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radS (rev2) mutants of Saccharomyces cerevisiae are sensitive to UV light and other DNA-damaging agents,
and RADS is in the RAD6 epistasis group of DNA repair genes. To unambiguously define the function ofR4DS,
we have cloned the RAD5 gene, determined the effects of the radS deletion mutation on DNA repair, DNA
damage-induced mutagenesis, and other cellular processes, and analyzed the sequence of RAD5-encoded
protein. Our genetic studies indicate that R4DS functions primarily with R4D18 in error-free postreplication
repair. We also show that R4DS affects the rate of instability of poly(GT) repeat sequences. Genomic poly(GT)
sequences normally change length at a rate of about 10-4; this rate is approximately 10-fold lower in the radS
deletion mutant than in the corresponding isogenic wild-type strain. RADS encodes a protein of 1,169 amino
acids of M, 134,000, and it contains several interesting sequence motifs. All seven conserved domains found
associated with DNA helicases are present in RAD5. RAD5 also contains a cysteine-rich sequence motif that
resembles the corresponding sequences found in 11 other proteins, including those encoded by the DNA repair
gene RA4D8 and the RAGI gene required for immunoglobin gene arrangement. A leucine zipper motif
preceded by a basic region is also present in RAD5. The cysteine-rich region may coordinate the binding of zinc;
this region and the basic segment might constitute distinct DNA-binding domains in RAD5. Possible roles of
RAD5 putative ATPase/DNA helicase activity in DNA repair and in the maintenance of wild-type rates of
instability of simple repetitive sequences are discussed.

DNA containing pyrimidine dimers and other types of UV
damage is a poor template for the replication machinery.
Since DNA polymerases cannot copy past such damage, a

gap ensues in the newly synthesized strand across from the
damage site. This gap can be filled in by several different
postreplication repair processes. Genetic evidence from
Saccharomyces cerevisiae suggests that the majority of gaps
are filled in an error-free manner in which information for
gap filling is obtained from the undamaged strand in the
sister duplex (45). Either recombinational or nonrecombina-
tional mechanisms may be utilized. In recombination, the
strand from the sister duplex fills in the gap; a nonrecombi-
national mechanism might entail a copy choice type of DNA
synthesis in which blocked DNA polymerase switches from
the damaged template, carries out translesion DNA synthe-
sis by copying the undamaged strand in the sister duplex,
and then switches back to the damaged template after
clearing the lesion. Under certain circumstances, gap filling
can occur by mutagenic bypass of the lesion.
To elucidate the mechanisms employed by eukaryotic

cells to fill in the gap across from the lesion, we have been
studying the genes that function in nonmutagenic and muta-
genic postreplication repair pathways in S. cerevisiae. Sev-
eral of these genes have been cloned, and in some cases,
their protein products have been purified and their biochem-
ical activities have been identified; in other instances, the
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activities of proteins encoded by some of these genes have
been inferred from their sequences. Among the genes re-

quired for postreplication repair, RAD6 has the most pleio-
tropic effects; rad6 mutants are defective in postreplication
repair, damage-induced mutagenesis, and sporulation (32,
45). The RAD6 protein has been purified in our laboratory; it
is a ubiquitin-conjugating enzyme that can efficiently ubiq-
uitinate histones in vitro (25, 60). Another gene, RAD18, is
required for postreplication repair but has no effect on UV
mutagenesis or sporulation (32, 45). The RAD18 protein
contains cysteine-rich zinc-binding motifs for DNA binding
and also the putative nucleotide-binding domains (27). rad6
and radl8 mutants show about the same level of UV
sensitivity and deficiency in postreplication repair, and the
UV sensitivity of the rad6 radl8 double mutant is the same

as that of either single mutant, indicating an epistatic rela-
tionship. Other genes in the RAD6 epistasis group are REVI,
REV2 (RADS), and REV3. The REV1 and REV3 genes are
essential for UV mutagenesis (32). The REV3-encoded pro-
tein shows homology to DNA polymerases (41), and it likely
is a specialized DNA polymerase that primarily functions in
the mutagenic bypass of lesions. Since the revl and rev3
mutations confer a low level of UV sensitivity and rev3 has
no discernible effect on postreplication repair (45), muta-
genic bypass constitutes a minor DNA repair pathway in
yeast cells.
The role of RADS (REV2) in mutagenic and nonmutagenic

postreplication repair processes has been ambiguous. radS
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TABLE 1. S. cerevisiae strains

Strain Genotype

BM1034-2C ........MAMTa arg4-17 his3Al trpl-289 ura3-52 radS-7
mmsl9-1

BM1281-lC ........ MATa aig4-17 lys2-1 trpl-289 ura3-52 radS-7
LP1689-5C........MA4Tot arg4-17 his4-38 trp2 radS-7
BM1281-6A ..MATaarg4-17 lys2-1 trpl-289 ura3-52
BJY5........ BM1281-6A radS disruption::URA3z
BJY28 ........ BM1281-6A rad5A::URA3
DBY747 ..MATa CANI his3A-l leu2-3 leu2-112 trpl-289

ura3-52
BJY47 ........ DBY747 radSA
BJY51 ........ DBY747 rad5A radlA::URA3
PRY43 ........ DBY747 radlA&::LEU2
BJY52 ........ DBY747 rad5A& rad52A::URA3
BJY50 ........ DBY747 radS2A::URA3
BJY53 ........ DBY747 radSA rad6A::URA3
YJJ49 ........ DBY747 rad6A::LEU2
BJY54 ........ DBY747 radSA radl8A::URA3
YJJ48 ........ DBY747 radl8A
BJY58 ........ DBY747 radSA rev3A::LEU2
BJY55 ........ DBY747 rev3A::LEU2
BJY63 ........ DBY747 radSA revlA::HIS3
BJY58 ........ DBY747 revlA::HIS3
RS22-12B ..MATot ade2-1 lysl-l trpl-289 his4 (F) ura3-52
BJY59 ........ RS22-12B rad5A
16C-63 ....... MATa arg4 hisS Iysl ade2 trpS adeS gal2 mell

leul radS-S
uvslO (Snow) ..MATot radS-1
PD3 ...... . MATTa ura3 ade2 tyr7 arg4 trpl his4-Sal
SH31........ PD3 + pSH31
SH77....... PD3 radSA::URA3 + pSH31

a The gene following the double colon indicates the selectable marker used
in generating the radA mutation.

point mutations showed a lowering of UV mutagenesis of
ochre alleles but had no effect on the reversion of amber,
missense, or frameshift mutations (33). These results, how-
ever, could have arisen from leakiness of the radS mutant
alleles examined. To define the role ofRADS in DNA repair
and other cellular processes, we have cloned the RADS gene
and have studied the effect of the radS deletion (radSA)
mutation on DNA repair, mutagenesis, and other cellular
processes. We show that RA4D5 encodes a protein of 134 kDa
which contains all the seven domains that have been found
associated with DNA helicases. A cysteine-rich motif
present in RAD5 might coordinate the binding of zinc,
promoting the binding of protein to DNA. Our genetic
studies with the radSA mutation suggest that RADS primarily
functions with RAD18 in an error-free postreplication repair
pathway.

Eukaryotic genomes, including that of S. cerevisiae, con-
tain regions where a single base or pair of bases is repeated
many times. These repeated tracts consist of alternating GT,
alternating GA, or poly(A) sequences (65). Because of their
repetitive nature, these tracts undergo changes in size which
could arise as a result of recombination or DNA polymerase
slippage events. We show that RADS affects the stability of
genomic poly(GT) tracts.

MATERIALS AND METHODS

Strains and media. Yeast strains used in this study are
listed in Table 1. Escherichia coli HB101, GM119, and DHSat
were used for propagation of plasmids; JM101 was used for
propagation of M13 phage derivatives. YPD and synthetic
complete media were prepared according to Sherman et al.

(55). Methyl methanesulfonate (MMS) was added to YPD
medium at a concentration of 0.02%. 5-Bromo-4-chloro-3-
indolyl-p-D-galactoside (X-Gal) plates were prepared as de-
scribed by Rose and Botstein (50).

Transformations, DNA isolation, and other procedures.
Nucleic acid purification, gel electrophoresis, and E. coli
transformations were performed by standard protocols (40).
Yeast cells were transformed by the lithium acetate method
(24). Plasmids and phage constructions were carried out by
using the low-melting-point agarose method (26).

Plasmids. Plasmids YEp24 (7) and YEplacl95 (16) are
high-copy-number plasmids that carry the yeast 2p,m plas-
mid DNA origin of replication. YCplac33 and YIplac211 (16)
are CEN4/ARS1 and integrating plasmids, respectively. All
plasmids carry the URA3 gene as a yeast selectable marker.
Plasmids used for studies of poly(GT) tract instability were
as follows.

(i) pSH31. Plasmid pSH31 was used to monitor stability of
simple repetitive sequences (20). A 29-bp poly(GT) sequence
was inserted into a BamHI site in the coding region of a lacZ
gene that was fused to a LEU2 promoter, creating an
out-of-frame lacZ gene. Alterations in the tract length of
poly(GT) that restore the correct reading frame result in blue
yeast colonies on medium containing X-Gal. The selective
marker on the plasmid is TRPI.

(ii) pSH86. The 4.7-kb HindIII-PstI RADS DNA fragment
was inserted into HindIII-PstI-digested pBluescriptIISK-.

(iii) pSH87. Plasmid pSH86 was digested with EcoRV, and
the fragment containing the vector sequences and part of the
RADS insert was purified. The 1.2-kb URA3 BamHI DNA
fragment was isolated from pM21 (54), treated with the
Klenow fragment of DNA polymerase in order to generate
blunt ends, and then ligated to the EcoRV fragment derived
from pSH86.

Isolation of the RADS gene. The yeast gene pool in YEp24
(8) was used to transform the radS-7 mmsl9-1 yeast strain
BM1034-2C to Ura+. The radS-7 mutation is the same as the
rev2-1 mutation (14). Over 8,000 transformants were replica
plated onto synthetic complete medium lacking uracil and
irradiated with UV radiation (30 J/m2) (46). UV-resistant
transformants were then grown under nonselective condi-
tions to promote plasmid loss and subjected to screening for
plasmid loss on 5-fluoro-orotic acid (6). Plasmid-dependent
UV resistance was observed in four transformants. Plasmid
DNA was isolated and used to transform the radS-7 yeast
strain BM1281-1C. Two plasmids that complemented the
radS-7 mutation carried overlapping inserts of 10.2 and 9.1
kb and were designated pBM102 and pBM125, respectively.
Plasmid pBM102 was used in further studies.
DNA sequencing. DNA fragments of the 4.5-kb yeast insert

in pBM118 generated by digestion with restriction enzymes
were subcloned into M13mp18 and M13mpl9. Single-
stranded M13 DNA containingRAD5 inserts was sequenced
by the dideoxy-chain termination method (52) by using
Sequenase version 2.0 (United States Biochemical Corp.)
and M13 or RAD5 sequence-specific primers with deoxyad-
enosine 5'-([a-35S]thio)triphosphate (5). In areas of strong
secondary structure, dGTP was replaced by dITP in the
sequencing reactions as described by the manufacturer.
Both DNA strands were independently sequenced in the two
laboratories.

Generation of a genomic radSA mutation. A radSA muta-
tion was constructed by replacing an internal fragment of the
RADS open reading frame (ORF) with a 3.8-kb BamHI
fragment containing the URA3 gene flanked by two 1.1-kb
direct repeats of Salmonella hisG DNA (2). Plasmid pBJ22,
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FIG. 1. Subcloning of the RAD5 gene. pBM102 and pBM125 contain 10.2- and 9.1-kb yeast inserts in YEp24. The ability (+) or inability
(-) of various subclones to complement the radS-7 point mutation is shown. Restriction sites: S*, Sau3A-BamHI; Bg, BglII; E, EcoRI; H,
HindIII; Hp, HpaI; N, NcoI; P, PstI; R, EcoRV; S, SalI; X, XbaI.

when cut with XbaI, generated a 5.5-kb fragment that
consists of 339 bp of DNA 5' to the RADS ORF, 673 bp of
N-terminal RADS ORF, the 3.8-kb Salmonella hisG::yeast
URA3::Salmonella hisG DNA, followed by 65 bp of C-ter-
minal RAD5 ORF plus 625 bp of DNA 3' to the RAD5 ORF,
and the XbaI site of the pUC18 multicloning site. Transfor-
mation of yeast to Ura+ with the 5.5-kb XbaI fragment
resulted in a genomic deletion from +674 to +3443 of the
RADS gene. Strains which had become Ura- because of
having lost the URA3 gene by recombination of the two
Salmonella hisG sequences were selected for on 5-fluoro-
orotic acid. For studying the stability of poly(GT) tracts, we
used a radSA strain in which a 2.3-kb EcoRV fragment of
RADS was replaced with URA3. This deletes sequences
from +696 to +3078 in the RAD5 ORF. The identity of the
rad5A mutations was verified by testing for allelism with
radS point mutations and by Southern analyses.
UV survival, UV mutagenesis, and sporulation. Wild-type

and mutant strains grown to mid-logarithmic phase (2 x 107
to 5 x 107 cells/ml) in YPD or selective medium were
harvested, washed, and resuspended in sterile distilled water
at 108 cells per ml. For UV survival, cells were diluted,
plated on selective or YPD medium, and irradiated (46). For
UV-induced mutagenesis, cells were plated at 107 cells per
plate on the appropriate selective medium, UV irradiated,
and grown for at least 5 days. Sporulation and dissection of
asci were done as described elsewhere (55).
Measurement of poly(GT) tract instability. The measure-

ment of tract instability was based on a method developed by
Levinson and Gutman (20, 37). We used a plasmid (pSH31)
with an out-of-frame insertion of poly(GT) within the coding
sequence of 3-galactosidase (20). Thus, an alteration of tract
length that restored the reading frame could be detected by
observing the frequency of blue yeast colonies on X-Gal
plates (20). For this measurement, plasmid-containing cells
were replica plated to plates lacking tryptophan (to ensure
retention of the plasmid) and grown overnight at 32°C. The
cultures were then diluted to 100 cells per ml in liquid YPD;
100 RIu of this dilution was used to seed each of the wells of
a 96-well microtiter dish, which was incubated at 32°C for 22
to 26 h. The contents of each well were then transferred to a
microcentrifuge tube and spun briefly to pellet the cells. The
supernatant was removed, and the cells were resuspended in
1 ml of sterile distilled water. The cells were then plated on
X-Gal medium lacking tryptophan, threonine, and leucine.
Plates were incubated for 10 days to allow for complete

development of the blue color. The proportion of cultures
with no blue colonies was determined, and the rate of tract
instability was calculated by the method of Luria and Del-
bruck (39) as modified by Lea and Coulson (34).

Nucleotide sequence accession number. The sequence ob-
tained for the RAD5 gene has been deposited in GenBank
under accession number M96644.

RESULTS

Cloning of the RADS gene. Since the rad5 point mutations
confer a moderate level of sensitivity to UV irradiation (see
Fig. 7), the RAD5 gene was cloned by complementation of
the radS-7 mutation in an excision repair-deficient back-
ground. The radS-7 and mmsl9-1 mutations affect alternate
DNA repair pathways; therefore, a yeast strain containing
both the radS-7 and mmsl9-1 mutations is much more UV
sensitive than a strain carrying either mutant allele alone.
Complementation of either allele in the double mutant re-
stores moderate UV resistance equivalent to that of the
single mutant. Yeast strain BM1034-2C was transformed to
Ura+ with a yeast gene pool cloned into the multicopy
vector YEp24. Two UV-resistant transformants were found
to carry plasmids with overlapping 10.2- and 9.1-kb inserts
(Fig. 1) that fully complemented the radS-7 mutation. Sub-
cloning analyses indicated the radS complementing region to
be contained within a 4.5-kb PstI-SalI fragment. This frag-
ment complemented the radS-7 mutation in both multicopy
and low-copy-number plasmids pBM118 and pBJ6, respec-
tively.
To establish that the 4.5-kb PstI-SalI fragment contained

the RAD5 gene and not an extragenic suppressor of the
radS-7 mutation, a genomic disruption of the cloned gene
was generated in a RAD+ strain. An internal 1.15-kb HpaI-
EcoRI RAD5 fragment was cloned into the integrating plas-
mid YIplac211 (16), generating plasmid pBJ4. Digestion of
this plasmid with BglII generated free ends to direct homol-
ogous integration into the genome at the RAD5 locus.
Transformants sensitive to both UV and MMS were crossed
to the radS-7 mutant strain, and the resulting diploids were
found to be UV and MMS sensitive, confirming that the
disrupted gene was allelic to radS.

Sequence analysis of RADS. Both strands of the 4.5-kb
PstI-SalI complementing fragment were independently se-
quenced in the two laboratories, and a perfect match was
found between the two sequences. RAD5 encodes a protein
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FIG. 2. Nucleotide sequence of RAD5 and predicted amino acid sequence. Numbering of nucleotides is in relation to a (+ 1) of the
translation initiation codon, ATG. Dots mark every 10 bases. Some of the restriction sites are underlined. The Mlul sequence at position -137
and a similar sequence at position -161 are boxed. Amino acids are numbered in italics, and the stop codon TAG is indicated by an asterisk.
The seven helicase domains are boxed and indicated by roman numerals (I, Ia, and II to VI). Cysteine and histidine residues of the
cysteine-rich zinc finger motif are circled. The basic region N terminal to the leucine zipper motif is underlined, and leucine residues of the
heptad repeat motif are boxed.

of 1,169 amino acids with a calculated molecular mass of 134
kDa. We have identified several interesting sequence motifs
in the RAD5 protein which include the putative DNA
helicase domains, a cysteine-rich portion, and a basic region
followed by the leucine heptad repeat motif (Fig. 2).
RAD5 contains the seven conserved sequence motifs that

have been identified in many proteins that bind and hydro-
lyze nucleotides and contain DNA or RNA helicase activi-
ties (17). Figure 3 shows a comparison of helicase domains I
through VI among RAD5, RAD3 (49), and eIF-4A (42). The
S. cerevisiae RA4D3 gene is required for excision repair of
UV-damaged DNA and is essential for cell viability; the
RAD3 protein is a single-stranded DNA-dependent ATPase,

and it contains DNA and DNA.- RNA helicase activities but
has no RNA helicase activity (4, 58, 59). eIF-4A encodes a
eukaryotic translation initiation factor that exhibits an RNA
helicase activity capable of unwinding mRNAs in an ATP-
dependent manner (48). In domain I, RAD5 contains the
Walker type A sequence motif GXGKT (69) between resi-
dues 535 and 539. The conserved lysine (K) in the GKT
sequence has been proposed to interact with the ot phospho-
ryl group of the bound nucleotide (13); its replacement with
arginine in RAD3 abolishes the DNA and DNA.- RNA
helicase activities but not the ability to bind ATP (4, 57).
Domain II contains the Walker type B box, which is char-
acterized by the presence of three to five conservative
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FIG. 2-Continued.

hydrophobic residues followed by an aspartate residue. It
has been proposed that aspartate interacts with Mg2+ on

MgATP and that the hydrophobic residues of this sequence
serve to exclude water from the ATP reaction center (13).
The Walker type B box containing the hydrophobic residues
followed by the highly conserved DE pair is located between
residues 668 and 684 in RAD5. A special version of the
Walker type B sequence, the DEAD box, is found in eIF-4A
and other RNA helicases (38). In RAD5, the corresponding
sequence is DEGH, and in RAD3, it is DEAH. In domain
VI, RAD5 has the sequence HRIGQ, whereas the sequence
HRIGR is invariant in eIF-4A and other RNA helicases (38).
The absence of the DEAD box and HRIGR sequence motifs
from RAD5 suggests that RAD5 might possess DNA heli-
case but not RNA helicase activity.
Near the carboxyl terminus, between residues 911 and

967, RAD5 contains a cysteine-rich motif (12) that resembles
the sequence found in 11 other proteins (Fig. 4). This

sequence has the consensus CX2CX11_30CXHXF(I,L)CX2CI
(L,M)X7_18CPXC, in which the phenylalanine (F), and iso-
leucine (I) residues are highly conserved but not invariant,
and they can be replaced by other hydrophobic residues.
This sequence differs from classical zinc finger motifs in the
spacing between cysteine-cysteine/histidine pairs (usually 6
to 13 amino acids in zinc finger proteins), and the distance
between the two finger domains is shorter than that found in
other zinc finger proteins. The cysteine-rich domain identi-
fied in RAD5 and other proteins represents a novel motif
which is possibly used for zinc binding and DNA binding.
Some of these proteins function in DNA repair and recom-
bination, while others encode transcriptional regulators. The
yeast RAD18 gene is required for postreplication repair of
UV-damaged DNA, and our studies indicate that RAD5
functions with RAD18 in DNA repair (see below). RAGI
activates immunoglobulin gene arrangement and may en-

code a recombinase (53). Rpt-1 is a regulator of the interleu-
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4062

AAAATAAAACAGCGCCATAAGGCATGGACGATAGAAATACGAAGACGAAGAAAATCATCATCAGTCGGGATCAAATAAGAGATAATTTTGAAAATCGAAA
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DOMAIN I Ia II

RAD3 (34) GGNS KTMPSLGJS (11) R ICSRTMSEIEKALV (142) SKDSI D

RAD5 (526) IKGGIDE KT A (42) aWIV1VeMS I WSNEFT (68) VNFYR IID R

eIF-4A (68) GYDV A TFAIS (13) V TRE I iQIQKVV (53) KYIKM VLADEML
I G GIT DI D

H

III IV
RAD3 (215) VI ISPLDMYP (64) DGM VV FPSY

RAD5 (17) K LTG PIINFa D (293) E[1VIF SQFS ELDIL[.EIJ
eIF-4A (20) VVLLS PSD; LEV (49) T I INTR HA

v VI
RAD3 (35) CSNGRGA HQYGR (37) MRH QC RGKDDYGVM (97)

RAD5 (31) DYSRQKI LLS AM..GLN TCASHAMM (15) EDQj DRLHRI QTNSVKVMR (45)

eIF-4A (24) FRSGSS LI DLL..A QQ...VS LV(5) PTNRENYIHI GGRFGRKG (36)

FIG. 3. Alignment of RAD5 with RAD3, a DNA helicase, and eIF-4A, an RNA helicase, in the seven conserved domains found in the
superfamilies of DNA and RNA helicases. Identical and highly conserved residues shared between RAD5 and the two helicases are boxed.
Residues shared among the three proteins in domains I and II are indicated in bold. The first and last set of numbers in parentheses indicate
the distance from the amino terminus and carboxyl terminus, respectively, of each protein. Other numbers in parentheses indicate the number
of amino acids separating domains.

kin-2 receptor gene (43), and Mel-18 and Rfp represent two
potential oncoproteins (61, 62). The role of this motif in
DNA binding is indicated from studies with Mel-18, in which
a deletion mutation lacking the cysteine-rich domain has
been shown to abolish Mel-18 DNA-binding activity (61).
The lymphocytic choriomeningitis virus Z protein binds
Zn2+ (51), suggesting that other members of this family
might also bind Zn2+.
The RADS-encoded protein possesses the heptad repeat

consensus sequence of a leucine zipper (30) that has been
identified in several regulatory proteins. The leucine zipper
region usually consists of four to five leucine residues in
which leucines are separated from one another by six amino
acids, and this region is immediately preceded by a segment
rich in basic residues. RAD5 contains three leucines, each
separated by six residues, and a basic sequence motif is
present in front of this region. Alignment of this sequence in
RAD5 with the leucine zipper domain in GCN4, a yeast
transcriptional regulator (21), and c-Fos (68) and c-Jun
oncoproteins (19) is shown in Fig. 5. In this region of 37
amino acids, RAD5 shares 38% identical and 62% conserved
residues with GCN4. In GCN4, c-Fos, and c-Jun, the leucine
repeat structure has been shown to be required for dimer
formation, and the basic region represents the DNA-binding
domain (15, 22, 23, 67). Helical wheel and helical net
analyses (not shown) of RAD5 in the potential leucine zipper
domain suggest the likelihood of helix formation, which can
be stabilized by ion pairing. The leucine zipper domain in
RAD5 could be involved in RAD5 forming a dimer with itself

RAD5 (911)
RAD18 ( 25)
RAG-1 (290)
PML ( 54)
RFP ( 13)
VZ61 ( 16)
CG30 ( 5)
RPT-1 ( 12)
RING1
MEL-18 ( 15)
IE110 (113)
LCMV-Z ( 29)
Consensus

or complexing with another DNA repair protein, whereas
the basic region might constitute a DNA-binding domain that
differs from the cysteine-rich region in DNA recognition
properties.
The rad5A mutation causes slow growth. Since previous

genetic studies used radS point mutations that could have
been leaky, we generated a genomic deletion mutation of
RADS and examined its effect on viability, growth, sporula-
tion, UV sensitivity, and UV mutagenesis.
The radSA mutant is viable, indicating thatRADS is not an

essential gene; however, its growth rate is considerably
slowed. The doubling time of the radSA mutant was 129 + 4
min, in contrast to 90 ± 8 min for the isogenic wild-type
strain. The radl8A and rad6A mutations slow the growth rate
even further than does the radSA mutation, to 165 ± 13 and
186 ± 17 min, respectively. We did not observe any effect of
the radSA mutation on sporulation or spore viability.
RADS functions with RAD18 in DNA repair. Previous

studies indicated that the radS-7 mutation lowered the rever-
sion frequency of ochre alleles but had no effect on reversion
of other types of mutations. We found that UV-induced
reversion of arg4-17, lysl-1, lys2-1, and ade2-1 ochre alleles
is reduced but not abolished in the rad5A mutant. The
arg4-17 allele was affected the most. Arg+ revertants in the
radSA strain occurred at about a 10-fold-lower rate than in
the wild type; reversion of lysl-l, lys2-1, and ade2-1, how-
ever, was reduced only 2- to 3-fold (Table 2). The rad5A
mutation also did not affect the rate of UV-induced forward

SLECSICT------TEPMDLD-------KALFTECGESFCEKCLFEYIEFQNSKNLGLKCPNCRNQ
LLRCHICK------DFLKVPV----------LTPCGHTFCSLCIRTHLNN------QPNCPLCLFE
SISCQICE------HILADPV----------ETNCKHVFCRVCILRCLKVM-----GSYCPSCRYP
FLRCQQCQ------AEAKCPK----------LLPCLHTLCSGCILEAS--------GMQCPLCQAP
ETTCPVCL------QYFAEPM----------MLDCGHNICCACLARCWGTAET---NVSCPQCRET
DNTCTICM------ STVSDLG--------- KTMPCLHDFCFVCIRAWTST-----SVQCPLCRPV
KLQCNICFSVAEIKNYFLQP IDRLTI IPVLELDTCKHQLCSMCIRKIRKRK-----KVPCPLCRVE
EVTCP ICL------ELLKEPV----------SADCNHSSFCRACITLNYESNRNTDGKGNCPVCRVP
ELMCP ICL------ DMLKNTM---------TTKECLHRFCSDCIVTALRSG-----NKECPTCRKK
HLMCALCG----- GYFIDAT---------TIVECLSISFCKTCIVRYLET ------NKYCPMCDVQ
GDVCAVCT------DE IAPHL-------RCDTFPCMHRFCIPCMKTWMQL------RTNCPLCNAK
PLSCKSCW------QKFDSLV-------RC----}ED}YLCRHCLNLLLSV------SDRCPLCKYP
---c--c---------------------------C-R-FC--CI--------------- -C---

I L
L M

(963)
( 68)
(334)
( 94)
( 59)
( 61)
( 65)
( 61)

( 59)
(159)
( 71)

FIG. 4. Potential zinc-binding regions in RAD5 and other proteins. Conserved residues of the cysteine-rich consensus are shown in bold
type. Numbers in parentheses indicate residue positions. References: RAD18 (27); RAG-1 (53); PML (28); Rfp (62); VZ61 (9); CG30 (66);
Rpt-1 (43); RING1 (12); Mel-18 (61); IE110 (44); lymphocytic choriomeningitis virus (LCMV-Z) (51).
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RAD5 (303) EGG .NGNF ETDEE SRSKR LKLFDKLRLKPI (871)
GCN4 (231) K TE QRM. DKEE L LSKY14LENEV VGER ( 0)
cJUN (273) K I LERI . EK LCQNSEIL.T QVAs ( 23)
CFOS(142)R ~LTDT. ATD EDEKSAt2TI KEt (187)

FIG. 5. Alignment of the potential leucine zipper domain of
RAD5 with those of GCN4, c-Jun, and c-Fos. Basic residues and
leucine residues of the heptad repeat motif shared among the
proteins are boxed. Numbers in parentheses at the beginning and
end indicate the distance from the amino terminus and carboxyl
terminus, respectively, of each protein.

mutations at the CANJS locus (Fig. 6). Thus, RADS is not
required for UV mutagenesis of most sites in the genome.
The S. cerevisiae UV repair genes have been classified

into three epistasis groups. The RAD3 group consists of
genes involved in excision repair of UV-damaged DNA, the
RAD6 group genes function in postreplication repair and
mutagenesis, and RADS2 group genes are required for dou-
ble-strand break repair and recombination. To determine the
functional relationship of RADS with other RAD genes, we
examined the UV sensitivity of the radSA mutation in
combination with radA mutations defective in excision re-
pair, postreplication repair, or double-strand break repair
(Fig. 7). Previously, Lemontt (36) examined the UV sensi-
tivity of a radS point mutation in combinations with various
rad and rev point mutations in nonisogenic genetic back-
grounds. Our results differ from the results of those studies
in several instances; however, because of the use of null
mutations in an isogenic background, we consider our stud-
ies more reliable. The UV sensitivity of the radSA strain is
identical to that of the radS-7 strain (Fig. 7A). As expected,
a synergistic increase in UV sensitivity is observed when a
radSA mutation is combined with the radlA mutation defec-
tive in excision repair (Fig. 7A) or with the radS2A mutation
defective in double-strand break repair (Fig. 7C). An epi-
static interaction is observed when the radSA mutation is
combined with the rad6A mutation defective in postreplica-
tion repair and UV mutagenesis (Fig. 7B). Even though the
RAD18, REVI, and REV? genes belong in the RAD6 epista-
sis group, they differ from each other in their effects on DNA
repair and UV mutagenesis. The radl8A mutant is as UV
sensitive as the rad6A mutation, but in contrast to rad6, the
radl8 mutation has no effect on UV mutagenesis. The revlA
and rev3A mutations confer a low level ofUV sensitivity, but
the REVI and REV? genes are required for UV mutagenesis.
We found an epistatic relationship between the radSA and
radl8A mutations, as indicated by the similar UV sensitivi-
ties of the radl8A single mutant and the radSA radl8&
double mutant (Fig. 7D). In contrast, a synergistic increase

TABLE 2. Effect of the rad5A mutation on UV-induced
reversion of several ochre allelese

Frequency of ARG4+, LYS2+, ADE2+, and LYS1+ revertants/
107 viable cells in RAD5 and radSA strains

UV dose
(J/m2) arg4-17 lys2-1 ade2-1 lysl-l

RADS rad5A RADS rad5A RADS radSA RADS radSA

5.0 14.1 2.2 14.7 6.6 6.3 3.0 12.5 7.5
7.5 36.2 4.4 32.9 15.1 15.7 4.4 24.2 13.1

10.0 62.6 6.1 67.2 21.6 26.5 10.6 43.1 16.7
a The isogenic strains BM1281-6A (RAD+) and BJY28 (radSA) were used to

test reversion of the arg4-17 and lys2-1 alleles, and the isogenic strains
RS22-12B (RAD+) and BJY59 (radSA) were used to test reversion of the
ade2-1 and lysl-l alleles. Spontaneous revertants arising in unirradiated cells
were subtracted from the data.

t! 1000
0

100

10

10

5 1 0 1 5

UV dose (J/m2)
FIG. 6. Evidence that the UV-induced CANls-to-canlr mutation

rate is not affected by the rad5A mutation. Survival and mutation
rate after UV irradiation were determined by using mid-logarithmic
cells of the isogenic strains DBY747 (RAD+; shaded bars) and
BJY47 (rad5A; black bars). Cells were plated on synthetic complete
medium to determine survival and on synthetic complete medium
lacking arginine but supplemented with canavanine to determine the
frequency of canlr mutants. Plates were irradiated with UV light
and incubated at 30°C in the dark. The data were obtained from at
least two independent experiments. The standard deviation is indi-
cated above each bar.

in UV sensitivity was observed when the radSAS mutation
was combined with either the revlA mutation (Fig. 7E) or the
rev3A mutation (Fig. 7F). These observations suggest that
RADS functions with RAD18 in an error-free postreplication
repair pathway.
RADS is required for the wild-type rate of instability of

poly(GT) sequences. Tracts of simple repeat sequence DNA
have been found in every eukaryote examined. One partic-
ularly common class of these repeats is poly(GT) tracts
[polyd(GT/CA)]. These tracts range in size from 20 to 60 bp
and are common in eukaryotic genomes. For example, the
human genome has about 105 copies, while the yeast genome
contains about 50 to 100 copies (18, 70). Although a number
of roles have been proposed for these sequences, their
function in the genome, if any, is not known. One interesting
feature of the tracts is their extreme polymorphic nature at
allelic locations (29, 71). This feature has attracted much
interest in simple sequences as DNA fingerprinting and
mapping tools (64).

In a previous study (20), we found that 29-bp poly(GT)
tracts were unstable in S. cerevisiae, changing in length at a
rate of about 1.4 x 10-4 per mitotic division. This instability
was monitored by using a plasmid in which an out-of-frame
poly(GT) tract was inserted into the coding sequence of E.
coli p-galactosidase; yeast cells containing this plasmid form
white colonies on X-Gal plates. Deletions and additions of
sequences within the tract that resulted in an in-frame
insertion could be detected by the frequency of blue yeast
colonies on X-Gal plates.
To assay the role of RADS on the stability of poly(GT)

tracts, we used the RAD5 strain SH31, which is strain PD3
carrying plasmid pSH31 (20), and the radSA strain SH77,
which is isogenic with SH31. We decided to examine the
effects of the radSA mutation on tract stability because we
had previously identified a spontaneous mutation of radS
that appeared to stimulate frameshifting; however, since this
stimulation required at least one additional mutation in an
unidentified locus, we investigated the effect of the radS null
mutation on frameshifting in an otherwise wild-type genetic
background. Since plasmid pSH31 in strains SH31 and SH77
contains an out-of-frame insertion of poly(GT) in the n-ga-
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FIG. 7. UV survival of different radS mutants. The radSA mutation was generated in combination with various other rad or rev deletion

mutations in yeast strain DBY747 to determine epistasis. Symbols: *, RAD+; *, rad5A; A, radlA (A), rad6A (B), radS2A (C), radl8A& (D),
revl,A (E), and rev3A (F); 0, radlA/ rad5A (A), rad6A& rad5A (B), rad52A radSA (C), radl8A radSA (D), revlA rad5A (E), and rev3A radSA (F);
raI (A), the rad5-7 mutation in yeast strain LP1689-5C.

lactosidase gene, yeast cells containing the plasmid are white
on X-Gal plates unless the poly(GT) tract undergoes an

alteration in size to restore the reading frame. Thus, the
frequency of blue colonies on X-Gal reflects the frequency of
changes in tract length. The number of independent cultures
without blue colonies was used to calculate the rate by the
Luria-Delbruck fluctuation method (39) as modified by Lea
and Coulson (34). The rad5A mutation lowered the rate of
instability of poly(GT) sequences 10-fold compared with the
rate observed in the wild-type strain (Table 3). DNA se-

quence analysis indicated that in 17 of 17 plasmids derived
from blue colonies, the length of the poly(GT) tract was
altered. The types of alterations were similar to those

observed in RADS strains (20). In the 17 plasmids se-
quenced, the observed changes were -2 deletions (nine
plasmids), +2 insertions (six plasmids), one +4 insertion,
and one -14 deletion. As observed previously (20), +2
insertions, although they do not restore the correct reading
frame, result in production of ,B-galactosidase activity as a

consequence of translational frameshifting.

DISCUSSION

RADS encodes a protein of 134 kDa which contains the
various domains found in proteins that bind and hydrolyze
nucleotides. A comparison of these domains with those

TABLE 3. Effect of RAD5 on rates of frameshifts of simple repetitive DNA sequences inserted upstream of the 3-galactosidase gene

RADS Tract No. of Avg no. of No. of cultures with Rate (10-4)Strain (nontranscribed cultures cells/culture no detectable bgenotype strand) frameshiftsa

SH31c RADS (GT)14G 29 1,027 26 1.9 ± 0.6
47 969 43 1.0 ± 0.4
20 2,210 15 1.3 + 0.6

(1.4)
SH77 radSlA::URA43 (GT)14G 16 6,430 14 0.2 ± 0.1

17 6,202 16 0.1 ± 0.1
(0.15)

a Since all tracts were out-of-frame insertions in the 13-galactosidase gene, frameshifts were detected by cells that formed blue colonies on X-Gal plates.
b Calculated by the Luria-Delbruck (39) method as modified by Lea and Coulson (34). Averages are given in parentheses.
c Data from a previous study (20).
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FIG. 8. Alignment of RAD5 with other potential DNA helicases in the new subfamily of yeast and Drosophila proteins. Positions that have
three of five matching or homologous residues (I = L = V, S = T, D = E, and R = K) are depicted by white-on-black lettering. The seven

helicase domains are indicated by roman numerals (I, Ia, and II to VI). Amino acids from positions 892 to 967 of RAD5 are not shown because
there is no homology with the other proteins in this region. This region contains the potential zinc-binding domain of RAD5. Numbers in
parentheses at the beginning and end of each protein sequence indicate the distance from the amino terminus and carboxyl terminus,
respectively.

present in the yeast RAD3 protein, a DNA helicase, and
mammalian eIF-4A, an RNA helicase, suggests that RAD5
might possess a DNA helicase activity. We have observed
that RAD5 is a member of a subfamily of proteins that are

dramatically conserved over most of the residues in the
seven conserved domains present in helicases (Fig. 8). This
family includes the yeast protein RAD54, involved in DNA
double-strand break repair and recombination (11), the yeast
SNF2 protein, involved in transcriptional activation of glu-
cose-repressible and other genes (31), MOT1, encoded by an

essential yeast gene affecting the expression of pheromone-
responsive genes (10), and the Drosophila transcriptional
activator Brm (63). In addition to the helicase domains,
RADS contains a cysteine-rich zinc-binding motif and a basic
region followed by the leucine zipper motif, sequences
which might endow RAD5 with different DNA-binding ca-
pabilities.

In a recent study (1), the cloning of REV2 (RADS) was

reported; however, no evidence that the cloned gene was
RADS was presented. The reported restriction map is not in
any obvious way related to the map derived in our study. We
have several arguments indicating that the gene that we have
isolated is RADS: (i) our two groups cloned the same gene

complementing the radS mutation independently, (ii) the
cloned gene maps to chromosome XII (the location of
RADS), and (iii) mutations made in vitro in the cloned gene
in our two groups and transplaced into the genome fail to
complement radS mutations.
Our genetic studies with the radSA mutation confirm

previous observations with the radS point mutants that
RAD5 is not required for UV mutagenesis. The rad5A
mutation had no effect on the frequency of UV-induced
forward mutations from CANJS to canlr. As has been shown
previously for the radS-7 (rev2-1) point mutation (35), the
radSA mutation lowered the frequency of UV-induced rever-
sion of ochre alleles a few fold. The UV sensitivity of
double-mutant combinations of the rad5A mutation with the
radA mutations belonging to different epistasis groups
clearly puts RADS in the RAD6 epistasis group. Our findings
of epistatic interaction between the rad5A and radl8A mu-

tations and of a synergistic increase in UV sensitivity in
combinations of the radSA mutation with the revlA or the
rev3A mutation suggest that RAD5 functions with RAD18 in
the error-free postreplication repair pathway. The lower
level ofUV sensitivity of the rad5A strain than of the radJ8A
strain could mean that RAD5 acts by increasing the effi-
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ciency of RAD18 function. Whether RAD5 affects UV
mutagenesis of ochre alleles by direct participation in muta-
genic bypass of certain damaged sites, or whether it reflects
an indirect pleiotropic effect, remains to be determined.
The putative ATPase/DNA helicase and DNA-binding

activities in RAD5 could function in conjunction with
RAD18 in translesion DNA synthesis. RAD18 contains the
cysteine-rich zinc-binding domain which is similar to that
found in RAD5 (Fig. 4), and RAD18 contains the nucleotide-
binding domain but not the additional domains found in
DNA helicases. In translesion DNA synthesis, RAD5 could
assist RAD18 in the branch migration reaction, or it could
affect the polymerization step either by increasing the pro-
cessivity of DNA polymerase or by unwinding the duplex
DNA.
Our studies indicate that theRAD5 gene product has a role

in altering the length of simple repetitive tracts. These
alterations could arise as a result of recombination (for
example, unequal sister strand recombination) or DNA
polymerase slippage. Since the events occur at a high
frequency relative to most types of mitotic recombination
and are unaffected by mutations in RAD52 (20), a gene
required for recombination, we favor the explanation that
the frameshift events reflect DNA polymerase slippage. In
this mechanism, during DNA replication, there is a transient
dissociation of the template and primer strands (56). When
the strands reassociate, they associate out of register. Con-
tinued DNA synthesis results either in a deletion (if there is
an unpaired loop in the template strand) or an insertion (if
there is an unpaired loop in the primer strand). RAD5-
mediated dissociation of the template and primer strands
during replication might account for the increased incidence
of DNA polymerase slippage events.
The genes required for DNA synthesis in S. cerevisiae are

coordinately expressed at the G1/S phase boundary, and
upstream sequences of these regulated genes contain at least
one copy of the MluI sequence 5'-ACGCGT-3', which has
been shown to activate transcription in a cell cycle-depen-
dent manner (3). The upstream region ofRADS contains one
MluI sequence at position -137 and another related se-
quence, 5'-GCGCGT-3', at position -161 that differs from
the MluI sequence by a single base change (Fig. 2). The
presence of the MluI sequence is highly suggestive that
transcription ofRADS is cell cycle dependent, and this raises
the possibility that RAD5 might be a component of the DNA
replication machinery.
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