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Base excision repair is an important mechanism for correcting DNA damage produced by many physical and
chemical agents. We have examined the effects of the REV3 gene and the DNA polymerase genes POLI, POL2,
and POL3 of Saccharomyces cerevisiae on DNA repair synthesis in nuclear extracts. Deletional inactivation of
REV3 did not affect repair synthesis in the base excision repair pathway. Repair synthesis in nuclear extracts
ofpoll, po2, and pol3 temperature-sensitive mutants was normal at permissive temperatures. However, repair
synthesis in po12 nuclear extracts was defective at the restrictive temperature of 37°C and could be
complemented by the addition of purified yeast DNA polymerase £. Repair synthesis in poll nuclear extracts
was proficient at the restrictive temperature unless DNA polymerase a was inactivated prior to the initiation
of DNA repair. Thermal inactivation of DNA polymerase 8 in po13 nuclear extracts enhanced DNA repair
synthesis -2-fold, an effect which could be specifically reversed by the addition of purified yeast DNA
polymerase 8 to the extract. These results demonstrate that DNA repair synthesis in the yeast base excision
repair pathway is catalyzed by DNA polymerase £ but is apparently modulated by the presence of DNA
polymerases a and B.

Both prokaryotic and eukaryotic cells effect the repair of
damaged or inappropriate bases in DNA by enzyme-cata-
lyzed excision processes. These processes are designated
base excision repair or nucleotide excision repair, depending
on whether the damaged bases are excised as free entities
(base excision repair) or as components of oligonucleotide
fragments (nucleotide excision repair) (10). Both processes
include nonsemiconservative repair synthesis of DNA dur-
ing which gaps generated by the excision events are filled.
These gaps vary in size, depending on the particular excision
repair mode in operation (8, 12, 15).

In the yeast Saccharomyces cerevisiae, multiple genes for
DNA polymerases have been identified, and there is consid-
erable information on the biochemistry of the proteins en-
coded by a number of these genes. Three DNA polymerases
that are known to be required for DNA replication in S.
cerevisiae are encoded by the POLl (CDC17), POL2, and
POL3 (CDC2) genes (3, 17, 20, 24). Consistent with their
requirement for DNA replication, all three genes are essen-
tial (7, 17, 20, 24), and temperature-sensitive mutants have
been isolated for each (1, 14). These three genes encode the
catalytic subunits of DNA polymerases I, II, and III, respec-
tively, which are the mammalian homologs of DNA poly-
merases a, £, and 8, respectively (3, 17, 20). In the interests
of uniformity, the Greek letter nomenclature has recently
been adopted for the yeast enzymes (6).
Yeast DNA polymerase a has an associated primase

activity (4) and is believed to be responsible for initiating
DNA replication on both strands (20). Purified yeast DNA
polymerases 8 and e are multiprotein complexes consisting
of two and five subunits, respectively (2, 11). They are
believed to be involved in DNA synthesis by extending
primers formed by DNA polymerase cx-primase complexes
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(5, 20). There is a requirement for additional protein cofac-
tors during DNA replication in yeast cells. These include
proliferating cell nuclear antigen, single-strand binding pro-
tein, and replication factor C (2, 5, 9, 28).

In addition to the three enzymes mentioned above, there
are indications of a fourth DNA polymerase in S. cerevisiae.
Examination of the translated nucleotide sequence of the
REV3 gene reveals homology with yeast and Epstein-Barr
virus DNA polymerases (19). This gene is not essential, but
it is required for DNA damage-induced mutagenesis in S.
cerevisiae (18, 19). Hence, it has been suggested that Rev3
protein may be a DNA polymerase that participates in an
error-prone cellular response(s) to DNA damage (19).
There is considerable uncertainty as to which DNA poly-

merase(s) is involved in repair synthesis during excision
repair of DNA and whether the same polymerase(s) is
utilized during the base and nucleotide excision repair
modes. In mammalian cells, the lack of appropriate mutants
has prompted the extensive use of polymerase inhibitors to
investigate these questions (13, 22, 23, 25). Such studies
have suffered from the limited specificity of the inhibitors
used and the implicit assumption that their effects on purified
DNA polymerases in vitro accurately mimic those in living
cells. Additionally, experimental conditions have varied
considerably, and little attention has been paid to which
particular excision repair mode was being measured.
The availability of mutants for all four known DNA

polymerase genes suggests that S. cerevisiae might be par-
ticularly suited for studies on the role of the individual
enzymes during excision repair in eukaryotic cells. Here we
report the results of an experimental approach that utilized a
recently developed in vitro assay for specifically measuring
repair synthesis during base excision repair ofDNA (27). We
show that in yeast nuclear extracts, repair synthesis during
base excision repair is catalyzed exclusively by DNA poly-
merase E. In addition, our experiments suggest that DNA
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TABLE 1. Yeast strains used

Strain Genotype Source

BJ2168 MATa RAD leu2 trpl ura3-52 Yeast Genetic
pep4-3 prbl-1122 prcl-407 Stock Center

CL1265-7C MATa arg4-17 leu2-3,112 his3- C. W. Lawrence,
Al trpl ura3-52 Rochester, N.Y.

AMY32 MATa rev3° arg4-17 leu2-3,112 C. W. Lawrence,
his3/4 trpl ura3-52 Rochester, N.Y.

488 MATa trpl leu2 ura3-52 hisl-7 A. Sugino, NIEHS'
canl poll-17

YHA302 MATa ade5-l leu2-3,112 ura3- A. Sugino, NIEHS
52 trpl-289 po12-3::LEU2
[YCppol2-18]

ts370 MATa cdc2-1 adel ade2 his7 Yeast Genetic
gall Stock Center

a NIEHS, National Institute of Environmental Health Sciences.

polymerases ot and 8 indirectly influence repair synthesis
during base excision repair. The REV3 gene product has no
effect on repair synthesis.

MATERIALS AND METHODS

Materials. Plasmid pGEM-3Zf(+) was purchased from
Promega. Osmium tetroxide, protease inhibitors, phospho-
creatine (disodium salt), creatine phosphokinase, ATP, and
deoxyribonucleoside triphosphates were purchased from
Sigma Chemical Co. Ultrapure sucrose and acetylated bo-
vine serum albumin were from Bethesda Research Labora-
tories. Zymolyase 100-T was purchased from ICN Biomed-
icals, Inc.

Strains. Escherichia coli DH5a was used to propagate
plasmids and was purchased from Bethesda Research Lab-
oratories. E. coli CJ236 was obtained from Bio-Rad. The
yeast strains used are listed in Table 1.

Enzymes. Yeast DNA polymerase a with associated pri-
mase activity was a gift from David C. Hinkle, Department
of Biology, University of Rochester. Yeast DNA poly-
merase 8 was generously provided by Akio Sugino, National
Institute of Environmental Health Sciences, and Peter M. J.
Burgers, Department of Biochemistry and Molecular Bio-
physics, Washington University School of Medicine. Yeast
DNA polymerase £ was generously provided by Akio Sug-
ino. One unit of DNA polymerase a incorporates 1 nmol of
total nucleotide per h at 30°C, using activated salmon sperm
DNA as the substrate. One unit of DNA polymerase 8 or e
incorporates 1 nmol of total nucleotide per 30 min at 30°C,
using poly(dA). oligo(dT) as the substrate (11).

Preparation of yeast nuclear extracts. Yeast nuclear ex-
tracts from strains BJ2168, CL1265-7C, and AMY32 were
prepared as previously described (27). Nuclear extracts from
DNA polymerase temperature-sensitive mutants were simi-
larly prepared with minor modifications. Cells grown at 23°C
in YPD medium (1% yeast extract, 2% Bacto Peptone, 2%
glucose) to late logarithmic phase were harvested by centrif-
ugation, washed once in water, and resuspended to 0.1 g/ml
in 0.1 M EDTA-KOH (pH 8.0)-10 mM dithiothreitol. Cell
suspensions were incubated at 23°C for 10 min with shaking
(50 rpm) and centrifuged for 10 min at 6,000 rpm in a JA-14
rotor (Beckman) at 4°C. Cell pellets were resuspended to 1
g/ml in YPD medium containing 1 M sorbitol, and zymolyase
100-T was added to 1 mg/g of cells. Following incubation at
23°C for -1.5 h with shaking (50 rpm), ice-cold YPD medium
containing 1 M sorbitol was added (10 ml/g of cells). Cells

A

Substrate U

5 '-GGATGGCATGCAUGATCCGGAGGCCGCGCG-3'

3 -CCTACCGTACGTACTAGGCCTCCGGCGCGC-5

Substrate T

5 -GGATGGCATGCATGATCCGGAGGCCGCGCG-3'

3 -CCTACCGTACGTACTAGGCCTCCGGCGCGC-5'

B

U T U T

_30-mer

1 2 3 4

FIG. 1. (A) Sequences of 30-mer duplex oligonucleotide sub-
strates U and T containing a dUMP or TMP residue, respectively, at
nucleotide 13. (B) DNA repair synthesis in uracil-containing duplex
oligonucleotides. Repair synthesis was performed with 2 pmol (40
ng) of substrate U (U) or substrate T (T) in 50 ,ug of nuclear extracts
from yeast poi2 (lanes 1 and 2) orpol3 (lanes 3 and 4) cells in the
presence of [32P]TTP as described in Materials and Methods. After
incubation at 23°C for 2 h, 120 ng of oligonucleotide was added, and
the DNA was purified by phenol-chloroform extractions. Duplex
oligonucleotides were recovered by ethanol precipitation, dissolved
in water, and electrophoresed on a 15% nondenaturing polyacryl-
amide gel. The gel was then dried and autoradiographed.

were harvested by centrifugation as before, washed twice in
the same medium, resuspended to 0.1 g/ml in YPD-sorbitol
medium, and incubated at 23°C for 30 min with shaking.

After the addition of phenylmethylsulfonyl fluoride (0.5
mM, final concentration), cells were pelleted by centrifuga-
tion, washed once in 1 M sorbitol, and resuspended to 0.25
g/ml in 5 mM Tris-HCl (pH 7.4)-20 mM KCl-2 mM EDTA-
KOH (pH 7.4)-0.125 mM spermidine-0.05 mM spermine-
18% Ficoll-1% thiodiglycol-protease inhibitors (pepstatin,
leupeptin, chymostatin, and antipain at 1 ,ug/ml each, benz-
amidine at 300 ,ug/ml, and 1 mM phenylmethylsulfonyl
fluoride). Spheroplasts were lysed in a motor-driven homog-
enizer with 10 strokes. Cell debris and unlysed spheroplasts
were removed by centrifugation twice at 7,500 rpm in a
JA-20 rotor (Beckman) for 10 min at 4°C and then subjected
to repeated 5-min centrifugation at 6,000 rpm to obtain a
clear supernatant. Nuclei were pelleted by centrifugation at
13,000 rpm for 30 min at 4°C. Extracts were then prepared
from the nuclei as previously described (27).

Preparation of damaged DNA for repair synthesis. Single-
stranded oligonucleotides for substrates containing thymine
or uracil (Fig. 1A) were synthesized in a DNA synthesizer
(Integrated DNA Technologies, Inc.). To anneal comple-
mentary strands, equimolar amounts of both oligonucle-
otides were incubated for 5 min at 85°C in 10 mM Tris-HCl
(pH 7.5)-l mM EDTA-100 mM NaCl (STE buffer) and
allowed to cool slowly to 23°C. To prepare uracil-containing
plasmid pUC18 DNA, the plasmid was propagated in E. coli
CJ236 (ung dut). Plasmid DNA was then isolated and puri-
fied by alkaline lysis and CsCl-ethidium bromide equilibrium
centrifugation. UV-irradiated plasmid pUC18 DNA was
obtained by exposure to UV radiation of the DNA (50 jg/ml)
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on ice in a thin layer under a germicidal lamp at a dose of 450
J/m2. To prepare osmium tetroxide-damaged DNA, plasmid
pUC18 (100 ,ug) was treated with the agent (300 ,ug/ml) at
70°C for 90 min in STE buffer (300 ,ul). The preparation was
then purified by centrifugation in a linear 5 to 20% sucrose
gradient to remove nicked plasmid DNA as previously
described (27).
DNA repair synthesis. Standard DNA repair synthesis was

assayed in yeast nuclear extracts essentially as described by
Wang et al. (27). Standard reaction mixtures (50 ,ul) con-
tained 300 ng each of damaged plasmid pUC18 and undam-
aged plasmid pGEM-3Zf(+) DNA, 45 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES)-KOH (pH
7.8), 7.4 mM MgCl, 0.9 mM dithiothreitol, 0.4 mM EDTA, 2
mM ATP, 20 ,uM each dATP, dGTP, and TIP, 8 ,uM dCTP,
1 p,Ci of [a-32P]dCTP (3,000 Ci/mmol), 40 mM phosphocre-
atine (disodium salt), 2.5 ,ug of creatine phosphokinase, 4%
glycerol, 100 ,ug of bovine serum albumin per ml, and yeast
nuclear extract. When [a-32P]TTP (3,000 Ci/mmol) was used
instead of [a-32P]dCTP, deoxyribonucleoside triphosphate
concentrations were readjusted to 20 p,M each dATP, dGTP,
and dCTP and 8 p,M TTP. We observed that [32P]YJp
yielded more extensive radiolabeling for DNA repair synthe-
sis of UV- or osmium tetroxide-damaged DNA than did
[32P]dCTP in yeast nuclear extracts. The assay measures
incorporation of [32P]dCMP or [32P]TMP into DNA during
repair synthesis reactions. Undamaged DNA was used as an
internal control for nonspecific background DNA synthesis.
After incubation for 2 h at 23, 30, or 37°C as indicated,
plasmid DNA was purified, linearized with restriction endo-
nuclease HindIII, and separated by 1% agarose gel electro-
phoresis. Gels were stained with ethidium bromide, dried,
and autoradiographed. To quantitate isotope incorporation,
DNA bands were sliced from dried gels and radioactivity
was measured by liquid scintillation counting.

RESULTS

Repair synthesis in uracil-containing DNA. In previous
studies (27), we showed that yeast extracts prepared under
the conditions described here do not support repair synthesis
associated with nucleotide excision repair but do support
base excision repair. Specifically, repair synthesis observed
in UV-irradiated plasmid DNA was not dependent on mul-
tiple RAD genes tested, all of which are absolutely required
for nucleotide excision repair. Additionally, no repair syn-
thesis was observed in plasmid DNA treated with cisplatin,
the repair of which is exclusively by nucleotide excision.
Repair synthesis was also observed in DNA treated with
osmium tetroxide, which produces oxidative base damage
known to be removed by base excision repair, and was
accompanied by the excision of free damaged bases (27).
To confirm that the repair synthesis observed in UV-

irradiated and osmium tetroxide-treated DNA does indeed
reflect bona fide base excision repair in yeast nuclear ex-
tracts, we carried out preliminary experiments using defined
substrates in which thymine residues were replaced with
uracil. The repair of uracil in DNA has been extensively
characterized and is known to be mediated by base excision
repair initiated by uracil-DNA glycosylase, a repair-specific
enzyme (10).
When a 30-mer duplex oligonucleotide containing a single

uracil residue in a defined position was incubated with yeast
nuclear extract at 23°C, [2P]TMP incorporation was con-
fined to a single band at the position of the intact 30-mer
duplex oligonucleotide (Fig. 1B). Essentially no synthesis

1 2 3 4 5 6

- pGEM-3Zf(+)

- U-pUC18

- pGEM-3Zf(+)

U-pUC18

9~~~~S6Jb~~~~~~. .1

FIG. 2. DNA repair synthesis in uracil-containing plasmid DNA.
Yeast nuclear extracts (50 ,ug) were preincubated for 30 min at 30°C
(lanes 1, 3, and 5) or 37°C (lanes 2, 4, and 6) in standard repair
synthesis buffer in the absence ofDNA and [32P]TlP. Uracil (5 mM)
was included in the repair synthesis buffer to reduce the extent of
DNA degradation initiated by uracil-DNA glycosylase. Uracil-
containing plasmid DNA (U-pUC18), unmodified control DNA
[pGEM-3Zf(+)], and [32P]TTP were then added, and the repair
synthesis reactions proceeded at 30°C for 30 min. Reactions were
stopped by phenol-chloroform extractions, and the DNA was
treated as described in Materials and Methods. Nuclear extracts
were frompoll (lanes 1 and 2), pol2 (lanes 3 and 4), andpol3 (lanes
5 and 6) strains.

was observed in the control substrate without uracil (Fig.
1B). Hence, the demonstration of repair synthesis in yeast
nuclear extracts is not restricted by nonspecific nuclease
activity, and the incorporation of radioactive nucleotides
faithfully reflects the enzymatic processing of modified bases
in DNA. Qualitatively identical results were obtained with
use of plasmid DNA in which uracil instead of thymine was
randomly incorporated by propagating the plasmid in a dut
ung strain of E. coli (Fig. 2, lanes 1, 3, and 5). Figure 2 also
shows that the uncontrolled excision of uracil by endoge-
nous uracil-DNA glycosylase in yeast nuclear extracts re-
sults in significant degradation of the plasmid substrate, as
evidenced by the presence of lower-molecular-weight bands.
Hence, in subsequent experiments, we mainly used osmium
tetroxide-treated DNA, in which the extent of oxidative base
damage can be more rigorously controlled.
DNA repair synthesis in rev3 nuclear extracts. The REV3

gene is believed to encode a DNA polymerase (19). We
therefore examined the role of this putative enzyme in base
excision repair in vitro. As shown in Fig. 3 and confirmed by
quantitative analysis (data not shown), comparable levels of
damage-specific repair synthesis were observed in UV-
irradiated or osmium tetroxide-treated plasmid pUC18 DNA
after incubation with yeast nuclear extracts from either a
rev3 deletion mutant or its otherwise isogenic wild-type
parent. Identical results were obtained with use of a rev3-1
point mutant (data not shown). These results suggest that
Rev3 protein is not required for repair synthesis during base
excision repair.

Repair synthesis in nuclear extracts from various poly-
merase mutant strains. S. cerevisiae encodes three essential
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FIG. 3. DNA repair synthesis in rev3 nuclear extracts. UV-
irradiated (UV) or osmium tetroxide-treated (OS04) plasmid pUC18
DNA and untreated control pGEM-3Zf(+) DNA were used to
measure repair synthesis at 30°C in the presence of 80 ,ug of yeast
nuclear extract as described in Materials and Methods. Lanes: 1 and
3, strain AMY32 (rev3°); 2 and 4, the isogenic wild-type strain
CL1265-7C. Repair synthesis was detected with [32P]TTP. Top,
ethidium bromide staining of the gel; bottom, autoradiograph of the
gel.

DNA polymerases designated DNA polymerases a, 8, and E
(3, 16, 17, 20). Temperature-sensitive mutants for all three
POL genes have been isolated and characterized (1, 14). We
examined the effect of thermally inactivating each of these
DNA polymerases on repair synthesis in vitro. We prepared
nuclear extracts from yeast poll, pol2, and poi3 mutant
strains grown at the permissive temperature (23°C). Repair
reactions were carried out at both permissive (23 or 30°C)
and restrictive (37°C) temperatures. UV radiation damage-
dependent repair synthesis was observed at 23°C with all
three nuclear extracts, at levels comparable to that observed
with extracts of wild-type cells (Fig. 4, lanes 1 to 4). When
the reaction temperature was increased to 30°C, the extent of
the repair synthesis increased slightly in each of the extracts
(Fig. 4, lanes 5 to 8). However, when reactions were carried
out at 37°C, repair synthesis was dramatically reduced
uniquely in poi2 nuclear extracts (Fig. 4; compare lane 11
with lanes 7, 9, 10, and 12). A significant reduction in the

T(°C) 23 30 37

EraVT I I
m 1

Extract WT I 11II ll wT {l III WT II III

_ -Ntg

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 4. DNA repair synthesis in nuclear extracts of yeast DNA
polymerase temperature-sensitive mutants. Plasmid DNA exposed
to UV radiation (+UV) and unirradiated (-UV) control DNA were
used to measure repair synthesis in 80 ,g of yeast nuclear extract
from yeast poll (I), pol2 (II), poi3 (III), or wild-type (WT) strains.
Standard repair synthesis assays were performed at 23°C (lanes 1 to
4), 30°C (lanes 5 to 8), or 37°C (lanes 9 to 12) as described in
Materials and Methods, using [32P]dCT7P. Top, ethidium bromide
staining of the gel; bottom, autoradiograph of the gel.

0
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0
o 40

o 20 40 60 80 100

EXTRACT PROTEIN, tg
FIG. 5. Repair synthesis as a function of protein concentration.

Various amounts of yeast pol2 or wild-type nuclear extract were
preincubated at 37°C for 30 min in the standard repair synthesis
buffer in the absence of DNA and [32P]TlP. Subsequently, repair
synthesis was initiated by adding UV-irradiated pUC18 DNA,
unirradiated control [pGEM-3Zf(+)] DNA, and [3P]TTP. Repair
reactions were at 37°C for 2 i. Incorporation of [32P]TMP into DNA
was determined as described in Materials and Methods. Background
incorporation was subtracted. Open circles, wild-type repair syn-
thesis; closed circles, poi2 repair synthesis.

amount of repair synthesis was also observed when nuclear
extracts from thepol2 mutant that were preincubated at 37°C
were subsequently incubated with uracil-containing plasmid
DNA (Fig. 2, lane 4). This reduction was not observed with
extracts of poll and poi3 mutants (Fig. 2, lanes 2 and 6).
Increasing the amount of poi2 extract protein during reac-
tions at 37°C did not increase the amount of DNA repair
synthesis in UV-irradiated DNA (Fig. 5). In contrast, repair
synthesis in wild-type nuclear extracts increased linearly
with increasing amounts of protein (Fig. 5). These results
suggest that repair synthesis during base excision repair in
vitro is catalyzed by DNA polymerase £.

Complementation of defective DNA repair synthesis in pol2
extracts with purified DNA polymerases. The amount of
repair synthesis was also dramatically reduced in osmium
tetroxide-treated plasmid DNA when poi2 nuclear extracts
were incubated at 37°C. A typical experimental result is
shown in Fig. 6A, in which an -13-fold reduction was
observed relative to the level of repair synthesis at 30°C
(compare lanes 1 and 2). When this extract was supple-
mented with increasing amounts of purified yeast DNA
polymerase a, repair synthesis was progressively restored
(Fig. 6A, lanes 3 to 5). As little as 0.01 U of the purified
enzyme detectably increased damage-specific repair synthe-
sis, and when the extract was supplemented with 0.05 U of
the enzyme, repair synthesis was increased -9-fold.
The addition of purified yeast DNA polymerase 8 also

resulted in moderately increased repair synthesis in pol2
nuclear extracts. However, it required 25 times more DNA
polymerase 8 to achieve levels of repair synthesis compara-
ble to those observed with DNA polymerase e (Fig. 6A,
lanes 6 to 8), and repair synthesis never achieved wild-type
levels. Purified yeast DNA polymerase a failed to comple-
ment defective repair synthesis in pol2 nuclear extracts,
even when as much as 1.5 U of the enzyme was added (Fig.
6B).

Similar results were obtained with plasmid DNA exposed
to UV radiation (Fig. 6C). The addition of 0.05 U of purified
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FIG. 6. Complementation of DNA repair synthesis in pol2 nuclear extracts with purified yeast DNA polymerases. (A) A standard repair
synthesis reaction was carried out with 80 p,g of yeastpol2 nuclear extract at 30'C for 2 h (lane 1). Additionally, 80 jig ofpol2 nuclear extract
was preincubated at 37'C for 30 min in standard repair synthesis buffer in the absence of DNA and [32P]lTP. Osmium tetroxide-damaged
DNA (+OS04), undamaged DNA (-OS04), and [3 P]TTP were then added, and the reaction was continued at 37'C for 2 h (lane 2). For
complementation studies, preincubation was performed as in lane 2. Subsequently, 0.01 to 0.05 U of purified yeast DNA polymerase £ (POL
II) (lanes 3 to 5) or 0.05 to 0.25 U of purified yeast DNA polymerase 8 (POL III) (lanes 6 to 8) was added to the preincubatedpol2 nuclear
extract together with DNA and [32P]llTP. Reactions proceeded at 37'C for 2 h. (B) Standard repair synthesis reactions were carried out with
pol2 nuclear extract for 2 h at 23'C (lane 1) or 30'C (lane 2). Repair synthesis of osmium tetroxide-damaged DNA with preincubated pol2
nuclear extract was performed as described for panel A at 37'C for 2 h without (lane 3) or with (lanes 4 to 6) 0.05 to 1.5 U of purified yeast
DNA polymerase a (POL I). (C) Repair synthesis reactions with yeast pol2 nuclear extract at 30'C (lane 1) and preincubated poi2 nuclear
extract at 37'C (lane 2) were performed as described for panel A. Complementation experiments were performed as for lane 2, with the
addition of purified yeast DNA polymerases £ (POL II) (lanes 3 to 5), 8 (POL II) (lane 6), or a (POL I) (lane 7) to the preincubatedpol2 nuclear
extract. UV-irradiated and unirradiated DNA are indicated by +UV and -UV, respectively. (D) Repair synthesis was performed with 80 jg
ofpol2 nuclear extract in the standard reaction either at 30'C for 2 h (lane 1) or with 80 jig of preincubatedpol2 nuclear extract at 37'C for
2 h (lane 2, as described for panel A). For complementation experiments, purified yeast DNA polymerases a (POL I) (lane 3), £ (POL II) (lane
4), 8 (POL III) (lane 5), a, E, and 8 (lane 6), a plus e (lane 7), a plus 8 (lane 8), or plus 8 (lane 9) were added to the preincubatedpol2 nuclear
extract (80 jig of each). DNA polymerases a, a, and 8 were added in the amounts of 150, 0.05, and 0.25 U, respectively. Repair synthesis
reactions were at 37'C for 2 h. Osmium tetroxide-damaged and undamaged DNA are indicated by +OS04 and -OS04, respectively.

yeast DNA polymerase fully restored defective repair
synthesis inpol2 nuclear extracts (Fig. 6C; compare lanes 1
and 5). However, 0.25 U of yeast DNA polymerase 8 had
only a partial effect (Fig. 6C, lane 6), and the addition of 75
U of DNA polymerase a (Fig. 6C, lane 7) had no detectable
effect on the defective repair synthesis.
We considered the possibility that DNA polymerases a

and 8 might contribute more substantially to repair synthesis
if all three functional polymerases were present at the same
time. To examine this possibility, we added various combi-
nations of the three purified enzymes to heat-inactivated
poi2 nuclear extracts. As shown in Fig. 6D, no combinations
led to a cooperative increase in repair synthesis compared

with the levels observed in the presence ofDNA polymerase
alone.
Yeast DNA polymerase 8 limits DNA repair synthesis.

Several experimental results demonstrated that repair syn-
thesis catalyzed by DNA polymerase is limited by the
presence of DNA polymerase B. We reproducibly detected
increased levels of repair synthesis in both damaged and
control plasmid DNA when poi3 extracts were incubated at
temperatures that are restrictive for DNA polymerase 8
activity (Fig. 4; compare lanes 4 and 12). The increased
DNA synthesis in the control DNA was observed uniquely
under these experimental conditions, suggesting that very
low levels of spontaneous damage and or nicks in these DNA

A

POL (U) - -

- Os04
+ Os04

C

POL (U)
T (°C)

- Os04
+ Os04
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FIG. 7. Evidence that DNA polymerase 8 partially inhibits DNA
repair synthesis. A standard DNA repair synthesis assay was

carried out with 80 jLg ofpol3 nuclear extract at 23°C for 2 h (lane 1).
To inactivate DNA polymerase 8, 80 jLg ofpol3 nuclear extract was
preincubated at 37°C for 30 min in the absence of DNA and
[32P]TTP. Osmium tetroxide-damaged DNA (+OS04), undamaged
DNA (-OS04), and [32P]TTP were then added, and the repair
reaction was continued at 23°C for 2 h (lane 2). In lane 3, the
preincubation was carried out as for lane 2. Purified yeast DNA
polymerase 8 (0.4 U) was then added in addition to DNA and
[32P]TTP, and the repair reaction proceeded at 23°C for 2 h.

molecules are not reflected by significant repair synthesis in
the presence of functional DNA polymerase 8. Similar
results were observed when poi3 nuclear extracts were
preincubated at 37°C prior to the addition of DNA and
[32PrTrP to initiate repair at 23°C (Fig. 7; compare lanes 1
and 2). The addition of purified DNA polymerase 8 (0.4 U) to
preincubatedpol3 nuclear extracts negated increased repair
synthesis in both the damaged and control substrates (Fig. 7,
lane 3). Quantitative determinations of the amount of dam-
age-dependent repair synthesis in lane 2 of Fig. 7, i.e., after
subtraction of the synthesis in control DNA, showed an
-3-fold increase relative to that measured in lanes 1 and 3.
Finally, we observed that the correction of defective repair
synthesis inpol2 extracts by purified DNA polymerase E was
reduced -70% by the simultaneous addition of purified DNA
polymerase 8 (Fig. 6D; compare lane 4 with lanes 6 and 9).
The addition of purified DNA polymerase a did not produce
this effect (Fig. 6D; compare lanes 4 and 7).
Thermal inactivation of DNA polymerase ax prior to DNA

repair reduces repair synthesis. In the experiments shown in
Fig. 4, incubation mixtures were assembled at room temper-
ature prior to reaction at various temperatures. As indicated
previously, the levels of repair synthesis in poll nuclear
extracts were unchanged when reactions were shifted to
37°C. However, when poll nuclear extracts were preincu-
bated at 37°C in the absence of the DNA substrate, i.e., prior
to the initiation of excision repair, the amount of repair
synthesis of osmium tetroxide-treated DNA during contin-
ued incubation at 37°C was reduced relative to that observed
during extended incubation at 23 or 30°C (Fig. 8; compare
lane 3 with lanes 1 and 2). This result was not observed when
extracts of wild-type cells were preincubated at 37°C prior to
initiating repair (data not shown). The reduction in repair
synthesis was not corrected by the addition of purified yeast
DNA polymerase at, e, or 8 following the preincubation (Fig.
8, lanes 4 to 12).
To further demonstrate that repair synthesis in poll nu-

clear extracts was proficient at the restrictive temperature
unless DNA polymerase ax was inactivated prior to the

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 8. Evidence that inactivation ofDNA polymerase a prior to
DNA repair reduces the level of subsequent repair synthesis.
Nuclear extract (80 jig) ofpoll cells was preincubated at 37°C for 30
min in repair synthesis buffer in the absence of DNA and [32P]TTP.
Osmium tetroxide-damaged DNA (+Os04), undamaged DNA
(-0sO4), and [32P]TTP were then added, and incubation was

continued at 37°C for a further 2 h (lane 3). Control repair reactions
at 23°C (lane 1) and 30°C (lane 2) with 80 ,ug ofpoll nuclear extract
are also shown. To determine complementation in vitro, purified
yeast DNA polymerase a (POL I) (lanes 4 to 7), (POL II) (lanes 8
to 10), or 8 (POL III) (lanes 10 and 12) was added to the extracts
after 30 min of preincubation as described for lane 3.

initiation ofDNA repair, we preincubated complete reaction
mixtures containingpoll nuclear extracts for 15 min at 23°C
to initiate base excision repair in the absence of radiolabeled
triphosphate. Subsequently [32P]TTP was added, and the
reaction was continued for a further 2 h at 37°C. Under these
conditions, repair synthesis was unimpaired (Fig. 9, lanes 1
to 3). The identical experiment using poi2 nuclear extracts
failed to restore repair synthesis at the restrictive tempera-
ture (Fig. 9, lanes 4 to 6).

DISCUSSION

Utilizing an assay that supports base excision repair of
plasmid DNA in vitro, we have demonstrated that the REV3

Poll Pol2

-Im I I
1 2 3 4 5 6

- Os04
+ 0s04

we - Os04
fr + 0s04

FIG. 9. Evidence that initiating DNA repair at the permissive
temperature results in proficient repair synthesis at the restrictive
temperature in poll extracts. Repair reactions were carried out at
30°C with 80 jig of poll (lane 1) or poi2 (lane 4) nuclear extracts.
Preincubation of 80 jig of poll (lane 2) or poi2 (lane 5) nuclear
extract at 37°C prior to DNA repair was also carried out. To initiate
DNA repair before shifting reactions to 37°C, 80 jig ofpoll (lane 3)
or pol2 (lane 6) nuclear extract was incubated with osmium tetrox-
ide-damaged DNA (+OS04) and undamaged DNA (-OS04) in the
standard reaction buffer at 23°C for 15 min. [32P]TTP was added, and
reactions were continued at 37°C for an additional 2 h.
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gene of the yeast S. cerevisiae is not required for repair
synthesis during this repair mode. Hence, if as has been
suggested (19), the REV3 gene encodes a nonessential DNA
polymerase, this polymerase is not responsible for repair
synthesis during base excision repair of DNA. On the other
hand, the observations that (i) repair synthesis of DNA
damaged by UV radiation or osmium tetroxide was totally
defective in pol2 nuclear extracts under nonpermissive con-

ditions and (ii) the addition of purified yeast DNA poly-
merase£ to pol2 nuclear extracts uniquely complemented
this defect indicate that DNA polymerase£ is required for
repair synthesis during base excision repair. These results
are consistent with those of Nishida et al. (21), who observed
that repair synthesis of DNA in permeabilized human fibro-
blasts exposed to UV radiation requires the human DNA
polymerase £ and that DNA polymerases a or ,B cannot
substitute for polymerase£. Though not explicitly stated, it
is likely that the studies of Nishida et al. (21) measured repair
synthesis primarily, if not exclusively, during nucleotide
excision repair of DNA. Hence, our results suggest that the
polymerase requirements for gap filling associated with
excision repair in eukaryotes are similar, if not identical,
during base and nucleotide excision repair.
We demonstrated that under normal conditions, repair

synthesis is proficient at the restrictive temperature in poll
nuclear extracts. However, when DNA polymerase at was

thermally inactivated prior to the initiation of base excision
repair, the extent of repair synthesis was reduced -3-fold.
Neither purified DNA polymerases a, 8, nor e corrected this
reduction. Additionally, we showed that DNA polymerase 8
has an inhibitory effect on DNA polymerase £-dependent
repair synthesis. Hence, while DNA polymerases a and 8 do
not play a role in directly catalyzing repair synthesis during
base excision repair, both enzymes can apparently influence
repair synthesis catalyzed by DNA polymerase £.
The mechanism by which DNA polymerase 8 inhibits

repair synthesis is not known. It is interesting to note that
DNA polymerases 8 and £ have similar properties (26). For
example, both enzymes are able to associate with prolifer-
ating cell nuclear antigen and replication factor C proteins on

primed single-stranded DNA to form an initiation complex
(5). Both enzymes might therefore recognize and bind to
gaps in DNA, but DNA polymerase £ might utilize such
substrate sites more efficiently. Hence, DNA polymerase 8
might compete with DNA polymerase £ for repair synthesis
substrate. Alternatively, DNA polymerases £ and 8 might
compete for one or more accessory proteins that are re-

quired for repair synthesis of DNA during base excision
repair. The observation of the partial correction of repair
synthesis in nuclear extracts defective in DNA polymerase £
following the addition of a vast excess of purified DNA
polymerase 8 is consistent with this notion.
From the observed effect of DNA polymerase a on repair

synthesis, we postulate that this enzyme normally interacts
with a factor(s) that is mobilized following the initiation of
DNA repair and is required for repair synthesis catalyzed by
DNA polymerase £. Thermal inactivation of polymerase a

may somehow result in inactivation of this factor(s), perhaps
by trapping with denatured polymerase a, thereby prevent-

ing its participation in DNA polymerase c-dependent repair
synthesis.

In conclusion, our studies reveal a complex involvement
of DNA polymerases a, 8, and £ in DNA repair synthesis
during base excision repair in yeast cells. All three enzymes
affect the level of DNA repair synthesis under certain
conditions, either directly or indirectly. The yeast DNA

polymerases are biochemically very similar to their mamma-
lian counterparts. Hence, our results may be reasonably
extrapolable to mammalian DNA repair and may provide at
least a partial explanation for the contradictory conclusions
obtained in earlier studies with mammalian systems which
relied mainly on the use of polymerase inhibitors (13, 22, 23,
25).
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