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The RAD7 gene of Saccharomyces cerevisiae was cloned on a 4.0-kilobase (kb) DNA fragment and shown to
provide full complementation of a rad7-A mutant strain. The nucleotide sequence of a 2.2-kb DNA fragment
which contains the complete RAD7 gene was determined. Transcription of the RAD7 gene initiates at multiple
sites in a region spanning positions -61 to -8 of the DNA sequence. The 1.8-kb RAD7 mRNA encodes a protein
of 565 amino acids with a predicted size of 63.7 kilodaltons. The hydropathy profile of the RAD7 protein
indicates a highly hydrophilic amino terminus and a very hydrophobic region toward the carboxyl terminus.
A RAD7 subclone deleted for the first 99 codons complements the rad7-A mutation, but not the rad7-A rad23-A
double mutation, indicating that the RAD23 protein can compensate for the function that is missing in the
amino-terminally deleted RAD7 protein. The RAD7 and RAD23 genes in multicopy plasmids do not
complement the rad23-A and rad7-A mutations, respectively. These observations could mean that although the
two proteins might share a common functional domain, they must also perform distinct functions. Alterna-
tively, an interaction between the RAD7 and RAD23 proteins could also account for these observations.

In Saccharomyces cerevisiae, incision ofDNA containing
pyrimidine dimers or interstrand cross-links is a complex
process requiring as many as 10 genes. Mutants with muta-
tions in six of these genes, RADI, RAD2, RAD3, RAD4,
RADIO, and MMSJ9, are highly defective in incision of
DNA containing pyrimidine dimers (46, 58) or interstrand
cross-links (30), whereas mutants with mutations in the
RAD7, RAD14, RAD16, and RAD23 genes show partial
incision defectiveness (30, 31, 58). Our goal is to character-
ize the structure, regulation, and protein products of the
genes involved in incision, and to reconstitute the incision
activity in vitro. We and others have previously reported on
the characterization of the RADI (16, 59), RAD2 (14, 36),
RAD3 (15, 34, 35, 44), and RADIO (39, 45) genes. In this
paper we present the transcript analysis, mapping of the 5'
and 3' ends of the mRNA, and the nucleotide sequence of
the RAD7 gene. We have also examined the complementa-
tion ability of a partial RAD7 gene, deleted for the 99
amino-terminal codons, in the presence or absence of a
wild-type genomic RAD23 gene. The RAD7 and RAD23
genes are related in several ways: mutants with mutations in
either gene are sensitive to UV light and only partially
defective in excision repair, whereas the rad7 rad23 double
mutant shows greater UV sensitivity and excision defective-
ness than either single mutant (31). The RAD7 and RAD23
genes occur in two different gene clusters, one located on
chromosome X, which includes the three genes CYCI-
OSMI-RAD7 (COR cluster), and the other located on chro-
mosome V, which includes the ANPI-RAD23-CYC7 genes
(ARC cluster), and it has been proposed that the COR and
ARC clusters are related by duplication and transposition
(27). In this paper, we show that the RAD23 gene can
provide complementation ability to the RAD7 gene deleted
for the first 99 codons.

* Corresponding author.

MATERIALS AND METHODS

Strains and culture media. The following strains of S.
cerevisiae were used in this study: LP2741-3B (MATa adel
his3-Al leu2-3 leu2-112 trpl-289 ura3-52 rad7-A); LP2727-14A
(MATa adel his3-AJ leu2-3 leu2-112 trpl-289 ura3-52 RADW);
S211-1D (MATa cycl-11 (or cycl-363) his] ura3-52 rad23-A)
(from F. Sherman); GP32-1B (MATTa arg4-17 ura3-52 rad7-A
rad23-A); 7799-4B (MATa his4-17 ura3-52 RADW) (from G.
Fink); and DBY746 (MATa his3-AJ leu2-3 leu2-112 trpl-289
ura3-52 RADW) (from D. Botstein). The rad7-A mutation,
originally isolated as cycl-l (55), is a deletion encompassing
the CYCI, OSMI, and RAD7 genes on chromosome X (52).
The rad23-A mutation was originally isolated as CYC7-H3
(27), and is a deletion of the entire ANPI and RAD23 coding
regions, as well as the 5' region of the CYC7 gene
on chromosome V. The rad7-A rad23-A double mutant
(GP32-1B) was constructed by genetic manipulation of the
two single rad mutants. Strains S211-1D and LP2727-4C
(MATTa adel trpl-289 ura3-52 rad7-A), carrying the previ-
ously described deletions, were mated, the resulting diploid
(GP32) was induced to sporulate, and the tetrads were
dissected. The resulting haploid strains were screened forUV
sensitivity and backcrossed to the parent strains to determine
the rad genotype.

Escherichia coli HB101 was used to amplify all plasmids.
E. coli JM101 was used to propagate M13 recombinant
bacteriophages. Strain MC1066 (from M. Casadaban) was
used to screen lacZ fusion constructions.
YPD and minimal media for growth of S. cerevisiae strains

were prepared as described by Prakash and Prakash (40). E.
coli strains were cultured in LB, YT, or M9 medium as
described by Maniatis et al. (24), with the addition of
ampicillin (100 ,ug/ml) as required.

Vectors and plasmids. The following yeast-E. coli shuttle
vectors were used in this study. Plasmid pTB62 contains the
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ARS2 origin of replication from yeast cells (57) cloned in
pBR322 and the URA3 gene for selection in yeasts and is
maintained in S. cerevisiae as an autonomously replicating
plasmid. Plasmid YIp5 results from insertion of the yeast
URA3 gene into the E. coli plasmid pBR322 (50). This
plasmid lacks a yeast origin of replication and is maintained
in yeast cells following integration into the genome by
homologous recombination. Plasmid pTB199 was con-
structed in our laboratory by insertion of the 2.1-kilobase
(kb) EcoRI fragment that contains the origin of replication of
the yeast 2,um circle (8) into the BalI site of YIp5. This
plasmid is present in high copy number in yeast cells (20 to
30 copies per cell [7]). Plasmids pGP4 and pGP8 are de-
scribed below. Plasmid pGP15 was constructed by inserting
the XhoI-EcoRI RAD7 fragment from plasmid pGP4 into the
SalI-EcoRI sites of the single-copy vector YCpSO containing
the yeast CEN4 sequences (22). Plasmid pPP18 contains the
entire RAD23 gene in the 5.6-kb SalI-XhoI fragment from
plasmid pAB109 (obtained from F. Sherman; described by
McKnight et al. [27]), inserted into the Sall site of pTB199.

Transformation procedures and UV irradiation. Yeast cells
were transformed by the method of Ito et al. (19). Transfor-
mation of E. coli cells was as described by Maniatis et al.
(24). UV irradiation and measurements of survival were as
described by Prakash and Prakash (40).

Preparation of nucleic acids. Plasmid DNA was purified by
equilibrium centrifugation in CsCl gradients containing
ethidium bromide to separate the supercoiled and the nicked
DNA circles. Rapid plasmid minipreparations for restriction
analysis were as described by Maniatis et al. (24). Single-
stranded DNA from M13-infected cells was prepared as
described by Heidecker et al. (13). Total RNA was extracted
from exponentially growing cells as described by Reed et al.
(43). These RNA preparations were enriched in poly(A)+
RNA over an oligo(dT)-cellulose column, with 0.5 M
KCl-0.01 M Tris hydrochloride (pH 7.5) as binding buffer
and 0.01 M Tris hydrochloride (pH 7.5) as elution buffer, as
indicated by the manufacturer (P-L Biochemicals, Inc.).
Northern hybridizations and preparation of radiolabeled

probes. Total RNA (20 ,ug) or poly(A)+ RNA (4 ,ug) was
fractionated on 1.5% agarose gels containing formaldehyde
by the method of Maniatis et al. (24) and transferred to
GeneScreen membrane as described by the manufacturer
(New England Nuclear Corp.). The RNA blots were hybrid-
ized to single-stranded DNA probes that had been radioac-
tively labeled with [a-32P]dATP (3,000 Ci/mmol; Amersham
Corp. or New England Nuclear) as described by Hu and
Messing (17). The specific activity of the probes was about 5
x 107 cpm./,g of DNA. Approximately 5 x 106 to 10 x 106
cpm was used in each hybridization. Hybridizations were
performed at 42°C for 12 h in a solution containing 50%
deionized formamide, 5x SSC (lx SSC is 0.15 M NaCl plus
0.015 M sodium citrate), 1% sodium dodecyl sulfate, 0.02%
each of bovine serum albumin, Ficoll, and polyvinylpyr-
rolidone, and 100 ,ug of denatured, sonicated salmon sperm
DNA per ml.
Mapping of the 5' and 3' mRNA termini by S1 nuclease

digestion. Mapping of the Si-protected DNA fragments was
performed by a modification of the method of Favaloro et al.
(9). The appropriate restriction fragments (1 to 2 ,ug) were
treated with alkaline phosphatase from calf intestine (molec-
ular biology grade; Boehringer Mannheim Biochemicals) in a
buffer containing 0.01 M Tris hydrochloride (pH 8.0), 1 mM
MgCl2, and 10 nM ZnCl2 at 37°C for 30 min to remove the 5'
phosphates. After phenol-chloroform extractions and
ethanol precipitation, the DNA fragments were 5' end la-

beled in a buffer containing 50 mM Tris hydrochloride (pH
7.5), 10mM MgC92, 5 mM dithiothreitol, 0.1 mM spermidine,
and 0.1 mM EDTA, by using T4 polynucleotide kinase
(Bethesda Research Laboratories) in the presence of 150 to
200 ,iCi or [-y-32P]ATP (3,000 Ci/mmol; New England Nu-
clear or Amersham) at 37°C for 30 min; 3' end labeling was
carried out by extension of 3' recessed termini generated by
restriction enzyme digestion, with the Klenow fragment of
DNA polymerase I (Bethesda Research Laboratories), in the
presence of the appropriate a-32P-labeled deoxynucleotides
(3,000 Ci/mmol; New England Nuclear or Amersham) and
unlabeled deoxynucleotides. The end-labeled fragments
were strand separated by the method of Maxam and Gilbert
(26) by electrophoresis in 4% acrylamide gels (50:1 ratio of
acrylamide to bisacrylamide), with 0.5x TBE buffer (lx
TBE buffer is 89 mM Tris hydrochloride, 89 mM boric acid,
and 2 mM EDTA) as running buffer. The gels were run at 4°C
for about 16 h at 600 V. The band-containing strips of
acrylamide, identified by autoradiography, were cut out of
the gel, crushed into small pieces, and incubated in 0.6 ml of
50 mM Tris hydrochloride (pH 7.5) at 37°C overnight. The
aqueous phase, containing the eluted fragments, was recov-
ered by centrifugation through glass wool and concentrated
by ethanol precipitation after the addition of 20 ,ug of tRNA
as carrier. The precipitated probes were suspended in TE
buffer (pH 7.5), and ca. 105 cpm was coprecipitated with 30
to 100 ,ug of poly(A)+ RNA. The hybridization was per-
formed at 45°C for at least 5 h in 80% formamide. The
DNA-RNA hybrids were digested with 10, 150, and 300 U of
S1 nuclease (Bethesda Research Laboratories) in 300 ,lI of
S1 buffer (24) at 15°C for 1 to 2 h and gave similar results.
DNA sequencing. Restriction fragments were cloned in the

M13 phage derivatives mp8, mp9, mpl8, and mpl9 (28). The
nucleotide sequence was determined by the dideoxy chain
termination method of Sanger et al. (49), in the presence of
either [a-32P]dATP or [t_-35S]thio-dATP (600 to 800 Ci/mmol;
New England Nuclear or Amersham), as described by
Biggin et al. (3). The sequencing reactions were fractionated
on 5 to 8% acrylamide gels (19:1 ratio of acrylamide to
bisacrylamide) containing 8 M urea.

Assays of ,-galactosidase activity. 1-Galactosidase assays
were performed by a modification of the method of Ruby and
Szostak (47). The units of ,-galactosidase activity were
calculated as follows: 1,000 (OD420 per milliliter)/micrograms
of total protein per milliliter, where OD420 is the optical
density at 420 nm.

RESULTS
Cloning of the RAD7 gene and complementation analysis.

The RAD7 gene is one of at least seven tightly linked genes
which are clustered in a region that spans about 1.5
centimorgans on the right arm of chromosome X. The entire
region was cloned by chromosome walking, and the resulting
38 kb ofDNA were cut into 13 fragments with the restriction
endonucleases EcoRI and HindIII and separately cloned into
the E. coli vector pBR322 (52). We obtained the DNA
fragments IV through X (52), transferred them to the yeast
autonomously replicating multicopy vectors pTB62 or
pTB199, and tested their ability to complement a rad7
deletion (rad7-A&) mutation. Neither the 0.8-kb DNA frag-
ment VII in plasmid pGP1 nor the 6.0-kb segment, including
fragments IV-V-VI in plasmid pTB148, displayed any com-
plementation ability (Fig. 1 and 2). When fragments IV, V,
VI, and VII were ligated together in the original order in
plasmid pGP3, a rad7-complementing function was recon-
structed (Fig. 1). Further subcloning of this 6.8-kb fragment
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FIG. 1. Construction and localization of a functional RAD7 gene. The ability of various DNA fragments to complement the UV sensitivity
of a rad7 deletion mutation is indicated. Fragment numbers in the top line are from Shalit et al. (52). The open bars indicate the DNA
fragments from the RAD7 region present in the vector named at the right. Symbols: Bg, BglII; E, EcoRI; H, HindIII.

restricted the complementation ability to the 4.0-kb EcoRI-
EcoRI fragment in plasmid pGP4, which encompasses the
original fragments VI and VII (Fig. 1 and 2). Construction of
plasmid pGP7 by deletion of the DNA between the EcoRI
and the BglII sites in fragment VI in plasmid pGP4 destroyed
the complementation ability of this clone (Fig. 1 and 2).
The Bgm-HindM fragment is internal to the RAD7 gene.

The subcloning results indicate that sequences to the left of
the BgIIl site in fragment VI and to the right of the HindlIl
site between fragments VI and VII (Fig. 1) are necessary for

ct:
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FIG. 2. Survival after UV irradiation of the rad7-A mutant with

or without plasmids carrying different fragments from the RAD7
chromosomal region. Symbols: 0, LP2727-14B, RAD+; O,
LP2741-3B, rad7-A; x, LP2741-3B(pGP4); A, LP2741-3B(pGP7);
0, LP2741-3B(pTB148); A, LP2741-3B(pTB199); *,
DBY746(pGP13); this strain contains the disrupted RAD7 gene.

the RAD7 function. Therefore, the BglII-HindIII fragment
should be internal to the gene. To test whether this was the
case, the BgIII-HindIII fragment was cloned into plasmid
YIp5 (50), which does not contain a yeast origin of replica-
tion and is maintained in yeast cells only following integra-
tion into the genome by homologous genetic recombination.
Integration of a plasmid containing an internal fragment of a
gene by recombination with its chromosomal copy results in
the disruption of the gene on the chromosome, giving rise to
two truncated copies that are separated from each other by
vector sequences (54). Wild-type yeast cells were trans-
formed with plasmid pGP13, containing the RAD7 Bglll-
HindIII fragment in YIp5, which had been linearized by
digestion with the restriction endonuclease Hindlll to create
a recombinogenic free end in the region of homology with
RAD7 (37). The resulting transformants displayed the same
levels of UV sensitivity as did the original rad7-A mutant
(Fig. 2). Several independent transformants were crossed to
the original rad7-A mutant, and the resulting diploids were
found to retain the UV sensitivity, indicating that the dis-
ruption was in the RAD7 gene. These results verify that the
BglII-HindIII fragment is internal to the RAD7 gene.

Size and direction of the RAD7 transcript. To determine the
size and direction of the RAD7 transcript, the Bglll-HindIII
RAD7 internal fragment was cloned in the two phage M13
derivatives mp8 and mp9 (29). Radioactively labeled single-
stranded DNA probes from both recombinant phages were
used in two separate hybridizations to poly(A)+ RNA from a
RAD+ strain. Hybridization to an approximately 1.8-kb
transcript was observed only when the M13 mp9 recombi-
nant phage DNA was used. Since the order of the cloning
sites in M13mp9 is 5'-HindIII-BamHI-3', the direction of
transcription of the RAD7 gene is from BgIII toward HindIII
(Fig. 1). In the chromosomal context, the gene is transcribed
in the direction away from the centromere and toward the
telomere of the right arm of chromosome X.

5' and 3' end mapping of the RAD7 transcript. The 5' and
3' ends of the RAD7 transcript were mapped by determining
the size of the protected DNA fragments resulting from S1
nuclease digestion of RNA-DNA hybrids obtained by using
the 5'-end-labeled PvuII-XhoI and the 3'-end-labeled
HindIII-EcoRI fragments as probes (Fig. 3). The results are
shown in Fig. 4. Identical results were obtained when
poly(A)+ RNA from a yeast strain bearing the RAD7 gene in
the multicopy plasmid pGP4 was used instead of poly(A)+
RNA from an untransformed wild-type strain. The RAD7
transcript seems to initiate at a number of sites, spanning the
region between positions -61 and -8 in the RAD7 DNA
sequence shown in Fig. 5. The three major S1-protected
DNA fragments, 221, 225, and 229 nucleotides long (Fig. 4),
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FIG. 3. Sequencing strategy. Restriction fragments from the RAD7 region were cloned in the M13 vector pairs mp8 and mp9 or mpl8 and
mpl9, so that the sequence of both strands of the DNA could be determined independently. The initiation and termination codons of the open
reading frame are shown on the restriction map. The arrows indicate the direction and length of the sequence obtained from each cloned
fragment. The end-labeled, strand-separated restriction fragments used as probes in the S1 mapping experiments are shown in the lower part
of the figure. Symbols: Bg, BgIII; E, EcoRI; H, HindIII; Hh, HhaI; K, KpnI; N, NruI; P, PstI; Pv, PvuII; Sc, SacI; X, XhoI; Xb, XbaI.

correspond to the 5' mRNA ends at positions -8, -12, and
-16, respectively, and the Si-protected DNA fragments of
240, 265, 266, and 274 nucleotides correspond to the 5'
mRNA ends at -27, -52, -53, and -61, respectively (Fig.
5). The smallest Si-protected DNA fragment, of 211 nucle-
otides, corresponds to the 5' mRNA end within the first
codon of the open reading frame, at position +3; the
significance of this 5' end within the open reading frame is
unclear. The 3' end of the RAD7 mRNA maps at position
+1761, 63 nucleotides downstream of the translation termi-
nation codon TAA (Fig. 5).

Nucleotide sequence analysis of the RAD7 gene. The nucle-
otide sequence of the RAD7 gene was determined by the
dideoxy chain termination method (49) on RAD7 DNA
fragments cloned in both orientations in the appropriate M13
phage vectors (28). The sequencing strategy in Fig. 3 shows
that the sequence of both DNA strands was independently
determined. The sequence of 2,231 base pairs (bp), corre-
sponding to the strand identical to the mRNA, is shown in
Fig. 5. A consensus sequence for termination of transcrip-
tion by RNA polymerase III, TTTTCTT ITT , is found
around position -150 downstream of a previously unidenti-
fied tRNA gene present in the region immediately upstream
of RAD7. This sequence is part of an inverted repeat of 28
bp, between positions -158 and -129, that could potentially
base pair, resulting in a hairpin structure presumed to be
involved in RNA polymerase III transcription termination
(51). The overall base composition of the RAD7 gene reflects
the G+C content of bulk yeast genomic DNA, with a value
of 39% G+C in the coding region, while both the 5' and 3'
nontranscribed regions display a lower G+C content (31 to
32%).
The RAD7 nucleotide sequence contains an open reading

frame 1,695 bp long, which encodes a protein of 565 amino
acids with a predicted molecular weight of 63,705. Transla-
tion of most eucaryotic mRNAs begins at the 5' proximal
AUG (21; S. B. Baim, C. T. Goodhue, D. F. Pietras, D. C.
Eustice, M. Labhard, L. R. Friedman, D. M. Hampsey,
J. I. Stiles, and F. Sherman, UCLA Symp. Mol. Cell. Biol.,
in press), since 40S ribosomal subunits most probably scan
the 5' end of the mRNA in a linear fashion (20). The first
in-frame AUG on the RAD7 transcript is found between 8
and 61 nucleotides downstream of the mapped 5' ends of the

message. This AUG is preceded by a G at position -3,
rather than the A found at this position in the majority of
eucaryotic mRNAs (21).
To determine whether the RAD7 open reading frame was

translated in yeast cells, we constructed an in-frame lacZ
fusion in plasmid pGP4, in the BglII site at position +702 in
the RAD7 DNA sequence, corresponding to codon 234 (Fig.
5). This fusion produces ,B-galactosidase activity in yeast
cells, indicating that the RAD7 open reading frame is trans-
lated. In RAD7, 60 of the 61 possible codons are used,
indicating the absence of the codon bias toward the major
isoacceptor tRNA species that characterizes some highly
expressed yeast genes (2). The RAD7 protein contains 37.3%
nonpolar, 34.0% polar, 14.9% acidic, and 13.8% basic amino
acids. The major clusters of both acidic and basic amino
acids are located at the amino-terminal end of the protein,
where 49% of the total charged residues are found within the
first 200 amino acids. A cluster of five basic residues is
contained within the first 10 amino acids, followed by a
predominantly acidic region that spans about 120 residues. A
stretch of seven contiguous arginine and lysine residues
occurs between amino acids 147 and 153. The central portion
of the protein sequence, between residues 200 and 350,
contains about the same numbers of acidic and basic amino
acids, while in the last 200 residues there are about twice as
many acidic amino acids as basic ones, although no cluster-
ing of charged residues is observed at the carboxyl terminus.
A Kyte and Doolittle hydropathy profile (23) of the RAD7
protein indicates a highly hydrophilic region that includes
the first 200 amino acids, followed by a mostly nonpolar
region that extends throughout the rest of the protein and
becomes quite hydrophobic toward the carboxyl terminus
(Fig. 6).

5' and 3' flanking sequences of the RAD7 gene. Yeast genes
transcribed by RNA polymerase II, like RNA pol II genes in
higher eucaryotes, are often preceded by one or more TATA
boxes in the region upstream of the mRNA start site. In
yeast cells, the spatial requirement between this putative
RNA polymerase entry site and the site of transcription
initiation does not seem to be as strict as in higher
eucaryotes (12). The sequences TATTAT at position -30 to
-25, TATAA at position -37 to -33, and TATTTAT at
position -128 to -122 resemble the canonical sequence
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TATAT(A)AT(A) usually found 26 through 34 nucleotides
upstream of the site of transcription initiation in higher
eucaryotes (6, 11). A computer search in the RAD7 noncod-
ing region did not reveal any direct or inverted repeats, with
the exception of the previously described RNA pol III
terminator. The consensus sequence AATAAA, which is
believed to represent the signal for poly(A)+ addition in
higher eucaryotes (42), was observed in the 3' noncoding
region of RAD7 between positions +1702 and +1707. The
region between positions + 1699 and + 1707, overlapping the
AATAAA sequence, also resembles the sequence
TAAATAAA(G), which is found in many yeast genes ap-
proximately 28 to 33 nucleotides upstream of the 3' end of
the mRNA (1). Between positions +1730 and +1757, the
sequence TAG. .TAATGT'TT appears to be similar to the
consensus sequence TAG... TAGT or TATGT... (AT
rich)... .TTT, proposed to act in yeast cells as a transcription
termination signal (60).

Expression of a truncated RAD7 gene lacking the amino-
terminal region of the protein. During subcloning analysis we
observed that plasmid pGP8, derived from plasmid pGP4 by
the deletion of about 2.0 kb of DNA upstream of the XhoI
site at position +209 in the RAD7 sequence (Fig. S and 7),
complements the rad7-A mutation. Fusion of the XhoI site
within the RAD7 coding region with the Sall site present in
the pBR322 sequence of the vector results in a clone that
lacks the entire 5' upstream region as well as the first 209 bp
of the open reading frame ofRAD7. Transcriptional analysis
and RAD7-lacZ fusion studies suggest that the 5'-deleted
RAD7 gene in plasmid pGP8 and the complete RAD7 gene in
plasmid pGP4 are expressed about equally. Northern hybrid-
izations to a RAD7-specific probe of poly(A)+ RNA from
yeast cells containing plasmid pGP8 or plasmid pGP4 show a
difference of about 200 nucleotides in the size of the two
transcipts (1.6 and 1.8 kb, respectively), suggesting that the
RAD7 transcriptional start in plasmid pGP8 is located close
to the SalIJXhoI junction. The abundance of RAD7 tran-
script from the two plasmids is approximately the same.
In-frame RAD7-lacZ fusions in plasmids pGP8 and pGP4
that place the E. coli lacZ gene in the BglII site of the RAD7
gene at position +702, corresponding to codon 234 (Fig. 5),
show that the hybrid P-galactosidase activity from the two
RAD7-lacZ fusion plasmids in yeast cells is about the same,
40 and 24 U/,Lg of total protein in plasmids pGP9 (derived
from pGP8) and pGPll (derived from pGP4), respectively.
We identified the 5' end(s) of the RAD7 mRNA tran-

scribed in yeast cells from plasmid pGP8 by the Si nuclease
mapping procedure, using the 5'-end-labeled NruI-BglII
single-stranded DNA fragment of pGP8 as a probe (results
not shown). This 813-nucleotide fragment includes 493 nu-
cleotides of the XhoI-BgIII region in RAD7 and 320 nucleo-
tides of the NruI-Sall region of pBR322 that lies upstream of
the SalLXhoI junction in pGP8 (Fig. 7). Of the three Si-
protected DNA fragments observed, 417, 490, and 525
nucleotides long, the two smaller ones map approximately at
positions +289 and +216, respectively, within the RAD7
sequence (Fig. 5), while the largest one maps within the
pBR322 sequence, about 30 bp upstream of the SalVlXhoI
junction in plasmid pGP8. As was observed previously (56),
these results with the truncated RAD7 gene in plasmid pGP8
suggest that a cryptic promoter in pBR322 is being used. In
the transcripts initiating in pBR322 and at +216 in RAD7, the
presence of three out-of-frame AUGs in the RAD7 sequence
upstream of the in-frame AUG at +298 (Fig. 5), could make
initiation of translation at the RAD7 AUG codon at +298
rather unlikely (21; Baim et al., in press). Translation of the
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FIG. 4. Mapping of the 5' and 3' termini of the RAD7 transcript
by Si nuclease digestion of RNA-DNA hybrids. (A) Heterogeneity
of Si-protected DNA fragments at the 5' end of the transcript. The
probe is the 900-bp PvuII-XhoI fragment shown in Fig. 3, 5' end
labeled and strand separated prior to hybridization to poly(A)+ RNA
from the RAD+ strain 77994B. The length of the protected frag-
ments was determined from the sequence of the HhaI-HindIII
fragment shown on the right. (B) Si-protected fragment at the 3' end
of the RAD7 transcript. The probe is the 800-bp HindIII-EcoRI
fragment shown in Fig. 3, 3' end labeled, strand separated, and
hybridized as in panel A. The G lane of the sequence of the
PvuII-BgIIl fragment, used for size determination, is shown on the
right.

mRNA initiating at +289 in the RAD7 region could start at
the in-frame AUG at position +298. The out-of-frame AUG
at position +290 is too close to the 5' end of this mRNA for
initiating translation. Since in pGP8 the RAD7-lacZ fusion
constructed in the Bglll site at position +702 expresses
P-galactosidase activity in yeast cells and since no in-frame
AUG occurs upstream of the BgIll site other than the one at
position +298 (Fig. 5), the RAD7 protein encoded by this
plasmid is expected to lack the first 99 amino acids at the
amino terminus, which corresponds to the highly hydrophilic
region of the RAD7 protein (Fig. 6).
The amino terminal region of the RAD7 protein is required

for complementation of the rad7-A mutation in the absence of
a functional RAD23 gene. When the rad7-A mutant strain is
transformed with plasmid pGP8, the UV sensitivity of the
mutant is restored to wild-type levels (Fig. 8). This could
result from the presence of an excess of a partially active
RAD7 protein, owing to the high-copy-number vector, or to
complementation by the RAD23 protein, which, because of
its functional relationship with RAD7, might provide some
function that is missing in the partially deleted RAD7 pro-
tein, or both. For determining the effect of plasmid copy
number, the RAD7 XhoI-EcoRI fragment of plasmid pGP8
(Fig. 7) was cloned in the yeast centromere-containing
vector YCp5O (22), which is maintained in yeast cells as an
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-150 -140 -130 -120 -110 -100 -90 -80 -70
TTTTCTTTTTTTCTGGAAAATAAGAAAACTTATTTATGGAAGCAAAAATGGAATAAAGGATTGGGACGAAGTTAGTGAAAAAAAACTGAAA

i60 44-50 -40 -30 4 XbaI-20 t 1-104 1 i 10
TAGTCCTAGAGTAACTCCGAAGTGTCTTTGTATAAGCTATTATCTAGAAATCACGAGAGGGGAAGAA ATG TAT CGC AGT AGA AAC

Met Tyr Arq Ser Arq Asn

20 30 40 50 60 70 80
CGA CCA AAA AGA GGT GGA GAA AAT GAA GTT AAG GGA CCA AAT TCT GCC TTG ACT CAA TTT TTA AGA GAA
Arg Pro Lys Arg Gly Gly Glu Asn Glu Val Lys Gly Pro Asn Ser Ala Leu Thr Gln Phe Leu Arq Glu

90 100 110 120 130 140 150
GAA GGG ATC AGT GCT GAA AAT ATC AAA CAA AAA TGG TAC CAG CGA CAG TCG AAG AAG CAA GAA GAT GCA
Glu Gly Ile Ser Ala Glu Asn Ile Lys Gln Lys Trp Tyr Gln Arg Gln Ser Lys Lys Gln Glu Asp Ala

160 170 180 190 200 210 XhoI 220
ACA GAC GAA AAA AAA GGT AAA GCG GAG GAT GAT AGC TTT ACT GCC GAG ATA TCT CGA GTA GTT GAA GAT
Thr Asp Glu Lys Lys Gly Lys Ala Glu Asp Asp Ser Phe Thr Ala Glu Ile Ser Arq Val Val Glu Asp

230 240 250 260 270 280 290
GAA GAA ATT GAT GAA ATT GGA ACA GGT AGT GGT ACC GAG ACA GAA AGA GCT CAG GTT TCC TAC GAT GCC
Glu Glu Ile Asp Glu Ile Gly Thr Gly Ser Gly Thr Glu Thr Glu Arq Ala Gln Val Ser Tyr Asp Ala

300 310 320 330 340 350 360
AGG ATG AAA TTA GTC CCT GCT GAT AGT GAT GAA GAA GAA TAT GAA ACT AGC CAC ATT TCT GAC ACG CCA
Arg Met Lys Leu Val Pro Ala Asp Ser Asp Glu Glu Glu Tyr Glu Thr Ser His Ile Ser Asp Thr Pro

370 380 390 400 410 420 430
GTC AGT TTA AGT TCG GCT AAT GAC CGG GAA TCA TTG ACT AAA AAA AGG CAA AAT ACT GCA AAA ATT ATC
Val Ser Leu Ser Ser Ala Asn Asp Arq Glu Ser Leu Thr Lys Lys Arq Gln Asn Thr Ala Lys Ile Ile

440 450 460 470 480 490 500
CAA AAT CGT CGC AGA AAG CGT AAA AGA GCA GCT GAC CTA TTG GAT AGA CGC GTC AAC AAA GTA TCC AGC
Gln Asn Arg Arq Arg Lys Arg Lys Arq Ala Ala Asp Leu Leu Asp Arq Arq Val Asn Lys Val Ser Ser

510 520 530 540 550 560 570
TTA CAA AGT CTT TGT ATT ACG AAA ATT AGT GAA AAT ATA TCC AAG TGG CAA AAA GAG GCT GAT GAA TCA
Leu Gln Ser Leu Cys Ile Thr Lys Ile Ser Glu Asn Ile Ser Lys Trp Gln Lys Glu Ala Asp Glu Ser

580 590 600 610 620 630
TCA AAG TTG GTA TTT AAC AAA TTG AGA GAT GTC CTT GGT GGC GTA TCA ACC GCT AAT TTG AAT AAT TTG
Ser Lys Leu Val Phe Asn Lys Leu Arg Asp Val Leu Gly Gly Val Ser Thr Ala Asn Leu Asn Asn Leu

640 650 660 670 680 690 700 Bgl
GCA AAA GCA CTA TCG AAG AAT AGG GCC CTG AAT GAT-CAT ACT TTG CAA CTT TTC TTG AAG ACA GAT CTA
Ala Lys Ala Leu Ser Lys Asn Arg Ala Leu Asn Asp His Thr Leu Gln Leu Phe Leu Lys Thr Asp Leu

710 720 730 740 750 760 770
AAA AGG TTA ACT TTC AGC GAT TGT TCT AAA ATT TCA TTT GAT GGT TAC AAA ACG CTA GCC ATT TTT TCG
Lys Arg Leu Thr Phe Ser Asp Cys Ser Lys Ile Ser Phe ASD Gly Tyr Lys Thr Leu Ala Ile Phe Ser

780 790 800 810 820 830 840
CCA CAC CTA ACC GAA TTA TCC CTA CAA ATG TGT GGG CAG T-T-G AAC CAT GAA TCA TTG CTT TAC ATT GCT
Pro His Leu Thr Glu Leu Ser Leu Gln Met Cys Gly Gln Leu Asn His Glu Ser Leu Leu Tyr Ile Ala

850 860 870 880 890 900 910
GAA AAG CTA CCG AAC TTG AAA TCG CTG AAT TTA GAT GGA CCA TTT CTG ATC AAC GAG GAC ACA TGG GAG
Glu Lys Leu Pro Asn Leu Lys Ser Leu Asn Leu Asp Gly Pro Phe Leu Ile Asn Glu Asp Thr Trp Glu

920 930 940 950 960 970 980
AAG TTC TTT GTA ATA ATG AAA GGT AGA TTA GAA GAG TTC CAC ATT TCT AAT ACG CAC CGC TTC ACC GAC
Lys Phe Phe Val Ile Met Lys Gly Arg Leu Glu Glu Phe His Ile Ser Asn Thr His Arg Phe Thr Asp

990 1000 1010 1020 1030 1040 1050
AAA TCA TTA TCT AAT TTA TTG ATC AAC TGC GGT TCT ACC TTG GTA TCC TTA GGG TTA TCC AGA CTA GAT
Lys Ser Leu Ser Asn Leu Leu Ile Asn Cys Gly Ser Thr Leu Val Ser Leu Gly Leu Ser Arg Leu Asp

1060 1070 1080 1090 1100 1110 1120
TCT ATA TCA AAT TAC GCT TTA TTA CCG CAG TAC CTA GTC AAC GAC GAA TTT CAC AGT CTC TGT ATT GAA
Ser Ile Ser Asn Tyr Ala Leu Leu Pro Gln Tyr Leu Val Asn Asp Glu Phe His Ser Leu Cys Ile Glu

1130
TAT CCA TTC
Tyr Pro Phe

1140 1150 1160 1170 1180 1190
AAT GAA GAG GAT GTT AAC GAC GAG ATC ATC ATA AAT CTG CTA GGT CAA ATC GGG CGC ACG
Asn Glu Glu Asp Val Asn Asp Giu Ile Ile i1e Asn Leu Leu Gly Gin Ile Giy Arq Thr
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1200
TTA CGT AAA TTG GTT
Leu Arg Lys Leu Val

1210
TTG AAT
Leu Asn

1220
GGC TGT ATT
Gly Cys Ile

1230
GAC TTG ACA GAT
Asp Leu Thr Asp

1240
TCA ATG ATA
Ser Met Ile

1250
ATC AAT GGT CTG
Ile Asn Gly Leu

1270
TTC ATT CCT GAG
Phe Ile Pro Glu

1340
TCG TAC TTT
Ser Tyr Phe

141C
GGC GAT ATG
Gly Asp Met

1470
AAT TCA
Asn Ser

1540
CTT GGT
Leu Gly

1610
GTA ATT
Val Ile

14
TTA AAA
Leu Lys

1280
AAA TGT CCA
Lys Cys Pro

1350
TTC AGC AAA
Phe Ser Lys

14
GCA ATT ATA
Ala Ile Ile

180 1
GAG CTA ACT
Glu Leu Thr

1550
TTT GTA CGT TGT
Phe Val Arq Cys

1620
GAT GTT TTC GGA
Asp Val Phe Gly

1290
TTG GAG GTA TTG
Leu Glu Val Leu

1360
GTA GAA CTG AAT
Val Glu Leu Asn

120 1430
GAG CTA TTG CTT
Glu Leu Leu Leu

[490 150C
AAG GAG GCA TTT
Lys Glu Ala Phe

1560
GTT GAT GAC
Val Asp Asp

1630
GAC AAT TTG
Asp Asn Leu

15
TCG GTG
Ser Val

GTT ACT
Val Thr

1300
AGC TTG GAA GAA TCA
Ser Leu Glu Glu Ser

1370
AAT TTG ATT GAA TGC
Asn Leu Ile Glu Cys

1440
AAC GGA GCA AGA GAT
Asn Gly Ala Arq Asp

1510
GTG GCG TTA GCC TGT
Val Ala Leu Ala Cys

570 1580
ATT CAA ATG TTG GGT
Ile Gln Met Leu Gly

1640 1650
GAA AAG GCC ACA ATG
Glu Lys Ala Thr Met

1310
GAT
Asp

1380
AGC
Ser

14

AGT
Ser

1

CCT
Pro

GAG
Gi u

AGG
Arg

1320
CAG ATC ACT ACA GAT TCA
Gln Ile Thr Thr Asp Ser

1390
TTT AGA AGA TGT CTA CAA
Phe Arg Arg Cys Leu Gln

150 HindM 1460
CTG AGA AGC TTA AAT CTC
Leu Arg Ser Leu Asn Leu

L520 1530
AAT CTG ACG TAT CTT GAT
Asn Leu Thr Tyr Leu Asp

1590 1600
CAA AAT CCG AAT TTA ACT
Gln Asn Pro Asn Leu Thr

1660 1670
CCT GGA CTT ACG TTG ATA
Pro Gly Leu Thr Leu Ile

1680 1690 1700 1710 1720 1730 1740 1750
GGG AGA CAG AGT GAC AGT ATA TAA TAAAATAAAGACATATAAAACGTGTATTAGATAGAAAACGGAAAATTGACTAATGTTTT
Gly Arg Gln Ser Asp Ser Ile ---

1760 1770 1780 1790 1800 1810 1820 Nru11830 1840
ATTCCTATTATACCCAGATCGTCAAATGTTGCCTTTATTTTCTATTGAAGGGATTTTATGGCAATCTCGCGAATAATAAACAAACAATAAT
1850 1860 1870 1880 1890 1900 1910 1920 1930
AGTAAAAAAAAAAGTGTAAACTTATGTATTCAGCGCAGATAAAAGGAAAAAAACGAGAAGTTTGACGTAAAGAAAAAAGTTCGAAAACTTT

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
TGTAGCAGTTGAAAGTTTTGTATGCTATGTCAATTAGGCCTCTCACGTTAAACGGTTTAGATGAGCCAGAAACCTCTTTTGAAGAACTGAA

2040 2050 2060 2070
TACAACTCTACCTCGCTTTCAATCCCGATGAAACATTAACTTT

FIG. 5. Nucleotide sequence of the RAD7 gene and predicted amino acid sequence of the protein. The second digit from the right denotes
the numbered base. The positions of the 5' and 3' ends of the transcript are indicated by arrows. The thickness of the arrows at the 5' end
reflects the intensity of the protected DNA fragment bands in the gel shown in Fig. 4. Pertinent restriction sites are indicated.

autonomously replicating single-copy plasmid. The RAD7-
flanking pBR322 sequences in the resulting plasmid pGP15
are the same as in plasmid pGP8. Plasmid pGP15 was

introduced into a rad7-A mutant, and the UV survival of the
plasmid-containing strain was intermediate between those of
the rad7-A mutant and wild-type strains (Fig. 8), indicating
that copy number is only partially responsible for the com-

plementation ability of the 5' terminally deleted RAD7 gene.
To test whether the RAD23 function is involved in the partial
complementation ability of the truncated RAD7 gene, a

rad7-A rad23-A mutant strain was constructed and trans-
formed with either plasmid pGP4 or pGP8. The UV survival
of the mutant strains and transformants is shown in Fig. 8.
The rad7-A rad23-A double mutant is more UV sensitive
than either one of the two single mutants. Plasmid pGP4,
which contains the entire RAD7 gene, restores the UV
suvival of the double-mutant strain to that of a single rad23-A
mutant. However, plasmid pGP8, which is missing the
amino terminus of the RAD7 protein, does not show any
complementation ability when introduced into a strain with
the rad7-A rad23-A double-mutation background. These ob-
servations suggest that the RAD23 protein can compensate
for the function of the missing amino-terminal region of
RAD7.

Lack of cross-complementation between RAD7 and RAD23.
One interpretation of the results of the complementation
analysis of the amino-terminally truncated RAD7 subclone is
that the RAD7 and RAD23 proteins share a common func-
tion. On the basis of the proposed common evolutionary
origin of the two genes (27), it could be postulated that the
two gene products perform similar functions in the excision
repair of UV-damaged DNA in S. cerevisiae cells, although
they might be present in different amounts in the cell, as is
the case for the highly conserved iso-l- and iso-2-
cytochrome c, encoded by the CYCI and CYC7 genes,
respectively. Iso-2-cytochrome c makes up only about 5% of
the total cytochrome c in yeast cells (53). However, over-

production of iso-2-cytochrome c can compensate for the
deficiency of iso-1-cytochrome c in cycl mutants. To deter-
mine the extent of the functional relationship between the
RAD7 and RAD23 gene products, we tested whether the
absence of one of the two gene products could be comple-
mented even partially by overproduction of the other. For
this purpose, the RAD7 gene on a multicopy vector (plasmid
pGP4), was introduced into a rad23-A mutant yeast strain
and the UV survival of transformants was determined. The
reciprocal experiment was also performed by testing the UV
survival of a rad7-A strain bearing the RAD23 gene on a

1330
CTG
Leu

1400
TTG
Leu

1260
ACT GCA
Thr Ala
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FIG. 6. Kyte and Doolittle (23) hydropathy profile of the RAD7 protein. The computer program continuously determines the average

hydropathy of a moving segment of given length. Each value in the figure is calculated over a range of 11 amino acids and represents the sum
of the individual values for these residues. The first plotted value corresponds to the amino acid residue number 5. Negative values indicate
hydrophilic regions in the protein.

multicopy vector (plasmid pPP18, constructed as described
in Materials and Methods). Neither of the two genes, when
present at high copy number in the reciprocal single-mutant
background, was able to complement even partially the
UV-sensitive mutant phenotype. This result indicates that
the RAD7 and RAD23 proteins must differ from each other
in some domain(s) of activity, which renders them function-
ally distinct.

DISCUSSION
The RAD7 gene transcribes a 1.8-kb mRNA with several

5' ends, which, except for one, map between 61 and 8
nucleotides upstream of the first ATG at position + 1 (Fig 4A
and 5). The RAD7-encoded protein contains 565 amino acids
with a predicted size of 63.7 kilodaltons. The RAD7 protein
does not show any significant homology with the E. coli

uvrA (A. Sancar, personal communication), uvrC (48), and
uvrD (10) proteins. Also, no homology is observed with the
protein sequences ofRAD1 (P. Reynolds, L. Prakash, and S.
Prakash, unpublished observation), RAD2 (K. Madura and
S. Prakash, submitted for publication), RAD3 (34, 44), and
RAD10 (45) of S. cerevisiae.
The RAD7 protein is highly structured, with 50% of the

charged residues clustered in the amino-terminal region. The
hydropathy profile (23) indicates the presence of a highly
hydrophilic amino-terminal region and a hydrophobic region
toward the carboxyl terminus (Fig. 6). Kyte and Doolittle
(23) showed a high correlation between protein regions, with
average hydropathy values of a given 19-amino acid segment
greater than 1.6 and membrane-spanning regions of mem-
brane-bound proteins. The hydropathy analysis of the RAD7
protein indicates two possible membrane-binding domains,

HIlIIJH
500 bp

Eco RI BgJ 11 Pst I
I,I

Xba Xho Bgl 11
I I I-

ATG ~~RAD7 ORF ~TAA

Sal I Eco RI Xho Eco RI

pGP4

Tetr

Sal I/Xho

Amp'
Eco RI

I i pGP8

Ampr

FIG. 7. RAD7 subclone lacking the entire 5' noncoding region and the amino-terminal region of the RAD7 protein. The restriction map of
the RAD7 gene with the relevant restriction sites is given in the upper part of the figure, and the RAD7 open reading frame is indicated.
Plasmid pGP8 was derived from plasmid pGP4 by deletion of the region of DNA between the SalI site in the pBR322 sequence and the XhoI
site at position +209 in the RAD7 sequence. The distance between the Sail site and the closest EcoRI site is not to scale. The direction of
transcription of the genes that confer ampicillin and tetracycline resistance is indicated by the arrows.

Hind III Nru
I I

Eco RI

I i

-4
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J

C)

UV FLUENCE, J/m2

FIG. 8. Survival after UV irradiation of the rad7-A and rad23-A
single-mutation strains and of the rad7-A rad23-A double-mutation
strain, with or without plasmids. Plasmid pGP4 contains the entire
RAD7 gene. The 5' deleted RAD7 gene described in the text is
inserted in a multicopy vector in plasmid pGP8 and in a single-copy
vector in plasmid pGP15. Symbols: *, LP2727-14B, RAD+; [,
LP2741-3B, rad7-A; V, S211-1D, rad23-A; A, GP32-1B, rad7-A
rad23-A; 0, LP2741-3B(pGP8); *, LP2741-3B(pGP15); A, GP32-
1B(pGP4); x, GP32-1B(pGP8).

both of which are located in the hydrophobic region toward
the carboxyl terminus, around the amino acid residues 425
and 475. A comparison of the RAD7 protein sequence with
those of the outer membrane proteins OmpC (32), OmpF
(18), and PhoE (38) of E. coli did not reveal any significant
homology.
A deletion in the RAD7 gene of the first 99 codons, which

represent a major portion of the hydrophilic region, retains
partial complementation ability of a rad7-A mutant strain in
a single-copy plasmid, while it provides full complementa-
tion when present in a multicopy plasmid (Fig. 8). The
complementation ability of the multicopy plasmid containing
the amino-terminally deleted RAD7 gene is abolished in a
strain that is deleted for both the RAD7 and the RAD23
genes. One interpretation for these results is that the RAD7
and RAD23 genes share a region that codes for a similar
activity in the two proteins. In the absence of this region in
the RAD7 protein, the RAD23 protein could supply the
missing function. However, since the rad7-A and the rad23-
A mutants cannot be cross-complemented even by the
multicopy plasmids containing the RAD23 and RAD7 genes,
respectively, the two proteins must also contain distinct
functions. Alternatively, an interaction between the RAD7
and RAD23 proteins could account for the activity or the

stability, or both, of the amino-terminally deleted RAD7
protein.
rad7 or rad23 deletion mutants, as well as radl4 mutants,

are only partially defective in the excision repair of UV-
damaged DNA, as well as of psoralen-plus light-induced
DNA interstrand cross-links (31, 41). In contrast, mutants
with mutations in the RADI, RAD2, RAD3, RAD4, RADIO,
and MMSJ9 genes are highly defective in excision repair of
these lesions (see reference 30 and references therein). The
difference between these two groups of mutants resides in
the lack of incision in the radi, rad2, rad3, rad4, radiO, and
mmsl9 mutants (30, 46, 58), while the rad7, radi4, and rad23
mutants are only partially incision defective (30, 31, 58). The
partial incision deficiency of the rad7-A mutant suggests that
the RAD7 protein might play an accessory role in the
incision process; for example, its activity might be required
to render a subset of the lesions in chromatin accessible to
the incision complex. DNA lesions in different regions of
chromatin might be repaired with different efficiency de-
pending upon the chromatin structure, location of chromatin
in the nucleus, or association of chromatin with the nuclear
matrix or with other nuclear structural components (4, 5, 25,
33). The membrane-binding domains indicated by the
hydropathic structure might suggest that RAD7 is a nuclear
membrane protein and affects the repair of chromosomal
regions associated with the nuclear membrane. Purification,
characterization, and cellular localization of the RAD7 pro-
tein should provide some insight into its role in excision
repair.
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