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ABSTRACT

Two closely related genes, EXO1 and DIN7, in the
budding yeast Saccharomyces cerevisiae have been
found to be sequence homologs ofthe  exol gene from
the fission yeast Schizosaccharomyces pombe . The
proteins encoded by these genes belong to the
Rad2/XPG and Rad27/FEN-1 families, which are
structure-specific nucleases functioning in DNA repair.

An XPG nuclease deficiency in humans is one cause of
xeroderma pigmentosum and those afflicted display a
hypersensitivity to UV light. Deletion of the RADZ2 gene
in S.cerevisiae also causes UV hypersensitivity, due to

a defect in nucleotide excision repair (NER), but
residual UV resistance remains. In this report, we
describe evidence for the residual repair of UV damage

to DNA that is dependent upon Exol nuclease.
Expression of the EXOI1 gene is UV inducible. Genetic
analysis indicates that the  EXOJ1 gene is involved in a
NER-independent pathway for UV repair, as  exol rad2
double mutants are more sensitive to UV than either
the rad2 or exol single mutants. Since the roles of
EXO1 in mismatch repair and recombination have
been established, double mutants were constructed to
examine the possible relationship between the role of
EXO1in UV resistance and its roles in other pathways

for repair of UV damaged DNA. The exol msh2, exol
rad51, rad? rad51 and rad2 msh2 double mutants were
all more sensitive to UV than their respective pairs of
single mutants. This suggests that the observed UV
sensitivity of the  exol deletion mutant is unlikely to be
due to its functional deficiencies in MMR, recombination

or NER. Further, it suggests thatthe  EXO1, RAD51 and
MSHZ2 genes control independent mechanisms for the
maintenance of UV resistance.

INTRODUCTION

light to reverse UV-induced DNA damage, is conserved from
prokaryotic to eukaryotic cellsl). Another important and
conserved pathway for the repair of UV damage to DNA is
nucleotide excision repair (NER). This pathway works by incising
DNA on either side of the damage site with endonucleases,
removing a 29 bp oligonucleotide with a helicase and then resealing
the gap with polymerase and ligase. Seventeen polypeptides are
required in this process in mammalian cells Defects in the
polypeptides that execute the early stages of recognition and
cleavage cause human genetic diseases, including xeroderma
pigmentosum, which predisposes patients to skin cakeéy. (

NER is a mechanism by which cells can excise UV photo-
products, such as cyclobutane pyrimidine dimers (CPDs) and 6-4
photoproducts (6—4 PPs) from DNA.3accharomyces cerevisiae
mutation of the genes that encode key NER enzymes causes
dramatic UV sensitivity 7). However, in the fission yeast
Schizosaccharomyces pondmetion of the NER genes confers
less sensitivity to UV, such that the mutants retain a substantial
ability to remove UV photoproducts3,0). This implies the
existence of a secondary pathway for UV damage repair in
S.pombeand an enzyme (SPDE) that initiates this process has
been discovered and preliminarily characteriZeifi(l).

Recently, another nuclease, exonucleasegtxol) has been
isolated fromS.pombég12,13). The enzyme activity and mRNA
expression levels are significantly induced during meiosis,
indicative of its function in mismatch correction during meiotic
recombination. Exol is a member of a family of DNA repair
nucleases that includes Rad13 and Rad2 8@umbend their
human homologs XPG and FEN-13[. Radl3 is a key
component of the NER machinery $iqpombgacting as a'3
nuclease during pyrimidine dimer removal. Accordingig13
null mutants are sensitive to UV irradiatid). The null mutant
of rad2is modestly sensitive to UV, implying that it plays a minor
role in UV repair (5).

TheRAD2andRAD27genes frons.cerevisia@re homologs
of the S.pombdRadl3andRad2genes respectively. Deletion of
both theRAD2andRAD27genes has a synergistic effect on repair
of UV-induced DNA damage is.cerevisiag16). This result

Multiple DNA repair pathways exist to counteract the deleteriousidicates that there is more than one pathway for UV resistance
effects of UV irradiation on cellular DNA. One of the widely in S.cerevisiaeas well. Moreover, residual UV survival exists
distributed repair enzymes, photolyase, which utilizes visibleven in thead2 rad27 double mutant, implying the existence of
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Table 1.Primers used to construct and confirm mutants

Primers

Primer sequences (5' - 3")

Applications

exolpl
exolp2*

exolp3
exolp4
din7pl
din7p2*

KNSCBI
KNSCB2
din7p3
din7p4

TH-MSHF2
TH-MSHR

AGAAAGCCATGGGTATCCAAGGT
CTCCGAAAGCTTTCAGTGATGATGGTGG-
TGGTGTTTACCTTTATAAACAAATTGGGAA
CGAACAAACTGAAAGGCGTAG
GTCTTGAGGCATTTCGACGAG
CGATAGCCATGGGAATACCTGGCT
CAATGGGATCCCTAATGGTGATGGTGATG-
GTGGAAAATTGATGGTACGGTGCCTGA
CAATTAAAGAGAATTCAAAAACAGGTGTCCCTGAAA-
AAATACATGTATCAAACACGTACGCTGCAGGTCGAC
CTCCCTCTCCGATAACACGTCCTGCGTATCCACTAG-
CGGTTGCTCCACTTTCTTATCGATGAATTCGAGCTCG
AGCGAGTAAGAGAAAACGATC
CGGTGGAATAAGAATACAAC
AATGTTGACACTCTACTCCA
TTCTCACTGCAGATGTCGTTG

Clone EXOI gene into
pET28b vector

Confirm deletion of
EXOlI

Clone DIN7 gene into
pET28b vector

Disrupt DIN7 gene

Confirm deletion of
DIN7

Confirm deletion of
MSH?2

* The long primer includes a DNA sequence encoding six histidines (Histag), which can be used to purify
the enzyme after it is overexpressed. Underlined sequences were designed for the amplified88n of
mark, the remaining sequences of KNSCB1 and KNSCB2 areidi.

Table 2.Saccharomyces cerevisiagains used in the study

Strain®  Genesdeleted  Genotype Source
W1021-7¢ - MATa, ade2-1, canl-100, his3-11, 15, leu2-3, 112, ura3-1 J. McDonald
‘W 1089-6¢ - MATa, ade2-1, canl-100, his3-11, 15, trpl-1, ura3-1 ”
FDABI3A - MATa, ade2-1, cani-100, his3-11, 15, leu2-3, 112, trpl-1, ura3-1  This study
FDABI5C  din7 MATa, din7::HIS3 ”
FDABI5SD  exol MATa, exol::URA3 ”
FDABMU  msh2 MATa, msh2::hisG-URA3-hisG ”
FDABMT  msh2 MATa, msh2::TRP1 ”
135-2B rad2 MATa, rad2::TRPI A. Bailis
135-2A rad2 MATQq, rad2::TRP1 ”
U687 radS] MATa, rad51::LEU2 ”
FDABISA exol din7  MATa, exol ::URA3, din7::HIS3 This study
FDEM exol msh2 MATa, exol::URA3, msh2::TRP! ”
FDER exol rad51  MATa, exol ::URA3, rad51::LEU2 ”
FDAR2-3B  rad?2 exol MATa, exol ::URA3, rad2::TRP1 ”
FDUR rad2rad5]  MATa, rad2::TRP1, rad51::LEU2 ”
FDRM rad2 msh2  MATa, rad2::TRP1, msh2::hisG-URA3-hisG ”

* All the strains are derivatives of W1021-7c and W1089-6c. Differences in the genotype from the parental
strains are indicated in the table.

additional pathways for UV resistance, such as recombinationdbvagen (Madison, WI) ariescherichia colstrain XL2 blue and
repair and DNA replication bypass. Therefore, we propose that aBSK vector were from Stratagene (La Jolla, CA). Restriction
additional Rad2-like nuclease may play a role in one of thesmzymes were obtained from New England Biolabs (Beverly,
pathways for UV resistance. One candidate is an exonucleddd\). [a-32P]JdCTP was purchased from NEN (Boston, MA).

purified fromS.cerevisiag¢hat is

which has been namé&iExol (L7). In order to study the role of
S.cerevisiadhomologs ofS.pombeExolin DNA repair, we have
cloned two genes fromS.cerevisiaethat are substantially

homologous toS.pombeExol

homologous t8.pombdeExol,

Here we report the genetic

consequences of deleting these two gen&scierevisiaand their
functional relationship to NER and other UV resistanceSequence alignment

mechanisms.

MATERIALS AND METHODS

Materials

Yeast culture media, including YPD, synthetic complete (SC),
minimal sporulation and synthetic dextrose minimal (SD), were
prepared according to Shermetral (18). Amino acids and all
other medium components and chemicals were purchased from
Sigma (St Louis, MO).

Sequences of the relevant genes were obtained from the NCBI
protein database. They were then compared using Optimal Global
Alignment of Two Sequences at EERIE (Nimes, France). The

percentages of identical and similar amino acids were calculated.

Oligonucleotide primers synthesized in the City of Hope Cance'\lrOrthern blotting analysis

Center core facility and used for amplifying genes and constructiny wild-type yeast strain W1021-7c was grown in 50 ml YPD to
null mutant strains are listed in TalileThe yeast strains used in late log phase. Cells were harvested and resuspended in 10 ml
this study are listed in Tablz The vector pET-28b was from water. The resuspended cells were spread on two sets of YPD agar



Nucleic Acids Research, 1998, Vol. 26, No. 13079

plates. One set of the plates was irradiated with 80white the  DNA damage treatment

other set was kept as a control. Following irradiation, cells were

collected from the plates, 2 ml aliquots made into four cultureStrains were grown in YPD liquid to saturation at@tnd cell
spun down, resuspended in 10 ml YPD liquid and cultured SENSity was measured with a spectrophotometer (600 nm),

30°C. Cells were harvested at the indicated times after irradiatigiiuted in water and plated on YPD agar. The plates were exposed

and their total RNA was isolated using RNeasy Mini KitstO different UV dosages (254 nm germicidal lamp) and incubated

; ; ; the dark for 3—4 days at 30 before colonies were counted.
(Qiagen, Santa Clarita, CA). An aliquot of 1) total RNA was N the : .
fractionated by electrophoresis in a 1.4% agarose—formaldehygd"Vival r?]te V‘g"s 'drtleterrrJ\r}ed b?sed toréthe. ra;uo between color][y
gel, transferred to a Zeta-probe membrane (BioRad) and hybridizZ&gUNts With and without UV treatment. Survival curves represen
with EXO1andACTY, [32P]dCTP-labeled by random priming the average fr_om at 'Ieast two independent experiments with two
(19). The images were produced by exposing the filters to X-ra ts of isogenic strains. .
film (Kodak). SpecificEXOLmRNA bands in Figur@A were To measurg-ray survival, cells were grown to stationary phase

scanned and quantitated using the IPLabGel system (Stratage'rﬁ'e PD d"?“f" CAV%’taShedaQ'![med anpl allq(;J_:)tts_, putinto Peltrltdljshes
running MacBAS software. orrradiation. After irradiation, various dilutions were plated on

YPD agar plates and incubated at @dor 4 days. The method

of MMS treatment followed Reaga al (16), where cells are
grown to stationary phase at’®0) harvested, washed with water

. . and resuspended in 0.1 M potassium phosphate buffer (pH 7).
Gene disruption After treatment with MMS (0, 0.1, 0.2 and 0.3%) for 30 min at
30°C with shaking, the cells were washed four times with water,

For construction of thexolnull mutant strain, thEXOlgene diluted and plated. The plates were incubated & 30r 34 days

was amplified by PCR using primers wiindlll andNcd sites before counting. Calculation of survival rate for Ay and
(exolpland exolp2, Takland cloned into the vector pET-28b MMS treatments was the same as that for UV treatment.
(Novagen). Th&JRA3 gene was obtained from plasmid YEp24

and inserted into twdst sites, replacing th&X01 coding RESULTS

sequence between positions 170 and 828. The fragment containin -

the exo1:URA3 disruption was removed from the plasmid withT"gJo S.cerevisiagomologs ofS.pombeExol

Xba andNot and transformed into yeast strains W1021-7¢ andye searched the publicly availaleerevisiasequence databases
W10896¢ (see Tabl@), selecting for cells that could grow (GenBank/EMBL/NCBL) using theS.pombeExol protein
without uracil. Urd transformants were analyzed by PCR USi”%equence as a query in the BlastP search algorizin This
primers exol1p3 and exolp4 (Tatileand genomic Southern gearch led to the identification of two open reading frames
blotting to verify disruption oEXO1 _ _ ~encoding proteins with a high degree of homolog$exo1l.

TheDIN7 gene was amplified by PCR using a pair of primersrhey are SCEXO1and DIN7. SCEXCL on chromosome Xl
(din7pl and din7p2, Table) with restriction sitesNcd and  (YOR033C, accession no. Z74941) is predicted to encode a 702
BanHI and cloned into pBSK vector (Stratagene). The gene Wagnino acid protein, whileDIN7 (22) on chromosome IV
disrupted by transforming with a DNA fragment containing thgyp93208B02C, accession no. Z70202) encodes a 430 amino
HIS3 gene flanked by two 53 bp fragments homologous to Ricid protein. Using primers designed from these sequences
25-78 and 1273-1326 of theN7 coding sequence (KNSCB1 (exop1 and exop2 for tHEXOL gene and din7p1 and din7p2 for
and KNSCB2 in Tablel). The HIS3 coding sequence was the DIN7 gene, Tabld), both genes were obtained by PCR and
amplified from a genomic clone, HIS3MX, kindly provided by cloned into plasmid vectors pET28b and pBSK respectively and
Dr K.Kuchler. Hig transformants were checked for disruption ofsequenced. The nucleotide sequence of the coding regions of
DIN7 using PCR (primers din7p3 and din7p4 in Tapl®ouble  these two genes are identical to the sequences deposited in the
null mutants were obtained using standard genetic techniques §ftabases.
manipulation ofS.cerevisiag18). Comparison of the predicted polypeptide sequences for

A mshZmutant was generated with strain FDAB13A usingSExo1, SMin7 and SfExol revealed a conserved nuclease
plasmid pEAI98, which contains thesGURA3hisGuniversal  domain at their N-termini, from amino acid residue 1 to 370. The
disrupter flanked by 350 bp of DNA upstreamM&H2 and  amino acid sequence identity betwegixol andSExol and
1.2 kb of DNA from the 3end of theMSH2open reading frame. Sdin7 is[B5%, while the identity between tBeéExo1 and Din7
After digestion of pEAI 98 withAatll and Pvul, the s 56%. The interspecific sequence similarity$§%, while the
msh2hisG:URA3:hisGfragment was gel purified and transformedintraspecific similarity iS85%. The protein sequence comparison
into FDAB13A cells. Ur& transformants were selected onfor this exonuclease subfamily is depicted in Figufrom these
minimal medium without uracil and analyzed by PCR fordata, both of the proteins appear to be structural homologs of
disruption oMSH2 Themsh2single mutant transformants were S.pombexonuclease-1.
crossed with aad2 single mutant, 135-2B, to obtaiad2 msh2
double mutants using standard genetic technidis ( : : : :

Therad2 rad51double mutant was obtained by crossami Expression ofEXOLis UV inducible
(135-2A) andad51(U687) single mutants. Thexol rad5Jand  Previously, it was found that expressiorDdN7, like the NER
exol msh2double mutants were obtained by crossinx@l geneRADR (23,24), is UV inducible irS.cerevisia¢22). In order
(FDAB15D) with rad51 (U687) ormsh2 (FDABFT) mutants to determine the UV inducibility of tHEXO1gene EXO1mRNA
individually. All disruption mutants established in this study ardevels were assessed both prior to and following exposure to UV. As
listed in Table2. shown in Figur&A, EXQOL gene expression is UV inducible. The
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Figure 1. Sequence comparison®icerevisiag&xol and Din7 an8.pombéExol proteins.A) The regions of proteins compared in this stuglyAlignment of the
N-terminal amino acid sequences. The alignment was created using Optimal Global Alignment of Two Sequences at EERIEr{bénd$ d-identical amino
acid residues are indicated by a vertical line while similar amino acids are indicated by &3ptbe;f{ercentage of identical and similar amino acid residues among
N-termini of the proteins.

specific MRNA levels increased 7-fold by 5 h after UV exposuresensitivity toy-ray and UV irradiation and to MMS was assessed
while the EXO1 expression levels in cells grown under the samén the single and double mutants. Neither the single mutants nor

conditions without UV treatment remained unchanged 2HY. the double mutant displayed any sensitivity4@ys or MMS
(data not shown). However, taro1null mutant displayed a mild
The role of EXO1 and DIN7 in DNA repair sensitivity to UV, indicating that it plays a minor role in repair of

UV damage to DNA. In contrast, tlin7 mutant exhibited no
In order to test wheth&XO1andDIN7 function in DNA repair,  sensitivity to UV, indicating that it does not play a role in UV
we have constructed null mutants (Téb)leBoth null mutants are  survival. Consistent with these observationseitel dintouble
viable, as is thexol din7double mutant obtained from crosses.mutant displayed the same UV sensitivity as ¢kel single
All three strains grew at the wild-type rate at both 30 arf€€37 mutant (Fig.3).
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Figure 3. UV survival of wild-type,Aexol Adin7 and AexdlAdin7 strains of
S.cerevisiae Isogenic strains FDAB15B, FDAB16C (WT), FDAB15D,
FDAB16D (Aexo), FDAB15C, FDAB16B Adin7) and FDAB15A, FDAB16A
(AexolAdin7) were grown at 30C and cells were plated and UV irradiated,

BEXOI+UV followed by incubation of the plates at°8Din the dark. Similar results were

obtained with wild-type strain W1089-6¢ and isogenic single mutants. The data
were averaged from at least three independent experiments with two sets of
isogenic strains.

Relative intensities of EXO] RNA

~— wit
-g—exol
-0—rad2
—B—rad2 exol

Ohr 1hr 2br 3hr Shr 7hr

Hours after UV treatment

Figure 2. Gene expression in response to UV treatméntTotal RNA was
prepared from the wild-type strain W1021-7c (Table 1) harvested at the time
indicated after the UV treatment. For each time poinfid.@tal RNA were
fractionated by electrophoresis in a 1.4% agarose—formaldehyde gel, transferred to
a Zeta-probe membrane (BioRad) and hybridized with prob&cBKO1
encoding exonuclease-1 aA@T1for the yeast actin gene. Both of the DNA 01 + + +
fragments were3gP]dCTP-labeled by random priming (1B) (ntensities of 0 ! & 4 5
specific MRNA bands in (A) were scanned and quantitated using the IPLabGel UV dose (J/m?2)

system (Strategene) running MacBAS software.

Cell survival (%)

Figure 4. Epistasis analysis of thexol:URA3 mutation. Double deletion
mutant strains FDAR2-3B and FDAR2-5D were created by crossing the single
mutant strains FDAB16DAgxo]) and 135-2B frad2). The experimental

. . procedure is as described in Figure 3 except lower UV dosages were used. The
Epstasis analysis data were averaged from at least three independent experiments with two sets
of isogenic strains.
The UV sensitivity of thexolmutant suggests thBXO1plays

arole in UV repair. As discussed previouB(O1could encode

a component of an alternative mechanism for UV repair that gathways irS.cerevisia¢Table2). When the mutants were treated
distinct from NER. To test this, we crossed &éx®1deletion with high UV dosages, thesh2single mutant displayed the same
mutant with arad2 null NER defective strain and analyzed UV UV sensitivity as thexolmutant, while thead51 deletion mutant
survival ofrad2 exoldouble mutant segregants (Tebind Fig4).  was more UV sensitive. Interestingly, @1 msh2andexol rad51

The results show that the double mutant is more sensitive thdauble mutants exhibited responses to UV light that were stronger
either theaad2 or exolsingle mutants, suggesting that BO1 than the corresponding single mutants (B. This synergism
gene encodes a component of an NER-independent UV repaimggests that the UV sensitivity of theldeletion mutant may not
pathway inS.cerevisiae be due to deficiencies in MMR or DSBR.

Because it is known that Exol participates in double-strand To further investigate the relationship between the different
break-induced recombinatioi®) and also interacts with the DNA repair mutations with respect to UV resistance, we have
mismatch repair protein Msh2%), it is possible that the UV extended the epistasis analysis to includeati2 mutation. Our
sensitivity of theexolmutant is due to a defect in double-strandresults indicate that thead2, exol rad51 and msh2 genes
break repair (DSBR) and/or mismatch repair (MMR). In order t@articipate in distinct mechanisms for UV resistance because all
test this possibility, we constructed double mutanexofiwith  possible double mutant combinations are more sensitive than the
msh2andrad51, two major components of the MMR and DSBR corresponding single mutants (TaB)e
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directly to UV survival. Alternatively, it may play a role in UV
damage repair but its loss does not affect survival rate due to
redundancy of similar components.

The results shown in FiguA and B clearly demonstrate that
EXO1expression is UV inducible. However, these data did not
indicate if the damage inducibility &XO1is specific for UV
light, even though deletion &XO1leads only to UV sensitivity
and not sensitivity tg-ray or MMS treatments. Because we found

Cell survival (%)

that the distribution of cells at various points in the cell cycle does
not change dramatically following UV treatment (our unpublished
observation), we also do not believe that inducibility oBEK©1
gene is a result of cell cycle regulation.

Recently, functional analysis of the Exol enzyme has been
carried out in several laboratorie$3(17,25). Exonuclease-1
activity has been demonstrated to be highly inducible during
Figure 5. Synergistic effects of thexolwith rad51andmsh2mutations. The MEIOSIS N S.pombe_and_ IS .mV0|Ved I.n the Iate steps of
exol rad5land exol msh2double mutants were made by crossing the h0m0|090u_s recomb'nat_'on! I.e. Corre?t'on of mismatched base
individual single mutants and treating with relatively high dosages to study thepairs resulting from hybrid DNA formatioi). It has also been
synergistic effects of these double mutants. The data was averaged from atleastrongly indicated byin vitro and in vivo experiments that
three independent experiments with two sets of isogenic strains. S.cerevisiaeExol functions in mitotic recombinationl?).

SdExol also interacts with Msh2, a major recognition protein in
DISCUSSION the DNA mismatch repair pathwagd). Since Msh2 is also

involved in recombination, it is not clear whether the Exo1-Msh2
SdExo1,Sdin7 andSiExXol belong to a family of DNA repair complex identified is involved in MMR, recombination or both.
enzymes with structure-specific nuclease activity46). Based However, it is reasonable to assume that the major function of
on sequence comparisons and their biochemical and biologi&dExol nuclease is in MMR and recombination.
functions in different pathways, these enzymes can be dividedOur observation theBdExol functions in UV damage repair
into three subfamilies: one includ&scerevisiadRad2 and its Vvia a distinct pathway from NER raises an interesting question:
S.pombend human homologs Rad13 and XPG; another consists the observed effect of thexol deletion mutation on UV
of SiRad27,SRad2 andhFEN-1; exonuclease-1 belongs to theresistance derived from the roleE{O1in recombination and/or
third. These evolutionarily conserved enzymes may posseSH8VIR? In order to determine if there is a relationship between the
complementary biological functions. For example, $tiRad2 UV resistance function dXO1and its roles in recombination
subfamily plays a major role in NER. In addition to its role inand MMR, an epistasis analysis with mutations that cause defects
DNA replication, Rad27 also plays a minor role in UV resistancé# recombination and MMR was employed. Our results indicate
(14,16,26-29). This led us to study the role &Exol and that while a recombination-defectivead51 mutant and a
SdDin7 in UV-induced DNA damage repair. Indeed, our result¢MR-deficientmsh2mutant both display minor UV sensitivity,
show that botlEXO1andDIN7 are UV inducible and deletion of theexol rad5landexol msh2iouble mutants were both more
EXO1confers a mild UV sensitivity similar to UVDE deletion UV sensitive than the corresponding single mutants. This
mutants irS.pombé10,30,31; see also below). Furthermore, the suggests that the UV resistance mediatedEB{pD1 may be
epistasis analysis suggests A 1does not play a role in the separate from its roles in recombination and MMR. Interestingly,
NER pathway, but instead is involved in a distinct mechanism dfie rad2 rad51andrad2 msh2mutants were both more UV
UV resistance. sensitive than the corresponding single mutants, indicating that

Although Exol and Din7 are similar in their N-terminal proteinthe RAD2 RAD51, MSH2 and EXO1 genes all make distinct
sequences and UV inducibility, it is clear tBdéiN7 does not play contributions to the UV resistance®iterevisiadVe speculate that
an essential role in UV damage repair. One possibility is that Dirtiiis could represent the repair of distinct classes of DNA lesions or
participates in other DNA repair pathways that do not contributeould represent distinct UV damage bypass mechanisms.

0.1

t
0 60 100 150

UV dose (J/m2)

Table 3.UV survival of wild-type and mutar8.cerevisiaetrains

UV dose Strains (percent survival)

I/B) wit exol msh2 rad51 rad2 rad2exol rad2rad51 rad2msh2
0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

1 nd nd nd nd 94.0 81.0 45.0 69.0

3 nd nd nd nd 42.0 22.0 6.0 29.0

4 nd nd nd nd 19.0 6.0 1.0 7.0

5 99.5 99.4 99.6 99.4 35 0.8 0.1 1.0

sogenic wild-type and mutant strains were grown to stationary phase and appropriate dilutions plated onto YPD agar
prior to irradiaton and incubation at<3D for 3-5 days in the dark. Percent survival was calculated as the number of
cells surviving to form a colony after UV exposure divided by the number of irradiated celld)@atrmould form colonies.

nd, survival was not determined.
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its roles in DNA recombination and MMR, what other possibilities ~ (1993)Nature 363 182-184.
should be considered? In the fission yeagiombean NER- 4 SDO”‘;"""\?\*’ﬁ' at”d ‘]ftV%Od'RdDC'(19E;9§m“1rg;63h.185g.18% Act£69
independent UV damage repair pathway has been well defined. 513 apr -+ oo oo 8nd CoxB. - (198ehim. Biophys. Act
This pathway possesses a considerable capacity to remove CPBSprakash,L. (1975). Mol. Biol, 98, 781-795.
and 6—4 PPs by a mechanism that is distinct from NER or base Prakash,L. (197Mutat. Res 45, 13—20.
excision repair (BER)§9,34). The enzyme, name8.pombe 8 McCready,S., Carr,A.M. and Lehman,A.R. (198®)l. Microbiol,, 10,
DNA endonuclease (SPDE) or UV damage endonuclease 885-890.
(UVDE), has been isolated and characteriécig). Meanwhile, ° McCready,S. and Cox,B. (1998utat. Res 293 233-240.

10 , Freyer,G.A., Davey,S. Ferrer,J.V., Martin,A.M., Beach,D. and
the SRad2 nuclease has been proposed to be the secondpgeisch pw. (1998)i0l. Cell. Biol, 15, 4572-4577.

component of this pathway, acting as’ dl& endonuclease in 11 Bowman,k K., Sidik,K., Smith,C.A., Taylor,J.S., Doetsch,P.W. and
removal of the adducted DNA fragment which was released by Freyer,G.A. (1994Nucleic Acids Res22, 3026-3032.
SPDE 6). The fact that similar synergistic effects are observed2 Szankasi,P. and Smith,G.R. (1992iol. Chem 267, 3014-3023.
in bothS.cerevisiagad2 exolandS.pombead2 UVDEdouble 13 SzankasiP. and Smith,G.R. (1986)ence267, 1166-1168.
mutants {0,30) supports the notion th&tcerevisiapossesses a 4 CamAM. SheldrickK.S., Murray,J.M., Al-Harithy,R., Watts,F.Z. and

. . . Lehmann,A.R. (1993)ucleic Acids Res21, 1345-1349.
_mmor NER-lndependent pathway as well. However, it W6_1§5 Murray,J.M., Tavassoli,M., Al-Harithy,R., Sheldrick,K.S., Lehmann,A.R.,
indicated that photoproducts were not removed from DNA in " car,A.M. and Watts,F.Z. (1998)ol. Cell. Biol, 14, 4878-4888.
S.cerevisiadlER mutants using antibodies directed against CPs Reagan,M.S., Pittenger,C., Siede,W. and Friedberg,E.C. (1995)
and 6—4 PPs (37). Therefore, we must consider the possibility that J. Bacteriol, 177, 364-371.
residual UV resistance is the result of other mechanisms, suchlds Fiorentini,P., Huang,K.N., Tishkoff,D.X., Kolodner,R.D. and Symington,L.S.
error-prone repair, that permit DNA to bypass or shuffle damag((a%% (1997)Mol. Cell. Biol, 17, 2764-2773.

b rather than exci them. Exol h been t tSherman,F., Fink,G.R. and Hicks,J.B. (1948}hods in Yeast Genetics
ases rathe an excise them. 0 as been suggesie cQ:old Spring Harbor Laboratory Press, Cold Spring Habor, NY.

participate in RNA primer removal during lagging strand DNA1g sambrook,J., Fritsch,E.F. and Maniatis,T. (1988lecular Cloning:

synthesis in DNA replicatior2@; our unpublished data). Itmay play A Laboratory ManualCold Spring Harbor Laboratory Press,

a role in the bypass of UV lesions by maintaining DNA replication  Cold Spring Habor, NY.

in abnormal circumstances, such as after a h|gh dosage of UV. 20 Gangloff,S., MchnaId,J.P., Bendixen,C., Arthur,L. and Rothstein,R.
This work presents evidence t&Exol plays a role in UV (é?s%l\)/y(:hcjcgltléti?blf (8133’53?2% onet3, 266372
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mismatch repairl(7,25). The information made available in this 253 g55_665.
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