upstream of those present on pGBS116 are not
required for PHRI expression on a multicopy plasmid (60,
64). pGBS116 also carries the replication origin of the
endogenous 2,um yeast plasmid and thus replicates to high
copy number in yeast strains already containing complete
2p.m plasmids. Because Phrl is normally present at a level of
only 75 to 150 molecules per cell in S. cerevisiae (21, 74), a

multicopy plasmid was chosen for our initial studies to
facilitate detection of the PHRI-lacZ fusion protein. In the
absence of DNA damage, the PHRI-lacZ fusion protein
accumulated at a constant rate until late log phase in strain
GBS76(pGBS116) (Fig. 2).
The only known substrates for DNA photolyases are

cis,syn-cyclobutane dipyrimidines (pyrimidine dimers),
which are the most frequent lesions introduced into DNA by
far-UV light (Xmax = 200 to 300 nm). Therefore, we first
asked whether exposure of log-phase GBS76 (rad2
phrl)(pGBS116) cells to 254-nm light altered the expression
of the PHRI-lacZ fusion gene. We observed a dose-depen-
dent increase in ,-galactosidase activity that reached a

plateau 3 to 4 h after UV challenge (Fig. 2). At the highest
dose tested (10 J/m2, 10% cell survival), the induction ratio
(i.e., the ratio of activity in irradiated versus nonirradiated
cultures at a particular time) was approximately 8, whereas
two- to threefold induction was detected at fluences as low
as 2.5 J/m2 (80% survival).
We next asked whether the increase in PHRJ-lacZ fusion

protein was specific for UV-induced damage by testing the
response of the fusion gene in GBS76(pGBS116) to treat-
ment with the UV-mimetic agent 4-NQO, the alkylating
agents MMS and MNNG, the fy-radiation mimetic agent
bleomycin sulfate, and photoreactivating light (365 nm).
Seven- to tenfold induction was seen at concentrations of
MMS and MNNG that yielded cell survivals of 40 to 50%,
comparable to the survival seen after exposure to a 5-J/m2
dose of 254-nm light (Table 1). 4-NQO was much less

TABLE 1. Induction of Phrl- -galactosidase fusion protein after
treatment of strain GBS76(pGBS116) with various

DNA-damaging agents

Induction ratioa at time (h):
Agent Dose

1 2 3 4

None 1.0 1.0 1.0 1.0
UV radiation 5 J/m2 4.4 5.2 6.6 7.2
MMS 2.3 mM 2.8 5.8 7.2 6.8
MNNG 2 ,uM 2.8 6.0 7.2 10.8
4-NQO 0.7 mM 1.1 2.0 3.3 3.0

1.3 mM 2.8 6.0 8.8 9.0
Bleomycin 5 ,ug/ml 1.2 1.5 1.8 2.3
Heat shock 22°C- 370C 0.7 1.8 1.6 1.1
365-nm radiation 3 kJ/m2 0.8 1.0 1.0 1.0

a Ratio of ,3-galactosidase activity in treated versus untreated cells. Only
induction ratios of >2 are considered significantly different from uninduced
levels.

effective as an inducing agent in that concentrations which
yielded 40% cell survival (0.7 mM) produced only about
twofold induction; 3-galactosidase levels comparable to
those seen at 40% survival with MMS and MNNG were seen
only at 10% cell survival with 4-NQO (1.3 mM). Bleomycin
treatment reproducibly led to little or no induction, and
photoreactivating light failed to elicit increased amounts of
fusion protein.
McClanahan and McEntee (39) have demonstrated that in

S. cerevisiae, several DNA-damage-responsive (DDR) genes
are also induced in response to a 20-min heat shock at 37°C.
Similarly, Mitchell and Morrison (42, 43) have reported that
heat shock induces increased resistance to UV-induced
killing and, conversely, that UV irradiation increases the
thermal tolerance of cells. These results suggest that some
damage-inducible responses are in fact general responses to
cell stress. To determine whether PHRI expression is also
increased in response to thermal stress, GBS76(pGBS116)
cells grown at 22°C were subjected to a heat shock according
to the protocol described by McClanahan and McEntee (39).
Induction of PHRI-lacZ fusion protein was not observed
(Table 1).

Expression of PHRI in a Rad+ Phr+ background and from
the PHRI chromosomal locus. The results presented in the
preceding section establish that increased amounts of Phrl-
,-galactosidase fusion protein accumulate after exposure of
a rad2 phrl strain to various DNA-damaging agents. Be-
cause the specific biochemical roles of the RAD genes in
nucleotide excision repair have not been defined and thus it
is possible that one or more of these genes serve a regulatory
function, we wanted to know whether the induction ofPHRI
was influenced by the presence of the rad2 allele in GBS76.
In addition, it is not known whether the Phrl photolyase, in
addition to its catalytic function, also acts as an autoregula-
tor of PHRI expression; such dual activity for a repair
protein is not unprecedented, as the E. coli Ada protein
carries out repair of 06-methylguanine in DNA and also acts
as a positive regulator of the ada-alkB operon (68). To
examine the roles of these genes in expression of PHRJ, we
introduced pGBS116 into DBY745, a strain with no known
mutations in any of the RAD genes or in PHRI and with a
wild-type level ofUV resistance. After exposure to a 25-J/m2
dose of 254-nm light, which yielded a cell survival of 45%,
the amount of the Phrl-p-galactosidase fusion protein in-
creased 8- to 10-fold, and the kinetics of induction were
similar to that seen in the rad2 phrl background (data not
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FIG. 3. Accumulation ofPHRI and CYH2 mRNAs after 254-nm
radiation. Total cellular RNA was purified from GBS77 either before
or at the indicated times after exposure to a 7.5_J/m2 dose of 254-nm
radiation or from a control, mock-irradiated culture, separated by
agarose gel electrophoresis, blotted, and probed with 32P-labeled
PHRI DNA as described in Materials and Methods. After autora-
diography, the probe was stripped from the filter, which was then
exposed to 32P-labeled CYH2 DNA. The bands shown were the only
ones apparent on the autoradiographs. The PHRI transcript mi-
grated with size of 2.4 kb when the 18S and 25S rRNAs in the same
lane were used as markers (7, 70). The autoradiograph of the
PHRI-probed filter was obtained after a 7-day exposure; the CYH2-
probed filter was exposed for 2 days. The CYH2 RNA level was
used to adjust for variations in the amount ofRNA loaded on the gel.

shown). Thus, neither active Rad2 nor Phrl is required for
induction.

It could also be argued that induction of PHRI-lacZ on
pGBS116 is a consequence of its location on an autono-
mously replicating high-copy-number plasmid. To determine
whether this was the case, we replaced the chromosomal
PHRI locus in GBS43 with the PHRI-lacZ fusion gene,
yielding strain GBS112. Consistent with reports that photol-
yase activity is low during normal log-phase growth (21, 74),
the basal level of ,-galactosidase activity was approximately
0.2 Miller units. Nonetheless, after irradiation with 254-nm
light at 50 or 100 J/m2, yielding 26 and 4% survival, respec-
tively, ,-galactosidase activity increased seven- to ninefold
(data not shown). Thus, induction of PHRJ-lacZ on
pGBS116 is not a consequence of its extrachromosomal
location.

Induction of PHRI is accompanied by an increase in the
steady-state concentration of PHRI mRNA. Increased accu-
mulation of the PHRI-lacZ fusion protein in cells treated
with DNA-damaging agents could be regulated at the level of
transcription, translation, or both. In addition, it is formally
possible that the fusion protein and mRNA are subject to
different pathways of degradation than are normal PHRI
mRNA and protein. To further characterize this induction,
we used RNA dot blots and Northern (RNA) analysis to
examine the pattern of ,B-galactosidase mRNA accumulation
in strain GBS76(pGBS116) and of mRNA from the intact
PHRI locus in GBS77 (rad2 PHRJ) after exposure to a
7.5-J/m2 dose of 254-nm light. Induction was apparent, with
the steady-state concentration of PHRI mRNA reaching a
maximum approximately 1 h after UV treatment (Fig. 3 and
Table 2). Similar kinetics were observed for accumulation of
the PHRI-lacZ mRNA encoded by pGBS116 (Table 2). The
temporal pattern of mRNA accumulation is consistent with
the observation that the rate of fusion protein accumulation
is at its greatest during the first 2 h after UV irradiation (Fig.
2). Densitometry indicated that the amount ofPHRI mRNA
from the chromosomal locus of GBS77 increased by a factor
of 14 during the first hour after irradiation, whereas in
GBS76(pGBS116) the PHRJ-lacZ mRNA concentration in-
creased by only a factor of 2 during the same time period
(Table 1). In all cases, the induction ratio for the chromo-
somal gene exceeded that of the gene on the plasmid. This

TABLE 2. Induction ratios of PHRI-lacZ and PHRI mRNA
after 254-nm irradiation

Induction ratioa at time (h):
Strain

0 0.5 1.0 2.0 3.0 4.0

GBS76(pGBS116) (PHRI'- 1.1 1.6 2.4 2.2 1.5 1.2
lacZ fusion)

GBS77 (PHRI) 1.0 ND 13.7 6.4 3.7 ND

a Data are from densitometric scans of autoradiographs shown in Fig. 3.
For pGBS116(GBS76), the induction ratio was calculated as the (peak
area)induced/(peak area)uninduced. For GBS77, the induction ratio was similarly
calculated except that the ratio of the areas PHRI/CYC2 at each time was
used to correct for differences in the amount of RNA loaded and transferred.
ND, Not done.

finding suggests titration of a regulatory molecule by the
multicopy plasmid and is consistent with our recent identi-
fication of a protein in nonirradiated cells which binds
specifically to the 5' region of PHRJ (J. Sebastian and G. B.
Sancar, unpublished observation). Thus, we conclude that
enhanced expression of PHRI after DNA damage is due to
an increase in the steady-state concentration of PHRI
mRNA. Whether additional, translational controls are re-
sponsible for the differences between the induction ratios for
mRNA (Table 2) versus fusion protein (Fig. 2) remains to be
determined.

DISCUSSION
The results presented here demonstrate that expression of

the PHRI gene of S. cerevisiae, which encodes the apoen-
zyme of a DNA photolyase, is modulated in response to
irradiation of cells with far-UV light. Fusion of a 637-bp
fragment, containing 354 bp 5' to the PHRI translational
start site and the first 283 bp of coding sequence, to an
amino-terminal truncated copy of the E. coli lacZ gene
rendered the encoded Phrl-i-galactosidase fusion protein
UV inducible. The steady-state concentrations of both
PHRI-lacZ mRNA and PHRI mRNA transcribed from the
chromosomal copy of the gene increased after UV irradia-
tion and preceded the peak in Phrl-p-galactosidase activity,
consistent with utilization of this mRNA to synthesize
photolyase apoenzyme. The simplest interpretation of these
observations is that control of PHRI expression is exerted
via enhanced transcription of the gene or stabilization of
PHRI mRNA. Whether control is also exerted at the trans-
lational level remains to be determined.
Does induction of photolyase apoenzyme synthesis en-

hance the ability of cells to repair pyrimidine dimers in vivo?
We have not demonstrated such enhancement in this work,
as it is not possible at present to divorce photolyase induc-
tion from other damage-inducible processes which also
increase survival (G. Sancar, unpublished observation). Di-
rect demonstration of enhanced survival after UV irradiation
will likely require comparison with a noninducible mutant.
However, the fact that photolyase holoenzyme efficiently
photoreactivates pyrimidine dimers in vitro in the absence of
any additional cofactors or proteins (62) strongly suggests
that enhancement of photoreactivation should occur in vivo
provided both FADH2 and 5,10-methenyltetrahydrofolate,
the chromophores of the enzyme (31, 62), are also available.
Replacement of sequences 5' to the PHRI coding sequence
with the GAL1O promoter and upstream activation sequence
leads to a 20- to 40-fold increase in the number of active
photolyase molecules when cells containing this construct
are grown in galactose-containing medium (60); this finding
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indicates that the cellular concentrations of the chro-
mophores are sufficient to saturate an amount of apoenzyme
similar to that synthesized after UV induction.

In addition to UV light, treatment of S. cerevisiae cells
with 4-NQO, MMS, and MNNG also resulted in increased
expression of PHRI. This is a somewhat surprising result in
view of the fact that the lesions produced by 4-NQO,
MNNG, and MMS are neither bound nor repaired by pho-
tolyase (reviewed in reference 57); therefore, the signal for
PHRI induction is not generation of its specific substrate but
rather a more general metabolic response to DNA damage.
That the signal is not produced by metabolic stress in general
was shown in this work by the absence of increased PHRI
expression after a brief heat shock at 37°C and is in marked
contrast to the response of the UBI4 (polyubiquitin),
DDRA2, and DDR48 genes of S. cerevisiae, which are
induced by both DNA damage and heat shock (16, 39). The
observation that several damage-inducible genes, including
RNR2 (ribonucleotide reductase subunit 2), CDC8 (thymidy-
late kinase), CDC9 (DNA ligase), and POLI (DNA polymer-
ase I), are expressed only or primarily during S phase of the
cell cycle during normal growth has led to the proposal that
induction of some damage-responsive genes is due, at least
in part, to cessation of cell cycling at a stage when these
genes are normally expressed at high levels (14, 32, 49, 73).
We consider such a regulatory mechanism unlikely in the
case of PHRI; in contrast to the known damage-inducible,
cell-cycle-regulated genes, photolyase does not play a role in
nucleotide or DNA metabolism in nondamaged cells, and
preliminary results indicate that PHRI expression is not
limited to a particular phase of the cell cycle (Brust and
Sancar, unpublished observations). Similar results have
been reported for RAD2 and RAD54, which are involved
respectively in nucleotide excision repair and double-strand-
break repair (9, 53). In addition, induction of RNR2 and
POLI by damaging agents can also occur when cells are
arrested early in G1, demonstrating that cell-cycle and dam-
age-specific regulation can be uncoupled for at least some
dually regulated genes (28, 32).

Is PHRI a member of a larger set of damage-inducible
genes that are regulated at the transcriptional level by a
common effector? Recently 20- to 40-bp-long sequences
required for the damage-specific transcriptional induction of
RAD2, RADS4, and RNR2 have been identified (8, 15, 67,
28), and in studies to be reported elsewhere (Sebastian and
Sancar, unpublished data), we have found that all sequences
required for damage-specific induction of PHRJ lie 3' to the
Narl site shown in Fig. 1. Comparison of the 5' flanking
sequences of these genes reveals a 10-bp sequence, CG(A/
T)GG(A/T)NG(A/C)A, common to the damage-responsive
regions ofRAD2 and RNR2 and to PHRJ (Fig. 4). Variations
on this sequence are also found in the 5' flanking regions of
RAD4 and RADIO, both of which are required for nucleotide
excision repair (20). Although neither RAD4 nor RADIO is
induced by concentrations of 4-NQO sufficient to induce
RAD2 and PHRJ (5, 17), the response of these genes to other
DNA-damaging agents has not been addressed. No signifi-
cant homologies were found between PHRJ and a number of
other genes known to be involved in DNA repair or in
damage tolerance, including RADI, RAD3, RAD7, RAD9,
RAD18, RAD52, RAD54, REV], and REV3 (20, 34, 44), nor
were homologies found to the upstream regions of the
cell-cycle-regulated and damage-inducible genes RAD6
(ubiquitin-conjugating enzyme; 29), CDC9 (DNA ligase; 6,
30), and POLl (DNA polymerase I; 50). The absence of
homology between the damage-responsive element of

PHR1

RAD2
RNR2
RAD1O
RAD4

-103
-109'
-168
-424
-312'
-363

CGAGGAAGCA
CGAGGAAGAA
CGTGGAGGCA
CGAGGTCGCA
CGAGGAAGAA
CGTGGATGAA

CONSENSUS CGAKGGA3NGCT T A
FIG. 4. Nucleotide sequence homology in the 5' flanking regions

of PHRI, RAD2, RAD4, RAD7, and RNR2. The position given is
relative to the first nucleotide in the first ATG codon in the open
reading frame of each gene. Two regions of homology are found
upstream of PHRI, one on each strand. Noncoding strands are

indicated by a ', and numbering is the same as on the coding strand.
Sequences were taken from references 11, 15, 28, 36, 46, 52, and 59.

RAD54 and PHRJ may reflect the presence of several
elements in S. cerevisiae which respond to different classes
of lesions; rad54 mutants are primarily sensitive to the lethal
and mutagenic effects of -y rays and agents, such as bleomy-
cin, which introduce lesions normally repaired via mecha-
nisms involving recombination (20). In contrast, PHRI does
not play any known role in recombinational repair, bleomy-
cin treatment of cells induces only very minor increases in
PHRI expression, and the kinetics of induction are quite
different from that seen with UV, MMS, 4-NQO, and
MNNG (Table 1). It is particularly intriguing that among the
RAD genes, the common decanucleotide sequence is found
only among elements of the nucleotide excision repair path-
way; coordinate regulation of these genes and PHRI would
be consistent with the recent discovery that photolyase
stimulates dimer repair by this pathway (61). Studies are

now under way to ascertain the role of this conserved
sequence in PHRI expression.

Previous studies have shown that growth of S. cerevisiae
cells under photoreactivating light before exposure to 254-
nm radiation enhances cell survival as a result of an apparent
increase in the number of active photolyase molecules per
cell (22-24). In contrast, we were unable to detect induction
of Phrl-3-galactosidase fusion protein after exposure of
dark-grown cells to fluences of photoreactivating light as

great as 3 J/m2, more than 104-fold greater than the smallest
fluence of 254-nm light producing reproducible induction
PHRI. These results appear to rule out rapid induction of
photolyase apoenzyme synthesis in response to biologically
significant fluences of photoreactivating light.
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