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ABSTRACT 
The POL3 encoded  catalytic  subunit of DNA polymerase S possesses a highly  conserved  Gterminal 

cysteine-rich  domain  in Saccharomyces cereuisiae. Mutations  in  some  of its cysteine  codons  display a lethal 
phenotype, which demonstrates  an  essential  function of  this domain.  The  thermosensitive  mutant p o l 3  
13, in  which a serine  replaces a cysteine of this domain,  exhibits a range of  defects in DNA repair, such 
as  hypersensitivity  to  different  DNAdamaging  agents  and  deficiency  for  induced  mutagenesis  and for 
recombination.  These  phenotypes  are  observed  at 24", a temperature at which DNA replication is  almost 
normal;  this  differentiates  the  functions of POL3 in DNA repair  and DNA replication.  Since  spontaneous 
mutagenesis  and  spontaneous  recombination  are  efficient  in pol3-13, we propose  that POL3 plays an 
important  role in DNA repair  after  irradiation,  particularly  in  the  error-prone  and  recombinational 
pathways.  Extragenic  suppressors of pol3-13 are  allelic  to sdp5-1, previously  identified  as an extragenic 
suppressor of pol3-11. SDP5, which is identical  to HYS2, encodes a protein  homologous  to  the  p50 
subunit of bovine and  human DNA polymerase 6. SDP5 is most probably  the  p55  subunit of Po16 of S. 
cereuisiae and seems to be  associated  with the catalytic subunit  for  both DNA replication  and DNA repair. 

B OTH prokaryotic and eukaryotic cells repair DNA 
damage  through  three main pathways (base or 

nucleotide excision repair,  error-prone  repair  and re- 
combinational  repair)  requiring DNA synthesis. In Esch- 
m'chia coli, DNA repair synthesis is carried out by  DNA 
polymerase I, which also catalyzes gap-filling synthesis, 
joining Okazaki fragments on  the lagging strand  during 
DNA replication. DNA polymerase I11 holoenzyme cata- 
lyzes highly processive synthesis on  both strands  during 
DNA replication (KORNBERG and BAKER 1992). 

In eukaryotic cells, the  situation is more complex, 
since three of  five  DNA polymerases, namely Pola, Pols, 
and Pole, are  required  for DNA replication. In Saccharo- 
myces cermisiae, the genes  encoding  the catalytic subunit, 
CDCl7 (POLI) for  Pola, CDC2 (POL.3) for Pol6 and 
POL2 for Pole, are essential (JOHNSON et al. 1985; Bou- 
LET et al. 1989; SITNEY et al. 1989; MORRISON et al. 1990). 
Pola has an associated primase activity and is responsi- 
ble for  initiation on both  leading and lagging strands 
(BROOKS and DUMAS 1989). Both Pol6 and Pole can 
extend  the  primers  formed by Pola (BURGERS 1991; 
PODUST and HUBSCHER 1993),  though  their specific  as- 
signment  at the replication fork is not yet clear. 

Concerning  the respective involvement of Po16 and 
Pole in DNA repair synthesis, ambiguity remains. Both 
DNA polymerases appear to play a role in base excision 
repair (WmG et al. 1993; BLANK et al. 1994) and nucleo- 
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tide excision repair  (BUDD and CAMPBELL 1995). Po16 
seems to be required  for  induced  gene conversion in 
vivo (FABRE et al. 1991), whereas Pole has been isolated 
as a  part of a  recombinational complex in vitro (JESS 
BERGER et al. 1993). Finally, both polymerase activities 
are  enhanced by the proliferating cell nuclear  antigen 
(PCNA) (NG et al. 1991), which is implicated in DNA 
repair of  UV-induced lesions (SHWJI et al. 1992). 

The two nonessential DNA polymerases, Pol/? (PRA- 
SAD et al. 1993) and  Pols (Rev3p) (MORRISON et aL 1989; 
NELSON et al1996), have been  attributed to two differ- 
ent pathways; Pol/? is possibly  involved in double-strand 
break DNA repair (LEEM et al. 1994), while Po15 has 
been  proposed  for  the  error-prone  repair response to 
DNA damage (MORRISON et al. 1989). 

The central  part of the  sequence of each catalytic 
subunit of Pola, 6 and E contains conserved motifs that 
define  the regions performing DNA polymerization 
(BRAITHWAITE and ITO 1993). The N-terminal domains 
of both Pol6 and E contain  three conserved boxes in- 
volved in their exonuclease proofreading activity (SI- 
MON et al. 1991; MORRISON et al. 1993).  These  sequences 
are  not  found  in  Pola, which  lacks  this  activity. The C- 
terminal  domain of  all these polymerases is cysteine 
rich.  It has been recently proposed  that  the C-terminal 
domain of  Pole acts as a sensor of DNA replication 
able to stimulate DNA repair  in response to replication 
blocks  (NAVAS et al. 1995). DNA polymerase 6 from 
human to yeast  displays a very conserved region sur- 
rounding  the cysteine-rich domain  (CULLMANN et al. 
1993; and see Figure 1). To examine the function of 
the C-terminal domain of  Po16,  we performed several 
amino acids changes of the cysteine residues and ana- 
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TABLE 1 

Yeast  strains 

Strain Genotype Source 

GF260-2 MATa ura3 leu2 trpl lys2 SIMON ~t a/. (1993) 
GF262-2 MATa ura3 leu2 trpl  his3 SIMON et al. (1993) 
DG146 GF260-2 X GF262-2 GIOT et Ul. (1995) 
GL329 MATa ura3 leu2 trpl lys2 pol3-13 This work 
GL330 MATa ura? leu2 trpl his? po13-13 This work 

GL356 MATa ura3 leu2 trpl his? po13-13 sdp5-15 This work 
GF289 (501) MATa uru3 leu2 trpl lys2 cyhypol3::TRPl-CYHZ (pGL330) SIMON et al. (1993) 

GL355 MATa ura3 leu2 trpl lys2 pol3-13 sdp5-15 This work 

GF279-1C MATa ura3 leu2 trpl lys2 c y h y  This work 
GF279-1D MATa ura3 leu2 trpl his3 c y h p  This work 
DG178-1  GF279-1C X GF279-1D This work 
GF300-2B MATa ura3 leu2 trpl his3  pol3-11 This work 
GF300-5D MATa ura3 leu2 trpl lys2 $013-11 This work 
GF1401 MATa ura3 leu2 trpl lys2 c y h y  pol3-11 This work 
GF1572 MATa ura3 leu2 trpl lys2 cyhypol3-11 sdp5-1 This work 
DG177-1 GF356 X GL329 This work 
GF308-2C MATa ura3 leu2 trpl lys2 sdp5-15 This work 
GF318-2C MATa ura3 leu2 trpl  his3 pol3-14 This work 
GF326-9-1 MATa ura3 leu2 trpl  his3 pol3-1-14 SDP5-URA3" This work 
GF263-5B MATa ura3 leu2 trpl lys2 This work 
GF327-1C MATa ura3 leu2 trpl lys2 SDP5-URA3" This work 
GF305-3B MATa ura3 leu2 trpl  his3 pol3-11 sdp5-1 This work 
GF3242A MATa ura3 leu2 trpl lys2 pol3-14 sdpl This work 

AA1026 MATa ura3 leu2 trpl arg4R A. ~ J I N  
FF181134 MATa ura3 leu2 trpl his7  lysl reu3::URA3 F. FABRE 
FF739 MATa ura3 leu2 trpl his7  lysl radl8::LEUZ F. FABRE 
AA1987 iMATa ura3 leu2 trpl arg4 rad1::LEUZ F. FABRE 
FF958 MATa ura3 leu2 trpl his7  lysl rad5l::URA3 F. FABRE 
FF74'2 MATa ura3 leu2 trpl his7  lysl rad52::URA3 F. FABRE 
FF964 MATa ura3 leu2 trpl his7  lysl rad5O::URA3 F. FABRE 

AA1028 MATa ura3 leu2 trpl arg4B A. A D p I  

Strains from GF260-2 to GF3242A are isogenic. 
SDPS-URA3 means that URA3 was inserted near  the  gene SDP5. 

lyzed the  phenotype of the resulting mutants.  These 
phenotypes indicate  that this domain is essential for 
DNA replication and also suggest the involvement of 
Po16 in error-prone and recombination DNA repair. 

MATERIALS AND METHODS 

Strains and media: The yeast strains used are listed in  Table 
1. Yeast culture media were as described by SHERMAN (1991). 
All procedures for manipulating DNA rely on  standard meth- 
ods. The yeast lithium  transformation procedure was per- 
formed according to SCHIESTI. and GIETZ (1989). 

Thermosensitivity was checked either by microscopic exam- 
ination of complete  medium  liquid  cultures for  the presence 
of the characteristic dumbbell  phenotype  or by observation 
of the growth on solid medium at various temperatures (GIOT 
P t  al. 1995). Thermoinactivation was determined by plating 
known numbers of cells on complete solid medium, incubat- 
ing  them  at restrictive temperature  for given periods of times 
and  then shifting them to the permissive temperature (24") 
for 4 to 5 days. 

Measurement of spontaneous  mutation or recombination 
rates: Spontaneous mutation or recombination rates were 
measured as in LEA and COULSON (1949) and VON BORSTEL 
(1978). respectively; the  experiments were done twice  with 

nine cultures for forward spontaneous mutation and  four 
times with seven cultures  for spontaneous intragenic recombi- 
nation. 

Site-specific  mutagenesis: Single amino acid changes  in the 
Gterminal  part of POL? were constructed  in pGR22Xh0, 
which is derived from pGR22 (SIMON et al. 1993) by creating 
an XhoI site at position 3194 in POL3 with oligonucleotide 
CCATTATTTGTACTCGAGAACAATATT. The following oli- 
gonucleotides were used to create the indicated  mutations: 
C1024G (GCCCTCTTGGTTCGAACTGTCT); C1027W (TTC 
AAATTGGCTAGCAAGG); C1059S (TGCCAAAGGAGCGCT 
GGTA); C1069N (GAAGTTTTGAATTCAAATAA) and 
C1074S (AAATAAGAATTCTGACATTTT). The oligonucleo- 
tides were designed to generate a restriction site. Plasmids 
bearing mutations were screened by restriction analysis and 
the XhoI-PstI DNA fragments were sequenced  and reintro- 
duced  into pGR22Xho. The pGR22Xho-derived plasmids 
were digested with Hind111 and Sad. The digestion products 
were used to transform strains GF289(501), in which the de- 
leted C-terminal part of gene POL? was complemented by the 
URA3 centromeric plasmid YCp50 carrying a wild-type copy 
of POL3 (plasmid pGL330) (SIMON et al. 1993). Ten CyhR and 
Trp- transformants were tested for  their ability to grow on 
5FOA plates (BOEKE et al. 1987)., Le., for their propensity to 
lose the plasmid pGL330 carrying POL3. The mutants  able to 
grow on this selective medium were checked by Southern 
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FIGURE 1.-Localization and phenotype of mutants in the cysteine-rich domain of Pols. (A)  Amino  acid sequence homology 
between the Cterminal ends of the catalytic DNA polymerase 6 subunit of human (Hs pols; CHUNG et al. 1991), Bos t u u m  (Bt 
po16; ZHANG et al. 1991), Plasmodium falciparum (Pf pols; RIDLEY et al. 1991), Schizosaccharomyces  pombe (Sp pols; PIGNBDE et al. 
1991) and Saccharomyces  cereuisiae (Sc pols; FAYE et al. 1992). Amino  acid residues are boxed in  the column when at least two 
residues belonging to Pf, Sp or Sc pol6 are identical to the  corresponding residues of Hs or Bt pols. Conserved  cysteines are 
written above the boxes. Substitutions of cysteine residues are indicated. (B) Phenotypes of the mutants. *This mutation was 
obtained in a previous work (GIOT et al. 1995). 

blotting for the presence of the restriction site introduced 
with each mutation. Those showing a lethal or thermosensi- 
tive phenotype on 5FOA plates were  crossed  with strain 
GF262-2, the diploids were selected, replica-plated onto 5FOA 
and induced  to sporulate, and tetrads were  analyzed to follow 
the segregation of lethal or thermosensitive phenotypes. 
Southern blottings were carried out with the DNA  of diploids 
to verify that they contained one wild-type and  one mutated 
copy of gene POL3. 

Cloning of sdp525 Total DNA from strain GL356  was par- 
tially digested with  Sau3A.  DNA fragments ranging from 6 to 
9 kilobases (kb) were isolated. Plasmid  p370 cyRp71,  FAYE 
and SIMON 1982, containing the kanamycin Gen Block (Phar- 
macia) inserted at its unique EcoRI site] was cleaved with XhoI 
restriction enzyme.  Before ligation, Suu3A and XhoI overhang- 
ing  ends were  partially  filled  with A+G  and C+T, respectively, 
using Taq DNA polymerase (Promega) to prevent self-ligation 
(ROSE and BROACH 1991). To confirm the identity of the 
cloned gene, we introduced  the URA3 marker near  the SDP5 
locus. To  do so, the 1.9-kb EcoRI-XbaI DNA fragment located 
at  the left end of gene SDP5 was inserted between the EcoRI/ 
NheI sites of  YIp5. This plasmid was integrated in strains 
GF318-2C  by transformation and its integration was checked 
by Southern blotting. A Ura+ transformant, named  GF326 
9-1,  was crossed with strain GF263-5B (POL?, SDPS). After 
sporulation,  a POL3  SDPS(UR43) spore, named GF327-1C, 

was isolated. Strain GF327-1C  was crossed with  GL356 (po13- 
13 sdp5-15) or GF305-3B (pol3-11  sdp5-I) and segregation of 
thermosensitivity and Ura+ phenotypes was followed. 

Irradiation: Cells from growing cultures were diluted to 
appropriate concentrations, plated on solid W D  and  W-irra- 
diated. They were  left 5 days at 24" before observation. 

Lowdensity cell suspensions were  y-ray irradiated in  a '%o 
source at a dose rate of 10 Gy/min. Cells  were then plated 
on complete or minimal medium and left 5 days at 24" before 
observation. All the results presented have been reproduced 
at least twice. 

Flow cytometric analysis of cells: Cells  were made rho' by 
ethidium bromide treatment (SIMON and FAYE 1984). Washed 
cells  were  fixed  in 70% ethanol, RNase treated and stained 
with propidium iodide (MANN et al. 1992). Flow cytometric 
analysis  was carried out on  a Becton-Dickinson (Moutain 
View, C A )  FAG Vantage SEM. 

RESULTS 

Site-specific  mutagenesis of the  cysteine-rich domain 
of Pow: The cysteine-rich  domain  of POL3 may be 
important for function  because a thennosensitive  mu- 
tant $013-ll, carried a cysteine-to-serine substitution  at 
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FIGURE 2.-Flow cytometry analy- 
sis of cells. Flow cytometry of POL3 
cells in  growing conditions in com- 
plete  medium  either  at 25" (A) or 
37" (B). Flow cytometry of pol3-13 
cells in  growing conditions at 25" 
(C) or  grown exponentially at 2.5" 
and  then  incubated  at 37" for vari- 
ous  periods of time (D). The pro- 
portion of G1, S and G2 cells in the 
populations was calculated with the 
ModFit LT program  according to 
HEDLFY et al. (1993). G2 
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residue 1069, previously isolated (GIOT et nl. 1995) 
(C1069S) (GIOT et al. 1995). Some cysteine-rich  do- 
mains are known to be able to form zinc finger struc- 
tures in which cysteine residues coordinate  an  atom of 
zinc and  are essential to establish the  structure of the 
protein (VALLEE et nl. 1991). To get some clues about 
the role of this domain in POL3,  five of the  eight cys- 
teine residues belonging  to two putative zinc domains 
(Figure 1A) were changed by means of oligonucleotide- 
mediated mutagenesis (KUNKEL et nl. 1987). The re- 
sulting mutant alleles were integrated  into strain 
GF289(501) for analysis. Since POL3 is essential, this 
strain contained the wild-type  POL3 gene  on a URA3 
plasmid (SIMON et nl. 1993). Pol3p function was then 
inferred by testing transformants for  their ability to 
grow in the absence of the wild-type  POL3. 

Analysis  of the  mutant phenotypes indicated that  the 
cysteine residues are  not equivalent. Mutations C1024G 
and C1059S  led  to a wild-type phenotype at 25 or 37", 
mutations C1027"and C1069N  were lethal and  the mu- 
tant-bearing mutation C1074S  (pol3-13)  was thermosensi- 
tive at 30" (Figure 1B). The presence of  several  essential 
cysteine residues identifies a new  essential domain for 
DNA polymerase 6. However, it is not known whether 
these cysteine residues form a classical  zinc finger. 

Diploid effect for thermosensitivity: To explore fur- 
ther  the function of the cysteine-rich domain of  POL3, 

we characterized the po13-13mutant. At permissive  tem- 
perature  (25"),  the cell  cycle is affected as judged by 
flow cytometric analysis, although  the  generation time 
is the same as that of the POL3 strain. The proportion 
of G2 and S phase cells is increased by a factor of  1.2 
and 1.5,  respectively,  as compared to that observed for 
the POL3 strain (Figure 2). After a 5-hour incubation 
at  the restrictive temperature  (37"), 90% of the po13- 
13 cells exhibit a dumbbell  structure, with the nuclear 
material blocked at  the bud neck and an  apparent 2C 
DNA content (Figure 2), which is consistent with the 
morphology of mutants deficient in DNA replication. 
The thermosensitivity could be  due to the inactivation 
of Pol3-13p or to the  introduction of lethal disorders 
during replication. To analyze the ability of the  mutant 
to support growth after exposure at  the restrictive  tem- 
perature, we measured the viability  of  Pol3-I3  cells at 
permissive temperature (24") after exposing them to 
37" for various periods of time. After a lag period, 60% 
of the haploid cells died  per hour of exposure at 37" 
(Figure 3A). Surprisingly, the po13-13/pol3-13 diploid 
was 1.6 times more sensitive than  the isogenic haploid, 
as defined by the ratio of the inactivation slopes. Other 
thermosensitive mutants affecting the catalytic domain 
of  POL3 did not show such a diploid effect (GIOT et nl. 
1995).  A similar analysis was difficult to perform with 
mutant pol3-11 (C1069S), which  modifies the cysteine 
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FIGURE 3.-Thermosensitivity of the po13-1? and pol3-11 mutants. (A) pol3-13 haploid and diploid. Exponential-phase cells 

were incubated for various periods of time at 37" on YPD plates before their transfer to 25". 0, haploid; 0, diploid. In such a 
test, wild-type cells are fully resistant. These data are  the average of two experiments. (B) pol3-13 and po13-11 haploid and diploid. 
For each temperature tested, -40 haploid cells (0 and H) and zygotes (0 and 0) were isolated on YPD plates by micromanipula- 
tion and their progeny were  followed. W and 0, pol?-l3 0 and 0, po13-11. 

residue nearest to the site of mutation pol?-l?, because 
the diploid cells are poorly viable. Instead, we carried 
out the following experiment: we isolated haploid po13- 
11 cells and p013-11/po1?-11 zygotes by micromanipula- 
tion and followed their growth into colonies on com- 
plete medium at 20, 23, 25, 27 and 31" (Figure 3B). 
Whereas 92% of haploid cells formed  a colony at 25", 
only 32% of  zygotes did so. The  remaining haploid cells 
or zygotes arrested proliferation after a few divisions. 
At 23 and 27", only 5% and 7.5% of  zygotes developed 
a colony, respectively; so the  optimum  temperature 
allowing growth of diploid po13-1l/Po1?-11 is  very tight 
compared  to  haploid pol?-ll. Altogether these observa- 
tions indicate that alterations of the cysteine-rich do- 
main induce irreversible damage and reveal a connec- 
tion between these events and  either  the ploidy  of the 
cells or  the fact that diploids are heterozygous for mat- 
ing type. To discriminate between these two hypotheses, 
the  formation of diploids MATa/MATa and MATa/ 
MATa was induced by y-irradiating po1?-l?/po1?-13 
cells, and  the thermoinactivation of the MAT homozy- 
gous diploids was determined.  The MATa/MATa and 
MATa/MATa diploids displayed a thermosensitivity 
similar to that of MATa/MATa cells (data  not  shown). 
This result thereby excludes an influence of the mating 

type  heterozygosity on the diploid effect, and we con- 
clude that pol?-l? (and pol?-l I) are sensitive to the pres- 
ence of homologous chromosomes. 

po13-13 is sensitive to y rays: We  have  shown pre- 
viously that  a thermosensitive diploid strain heteroal- 
lelic for POL? (cdc2-l/cdc2-2) is deficient in y-radiation- 
induced recombination at  the restrictive temperature 
(FABRE et aL 1991). To determine whether pol?-l? 
strains are deficient in DNA strand break repair at  the 
permissive temperature,  the  mutant was exposed to 
methyl methanesulfonate (MMS). Both haploid po13-13 
and diploid pol?-l?/po1?-1? are unable to grow at 25" 
in a  complete medium containing 0.012% MMS, a con- 
centration  that  does  not  inhibit  the growth of wild-type 
cells, suggesting a defect in DNA strand break repair 
(data  not  shown). 

Both haploid and diploid strains were then subjected 
to y rays (Figure 4). Usually, a wild-type haploid is sensi- 
tive  when irradiated in the G1 phase of the cell cycle 
but  more resistant in the G2 phase (BRUNBORG and 
WILLIAMSON 1978). A wild-type diploid, containing ho- 
mologous chromosomes, is relatively resistant in the G1 
and G2 phases. Both po1?-1? haploid and pol?-l?/pol?- 
I? diploid are sensitive to ionizing radiation. Compared 
to wild type, the pol?-l? haploid is only affected in the 
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FIGURE 4.-Response ofpol?-l? to y irradiation.  Exponen- 
tial-phase  cultures  were  irradiated  with y rays  and incubated 
on YPD plates  for 5 days  at 24" before  colonies  were counted. 
Wild-type strains haploid GF260 (m) and  diploid  DG146 (0). 
pol?-l? haploid (0 )  and  diploid (0). 

G2 phase. The pol?-l?/po13-1? diploid is highly  sensitive 
in the G1 phase. Taken  together, these results indicate 
that  the pol?-l?/pol?-l? cells  have a  strong  repair  defect 
after y irradiation  in G1 phase and  that  both haploid 
and diploid cells  have a partial repair  defect of y-in- 
duced lesions when in G2 phase at permissive tempera- 
ture. 
po13-13 is defective  for  induced  recombination: Sen- 

sitivity to induced DNA strand breaks may reflect alter- 
ation(s)  in  mutagenic or recombinogenic DNA repair, 
but this sensitivity may be also due to indirect effects. 
For instance, alleles of POL1 and POL? (named hpr3 
and hpr6, respectively) cause sensitivity to MMS and a 
large increase in spontaneous  recombination (AGUIL 
ERA and KLEIN 1988). Association of both phenotypes 
was attributed to an accumulation of lesions in  the DNA 
that  are  recombinational substrates and leave the cells 
unable to recover from an increased number of lesions 
due to the  damaging  agent. To investigate whether 
POL? was directly involved in induced  recombination, 
we compared  the ability of pol?-l3/po1?-1? and wild-type 
diploid cells to recombine  at 24". To  do so, we followed 
spontaneous rates and  induced frequencies of Arg+ re- 
combinants  formed  in  a heteroallelic arg4B/arg4R dip- 
loid (NICOLAS et al. 1989).  In the pol?-l?/p01?-1? strain, 

the  spontaneous  recombination rate was comparable 
to that of the wild-type control strain (7 x and 5.5 
X IOp6 k g +  per  generation, respectively), suggesting 
that  the pol?-l?/pol?-l? mutant is not affected in sponta- 
neous  recombination. However, among  the survivors, 

irradiation  did not induce  intragenic  recombination 
in the pol?-l?/pol?-l? diploid,  although  the wild-type 
diploid responded linearly to the  applied doses (Figure 
5A). To show that this defect was not restricted to the 
repair of  lesions induced by ionizing radiation,  both 
strains were exposed to UV irradiation and the fre- 
quency of recombinants was established. The same de- 
fect was observed since increasing UV doses did not 
induce  intragenic Arg' recombinants in a pol?-l?/pol?- 
13 diploid, whereas the  number of Arg+ recombinants 
increased in direct ratio to UV doses in a wild-type dip- 
loid (Figure 5B). These  data indicate that pol3-1? mu- 
tants are defective for radiation-induced recombina- 
tional repair and  that  spontaneous and  induced recom- 
bination follow different pathways. 
$013-13 is defective  for  induced  mutagenesis: The im- 

plication of POI,? in recombinational  repair suggests 
that POL? may be  involved in other DNA repair  path- 
ways. To investigate this possibility, we submitted pol?- 
13 haploid and diploid strains and isogenic wild-type 
strains to increasing UV doses at 24". Mutant $1013-13 is 
clearly more sensitive than  the wild-type strain (Figure 
6A), indicating  a  defect in repair of W-induced lesions. 
We also observed that  the  diploid effect is altered since 
diploid pol?-l?/po1?-1? was  as sensitive  as haploid pol?- 
13, although  a wild-type diploid is more resistant than 
a wild-type haploid. This result is consistent with the 
idea that  the pol?-l?/pol?"13 diploid is unable to repair 
lesions through  recombination between homologous 
chromosomes. Upon testing, we observed that  the pol?- 
11 mutant is UV sensitive  as  well, whereas the pol?-l4 
mutant, which is altered in the Pol3p catalytic domain 
(GIOT et al. 1995), is not sensitive to UV irradiation 
at  the permissive temperature  (data  not  shown). This 
indicates that UV sensitivity may be specific  to muta- 
tions that affect the cysteine-rich domain of Pol3p. 

UV irradiation  introduces lesions that  are  repaired by 
both  nucleotide excision repair and error-prone  repair 
processes (FRIEDBERG et al. 1995). The efficiency of the 
error-prone  repair pathway is easily  followed by looking 
for  the  appearance of canavanine-resistant colonies be- 
fore and after UV irradiation. The spontaneous muta- 
tion to canavanine resistance (CanR) displayed a five- 
fold increase in pol3-13 when compared to a haploid 
wild-type strain (data  not  shown). This indicates that 
pol?-13 is a weak mutator  compared to the effect of 
mutations affecting the exonuclease domain (SIMON et 
al. 1991) or  the catalytic domain  (GIOT et al. 1995), 
which resulted in 500- and 20-fold increases in sponta- 
neous mutagenesis, respectively. Submitted to increas- 
ing UV doses, a wild-type strain responds by an increase 
in  the frequency of canavanine-resistant mutants  per 
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plated  on YPD to  estimate  survival  or  synthetic  complete  media  lacking  arginine  and  left 5 days  at 24". Right ordinate (0 and 
0): numbers of k g +  colonies  per lo6 survivors.  Left ordinate (0 and W): survival (in percent). 0 and W, POL3/POL3 arg4B/ 
arg4e 0 and 0, po13-13/po13-13 arg4B/arg4R 0 and ., survivals; 0 and 0, inducedArg4+  convertants (the background  frequencies 
have been  subtracted; they  were  between  36-56 X and 63-190 X for POL3  POL3/POL3 and pol3-13/p013-13 strains, 
respectively,  according  to experiments). 

survivor. Our results show that this induction is severely 
diminished  in the pol3-I3 strain (Figure 6B).  This sug- 
gests that  induced  error-prone  repair is defective in 

Epistasis  analysis is often  a useful means toward iden- 
tifying genes  that act in the same functional pathway 
(COX and GAME 1974).  The above mentioned results 
suggest that POL3 is required  for  error-prone  repair. 
We have investigated genetic  interactions between Po13 
I 3  and mutations  in RAD18 and REV3, which act  in 
the  error-prone  repair pathway (FRIEDBERG et ul. 1991). 
Interestingly, the  double  mutant pol3-I3  rudl8A is able 
to better  tolerate restrictive temperature  than pol3-I3 
(Figure 7), suggesting that  Radl8p is detrimental  for 
DNA replication in the $1013-13 mutant. The radl8A 
alone was more UV sensitive than  the $1013-13 mutant, 
whereas the  double  mutant pol-13 radl8A was as  sensi- 
tive  as rudl8A (Figure  8A).  Thus, radl8A is epistatic to 
poZ3-13. Rev3p  is a nonessential DNA polymerase that 
is supposed  to bypass lesions in  error-prone  repair 
(MORRISON et al. 1989; NELSON et al. 1996). Like 
radl8A,  rm3A is also epistatic to pol3-13, at least for 

p013-13. 

cells in  the G1 phase,  the most sensitive phase of rm3A 
mutants, suggesting that  both DNA polymerases partici- 
pate  in  error-prone  repair (Figure 8A). 

Since POL3 appears to act in error-prone  repair, we 
might  expect  an additive or synergistic effect by associat- 
ing pol3-13 with a  mutation defective in the excision 
repair pathway such as rudlA. To test  this hypothesis 
we compared  the UV sensitivity  of a  double  mutant p013- 
I 3  radlA with each single mutant (Figure 8B). The 
pol3-I3 rudlA double  mutant was more sensitive to UV 
low doses than rudlA or po13-13 separately (synergistic 
effect). This result indicates that pol3-13 and radlA are 
defective in  different pathways,  which is consistent with 
the role of POL3 in  error-prone  and  recombinational 
repair. 

Recombination is essential to pol3-13 Different com- 
binations of mutations defective in  recombinational re- 
pair show a  dramatic effect on  the survival  of pol3-13. 
Double mutants $1013-13 rad50A, pol3-13 rad52A and 
pol3-I3 rud54A are  not viable (data  not shown). Hap- 
loids pol3-13 rad5lA were obtained at a low frequency 
and grew slowly on complete  medium. This double mu- 
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were counted  after 5 days  on W D  at 24". Wild-type  strains  haploid  GF260 (0) and  diploid  DG146 (.). po13-13 haploid (0) and 
diploid (0 ) .  (B) Survival and  forward  induction  CanR  mutations were estimated by plating  UV-irradiated cells on W D  and 
synthetic  complete  plates  containing  canavanine  and  lacking  arginine,  respectively.  Right  ordinate:  frequency of canavanine- 
resistant  mutants  per lo6 survivors.  Left ordinate: survival (in percent). 0 and ., wild-type  haploid strain; 0 and 0 ,  pol3-13 
strain. 0 and B, survival; 0 and 0, induced CanR mutants (the background  frequencies have been  subtracted). 

tant has a synergistic response to UV irradiation com- 
pared to each single mutant (Figure 8C) , which is con- 
sistent with the participation of  POL?in the  error-prone 
DNA repair pathway. The synthetic lethality with mu- 
tants involved in recombination indicates that  in pol?- 
I? DNA lesions have to be processed in the recombino- 
genic pathway or that  the  proteins involved in the re- 
combinational process belong to a complex needed  for 
DNA replication. Furthermore, r a d l 8 A  suppresses the 
lethality of pol?-I? rad5OA and pol?-l? rad52A double 
mutants,  although they are still thermosensitive (data 
not  shown).  In  addition  the po13-1? r a d 5 l A   r a d l 8 A  tri- 
ple mutant grows  as  well  as the single mutant pol?-l? 
(data  not  shown).  Thus,  the r a d l 8 A  mutation s u p  
presses the  recombination  dependency of pol?-l?, per- 
haps because Radl8p channels DNA lesions into  the 
recombinational  repair pathway that is essential in  the 
po13-I3 context. 

Extragenic  suppressors of pol3-13 identify  the Pols- 
associated  protein p55: The identification of r a d l 8 A  
as a partial suppressor of the thermosensitivity of pol?- 
1 3  encouraged us to search for  extragenic suppressors 

of  mutation po1?-1?. Spontaneous pol?-1? revertants 
able to grow at 37 or 32" were isolated. Among them, 
11 extragenic suppressors were obtained, two of which 
(sdp5-15 and sdp5-20) were thermoresistant up to 37". 
By complementation tests,  all suppressors appeared to 
belong to the same group  and were  allelic to sdp5-I, an 
extragenic  suppressor of pol?-1 1 ( GIOT et al. 1995). The 
fact that sdp5-l and spd5-15 were able to suppress the 
thermosensitivity of both pol?-ll and pol?-I?, but not 
that of pol?-l4, suggests that this suppressor is specific 
for  mutations located in  the cysteine-rich domain of 
POL3. When exposed to UV irradiation, pol?-l? sdp5-15 
was as resistant as a wild-type strain (data  not  shown). 
Thus, sdp5-15 also suppresses the pol?-l3 defect in DNA 
repair.  In  addition,  the triple mutant pol3-13  sdp5-15 
rad5 lA ,  which  grows as  well  as pol?-l? at permissive 
temperature, was UV sensitive and thermosensitive like 
pol?-13 (data  not  shown).  The suppressing ability of 
sdp5-15 is then  recombination  dependent. Genetic anal- 
ysis showed that SDP5 is not allelic to RAD18 (data  not 
shown). 

The sdp5-15 gene was cloned by virtue of its domi- 
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nance: homozygous po13-13/Po13-13 sdp5/sdP5 diploids 
are as thermoresistant up to 35"  as the heterozygous 
diploid strain Pol3"13/pol3-l3 sdp5-15/SDP5. Eleven  plas- 
mids from a genomic library constructed from mutant 
pol3-13  sdp5-15 were able to suppress the thermosensiti- 
vity  of pol3-13 at 35" (data  not shown). All plasmids 
contained overlapping inserts, harboring  a common 
2.1-kb  EcoRVDNAfragment (datanotshown);  the latter 
was sequenced.  The  fragment contains a 487 amino 
acid open reading  frame (AIr: 55,261 D) identical to 
HYS2 (Swiss-Prot  accession no. P46957). HYS2 has been 
recently identified through  a screen for  mutants hyper- 
sensitive to hydroxyurea (SUGIMOTO et al. 1995).  It is 
an essential gene,  and  conditional  mutants display the 
phenotypes expected  for  a defect in DNA replication. 
Furthermore, one allele presents a defect in response 
to W irradiation (SUGIMOTO et al. 1995). 

To confirm the identity between SDPS and  the  cloned 
gene, we inserted URA3 near  the SDPS locus (see MATE- 
RIALS AND METHODS) and crossed the resulting strain 
with both po13-I3 sdp5-15 and $013-I1 sdp5-1 double mu- 
tants. In  both cases, thermosensitivity segregated with 
the  Ura+ phenotype (30 and 16  tetrads  studied, respec- 
tively), indicating that  the  cloned  gene is (or is near) 
the one affected by mutations sdp5-1 or sdp5-15. 

Comparison of the  amino acids sequence with the 
Swiss Prot release 35  showed (Figure 9)  a low but sig- 
nificant homology (30% of identity over the full-length 
proteins) with two polypeptides encoding  the small  sub- 
unit  (p50) of bovine and human DNA polymerase 6 
(ZHANG et al. 1995a). Interestingly, the  sequence of the 
mutant allele sdp5-15 predicts only one change in a 
conserved domain  at  the position 358,  which is a lysine 
in SDP5 and a glutamic acid in sdp5-15 (data  not 
shown). We suggest that SDPS codes for  the p55 protein 
(BAUER and BURGERS 1988) associated with Pol3p in S. 
cermisiae. 

DISCUSSION 

Pols is required  €or the repair of induced DNA dam- 
ages: Mutant pol3-13 seems to  be  altered in DNA repli- 
cation since the  proportion of its S and G2 phase cells 
is increased compared  to  that of POL3 cells.  However, 
the  generation times  of pol3-13 and POL3 are  equal 
(data  not shown) so we should  not expect that  the po13- 
13 generated replication defects to be so drastic. The 
synthetic lethality of  po13-13with rad5OA or rad52A sug- 
gests that these defects require  the recombinogenic re- 
pair pathway to  be processed. The nearly normal level 
of spontaneous DNA mutagenesis and recombinogen- 
esis  in mutant po13-13 also means that these processes 
are active but  not exacerbated by the po13-13 replication 
defects. 

The question is then raised  as to whether these spon- 
taneous defects may interfere with the DNA repair of 
induced lesions. The answer is not easy for  there is no 
clear relationship between spontaneous lesions left by 
various mutated genes and  the sensitivity to radiation. 
For instance, mut7-1, an allele of POL3 (VON BORSTEL 
et al. 1993), is a weak mutator and is not W sensitive; 
po13-4DA, which  is mutated in the  editing exonuclease 
domain of POL3, though exhibiting a  strong  mutator 
phenotype (SIMON et al. 1991), is  very  weakly UV sensi- 
tive (M. SIMON,  unpublished  result);  the rad3-102 (reml- 
I) mutant (GOLIN and ESPOSITO 1977) is also a  strong 
mutator and recombinator  but is not radiation sensitive. 
To explain the sensitivity of po13-13 to DNA-damaging 
agents, one may suppose that  the po13-13 cells  have  only 
a low proficiency to  repair DNA lesions that  are in the 
vicinity  of pol3-13pgenerated replication defects. This 
deficiency could be  accounted for by one of two models: 
either  the replication complex containing  the po13-13p 
is blocked by  DNA lesions, thereby impeding  the  repair 
pathways in an indirect way, or pol6 is a  component 
of repair complexes, in particular those dealing with 
mutagenesis or recombinogenesis. We consider this  sec- 
ond model as the  more plausible one with regard to 
our results and to data  obtained with higher eukaryotes: 
(1) calf  thymus PCNA dramatically enhances  the ability 
of  calf  thymus pol6 to bypass in vitro UV-induced  lesions 
(O'DAY et aL 1992) and  (2) pol6 appears to be involved 
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left 5 days on W D  plates at 24" before counting survivors of (A) haploid r a d l 8 A  (open diamonds), rad l8A  pol3-13 (closed 
diamonds), r w 3 A  (crossed squares) and pol3-13 r w 3 A  (squares); (B) haploid r a d l A  (A), and pol3-l? r a d l A  (A); (C) haploid 
r a d 5 l A  (V) and pol3-13  rad5lA (V). Wild-type and pol3-1? haploids are represented by and 0, respectively,  in the graphs. 

in DNA repair of UV-induced  lesions  in mammalian 
cells (DRESLER and FRATTINI 1986; ZENG et al. 1994). 

Both  Pol6 and Pole  polymerase  activities are  en- 
hanced by  PCNA in  vitro (BURGERS 1991). Since PCNA 
is also required  for DNA repair synthesis (SHWJI et al. 
1992),  both polymerases are candidates for DNA repair 
synthesis.  Whatever the  nature of the defect in the DNA 
metabolism at 24", our results  suggest that Po16 is in- 
volved in the  repair of radiation-induced DNA lesions 
in  vivo. 

The differential effect of the PoU-I3  mutation in re- 
pair processes  suggest that  spontaneous and induced 
DNA lesions have different requirements for replication 
components participating in their resolution. We postu- 
late that DNA polymerase 6 is recruited for DNA repair 
of radiation-induced lesions. One possibility is that  the 
$013-13 mutant is able to repair spontaneous  but  not 
radiation-induced lesions, supposing that Pol6 is the 
only DNA polymerase for DNA repair.  A second possi- 
bility is that  another DNA polymerase is involved  spe- 
cifically  in the repair of spontaneous lesions  while  Pol6 
is recruited after irradiation. This could account for the 
conflicting reports on the assignment of Pol6 and Pole 
in the different DNA repair pathways. In fact, Pole  has 
been isolated as a  component of the recombinational 
apparatus in  cell extracts UESSBERGER et al. 1993), while 
we show that Pol6 is needed for induced recombina- 
tion. Pole is also needed  for base  excision repair in  vitro 

(WANG et al. 1993), while other studies have  shown  Pol6 
being needed for cellular response to MMS (BLANK et 
al. 1994) and to UV damage in vitro (ZENG et al. 1994) 
and in  vivo (this study). In agreement with  this model 
are  the  recent findings that Po16 directly binds to PCNA 
( ZHANG et al. 1995b), which is targeted to the nucleus, 
to interact with chromatids damaged by UV or y irradia- 
tion (MIURA et al. 1992, 1996). Possibly, PCNA recruits 
Pol6 to repair irradiation-induced DNA lesions. 

Pol6 acts  in  the  error-prone  repair  pathway: The er- 
ror-prone repair pathway  bypasses  lesions by introduc- 
ing mutations on the newly synthesized strand 
(FRIEDBERG et al. 1991).  The Rev3p  DNA polymerase is 
associated with mutagenesis induced by a variety of 
DNA-damaging agents (FRIEDBERG et al. 1995),  and it 
was argued  that  the Rev3p  DNA polymerase functions 
only in translesion synthesis (MORRISON et al. 1989). 
Our results suggest that pol6 as  well  as pole (Rev3p) is 
also  involved  in  this  process. 

Genetic  interaction  between  recombination and er- 
ror-prone  repair: Our observations implicate POL3 in 
induced recombination (FABRE et al. 1991;  this study). 
Deletions of genes involved  in recombination (RAD50, 
RAD52 and RAD54) show synthetic lethality with po13- 
13 (data  not  shown). Although the recombination pro- 
cesses are essential in po13-13 haploids, they are  not 
sufficient to perform recombinational DNA repair in 
diploids. We suggest that the recombination complexes 
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FIGURE 9,"Comparison of Sdp5p  and  human  p50  protein 
sequences.  The  sequences of human  p50 ( Z W G  et al. 1995a) 
and of Sdp5p/Hys2p (SUGIMOTO et aL 1995)  are  compared 
with  the  sequence of sdp5-15. *Identical  amino  acid  residues. 
The  mutation  found  in sdp5-15 is noted  at  position  358. 

involved  in postreplicative events are  different from 
those performing recombinational repair where the in- 
tegrity  of Pols is necessary. The recombination that is 
essential to  the $013-13 mutant is linked to  the Radl8p 
function, since deletion of the  corresponding  gene by- 
passes the  recombination  requirement.  In  addition, 
radl8A (as well as sdp5-15) partially suppresses the ther- 
mosensitivity  of $013-13 in a recombination dependent 
manner, i.e., po13-13 radl8A  rad5lA is more thermo- 
sensitive than po13-13 radl8A (Figure 7 and data not 
shown).  Taken  together, these observations indicate 
that Radl8p acts at an early step and that  a  connection 
does exist between Radl8p  and the recombinational 
apparatus. Similar genetic interactions have been 
shown between error-prone  repair and the Rad5lp-de- 
pendent recombination  repair (ABOUSSEKHRA et al. 
1992). Since Radl8p interacts with singlestranded DNA 
(BAILLY et al. 1994), we propose that, in mutant pol3-13, 
the  binding of Radl8p  on DNA lesions, or structures, 
channels  the  error-prone substrates toward recombina- 
tion. Because po13-13 is partially  defective in this path- 
way, Radl8p is detrimental.  In  contrast,  the absence of 
Radl8p could  enable  the cell to treat  the lesions by a 
pathway unaffected in po13-13. 

Interaction between Po16 and  Sdp5p: Defects in both 
error-prone  and recombinational repair were detected 
only in mutants affecting the cysteine cluster of POL3. 
None of the thermosensitive mutants located in the 
catalytic domain of  Po16 (GIOT et aL 1995) displayed UV 

or MMS sensitivity or any diploid effect for  temperature. 
Thus,  the  Gterminal  domain of POL3 seems to be sensi- 
tive  with regard to the  function of POL3 in DNA repair. 
However, po13-13 and po13-11 are also thermosensitive 
for growth, reflecting the essential role of this domain 
for  the  function of POL3 in DNA replication. 

Extragenic suppressors of pol3-13 and $1013-11 identi- 
fied SDP5/HYS2, which presents significant homology 
with the p50 subunit of  bovine and human DNA  poly- 
merases 6. The suppression is specific for mutations 
affecting the cysteine-rich domain. We propose that p55 
binds the cysteine-rich domain of POL3 in accord with 
the co-purification of p55 with Pol3p (BURGERS and 
BAUER 1988). Two alleles, sdp5-1 and sdp5-15, also  sup- 
press the defect in DNA repair and  an allele of HYS2 
displays  hypersensitivity to UV irradiation (SUGIMOTO 
et al. 1995). Thus, Sdp5p could be associated  with  Pol3p 
during DNA repair synthesis as  PCNA seems to be. 
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