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ABSTRACT

DNA polymerase Il purified from Saccharomyces
cerevisiae contains polypeptides with apparent
molecular masses of >200, 80, 34, 30 and 29 kDa, the
two largest of which (subunits A and B) are encoded
by the essential genes POL2 and DPB2. By probing a
Agt11 expression library of yeast DNA with antiserum
against DNA polymerase II, we isolated a single gene,
DPB3, that encodes both the 34- and 30-kDa
polypeptides (subunit C and C’). The nucleotide
sequence of DPB3 contained an open reading frame
encoding a 23-kDa protein, significantly smaller than
the observed molecular masses, 34- or 30-kDa, which
might represent post-translationally modified forms of
the DPB3 product. The predicted amino acid sequence
contained a possible NTP-binding motif and a
glutamate-rich region. A dpb3 deletion mutant (dpb34)
was viable and yielded a DNA polymerase Il lacking the
34- and 30-kDa polypeptides. dpb34 strains exhibited
an increased spontaneous mutation rate, suggesting
. that the DPB3 product is required to maintain fidelity
of chromosomal replication. Since a fifth, 29-kDa
polypeptide was present in DNA polymerase |II
preparations from wild-type cell extracts throughout
purification, the subunit composition appears to be A,
B, C (or C and C') and D. The 5’ nontranscribed region
of DPB3 contained the Mlul-related sequence ACGCGA,
while the 0.9-kb DPB3 transcript accumulated
periodically during the cell cycle and peaked at the
G1/S boundary. The level of DPB3 transcript thus
appears to be under the same cell cycle control as
those of POL2 , DPB2 and other DNA replication genes.
DPB3 was mapped to chromosome Il, 30 cM distal to
his7.

INTRODUCTION

The yeast Saccharomyces cerevisiae has three distinct, essential
nuclear DNA polymerases (1 —4). DNA polymerase I is similar
in structure and activity to mammalian DNA polymerase « (5,6),
which has been proposed to replicate the lagging strand of
chromosomal DNA (7). DNA polymerase III is similar to
mammalian DNA polymerase 6 (8), which has been proposed
as the leading strand replicase (7). Although DNA polymerase
IT was first described in 1970 (9—11), its structure and function
were until recently unknown. DNA polymerase II purified to
near-homogeneity contains polypeptides with apparent molecular
masses, >200, 80, 34, 30 and 29 kDa (12). The genes encoding
the >200-kDa catalytic subunit A and the 80-kDa subunit B have
been cloned (4,13). Both genes are essential for cell growth and
their thermosensitive mutants exhibit defective DNA synthesis
at the restrictive temperature, suggesting that the DNA
polymerase II holoenzyme participates directly in chromosomal
DNA replication (4,13; and Araki et al., in preparation). Based
on these results we have proposed a new model for the replication
of DNA by three DNA polymerases (4). In this model, DNA
polymerase I initiates synthesis at the origin and synthesizes DNA
primers on the lagging strand, DNA polymerase II elongates the
leading strand, and DNA polymerase III elongates the lagging
strand. Yeast DNA polymerase II shares some similarities with
mammalian DNA polymerase e (previously described as 6,
polymerase), an enzyme previously suggested to be involved in
DNA repair in human cells (14).

In this report we describe the cloning, sequencing and genetic
analysis of DPB3, the gene encoding the third subunit of DNA
polymerase II. We found that both the 34- and 30-kDa
polypeptides of purified DNA polymerase II are from the same
gene, DPB3. Since 30-kDa polypeptide seemed to be a proteolytic
product of 34-kDa polypeptide and the 29-kDa polypeptide also
appears to be a subunit of DNA polymerase II, DNA polymerase
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II thus contains four subunits. DPB3 is dispensable for cell
growth, but is required for normal fidelity of chromosome
replication, and the level of its transcript appears to be under
the same cell cycle control as those of POL2 (Araki et al., in
preparation), DPB2 (13) and other DNA replication genes (for
reviews, see 15 and 16).

MATERIALS AND METHODS
Bacterial and yeast strains

Escherichia coli DH5« (17) was used for the propagation of
plasmids. Y1090 (18) and LE392 (17) were used for Agt11 and
ACharon28A phages, respectively. S. cerevisiae strains were
YHAI (MATa/MAT« leu2-3,—112/leu2-3,—-112
trpl-289/trp1-289 ura3-52/ura3-52 his7-2/+ +/canl) (4),
BJ3501 (MAT« pep4::HIS3 prb1-A1.6 his3-A200 ura3-52 canl
gal7) (from E. W. Jones, Carnegie-Mellon University, PA),
L155-1B (19), YHA3 (MATa ade5 leu2 met8-1 trpl ura3-52),
CG379(MATa ade5 his7-2 leu2-3,112 ura3-52) (from C. Giroux,
Wayn State University, MI), XS803-2C (MATa hisI-7 hom3-10
leu2-3, 112 ura3-52 canl), and AMY50-1B (MATa lysi-1 hisl-7
ade2-1 hom3-10 leu2-1 ura3-52).

Yeast genomic libraries and plasmid DNAs

Agtll and ACharon28A S. cerevisiae genomic DNA libraries
were described previously (4,20). Plasmid pBS(SK+)
(Stratagene, La Jolla, CA) was used for subcloning and DNA
sequencing. Plasmid pGB310 contains the S. cerevisiae URA3
gene, excisable by EcoRI, BamHIl, HindIll, Smal, and Sacl
(obtained from C. Giroux).

Biochemical and genetical methods

Antibody screening of Agt11 yeast genomic library (18), screening
of ACharon 28A library with a DNA probe (17), double-stranded
DNA sequencing by dideoxy-termination method (21), Western
and Northern blottings were described previously (4). Partial
purification of DNA polymerase II activity was as described
(4,12). Synchronization of yeast cells by mating pheromone «,
feed-starve, and elutriator centrifugation and the preparation of
total RNA from the yeast cells followed by Northern blotting
were described (19). The gene disruption mutants were
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Figure 1. The purified DNA polymerase II (12) was separated by 4—20%
SDS-PAGE and transferred to a Immobilon membrane filter as published (12).
The filter was incubated either with 1000-fold diluted mouse antiserum against
polymerase II (lane 3) or with the antiserum purified with antigens produced by
Agtl11-2 (lane 1) or Agtl1-7 (lane 2) clones. The immuno-reacted polypeptides
were visualized with alkaline-phosphatase conjugated anti-mouse IgG (Promega).
On the right the polypeptide of DNA polymerase II is shown. Mouse antiserum
against polymerase II did not recognize the D subunit.

constructed by the one-step gene replacement method (22) with
a specific fragment containing the disrupted gene, followed by
spore dissection. Yeast transformation, and other materials and
methods, were as described previously (23,4,12,13).

Rabbit antibodies against yeast DNA polymerase 11

The mouse antiserum against yeast DNA polymerase II (12) did
not recognize the 29-kDa polypeptide of DNA polymerase II (12).
Therefore, we have tried to raise rabbit antiserum against DNA
polymerase II (12) as described (24). This rabbit antiserum
recognizes not only the >200-kDa, 80-kDa, 34-kDa and 30-kDa
polypeptides previously recognized by the mouse antiserum, but
also the 29-kDa polypeptide (see Fig. 6) by Western blotting.

Measurement of spontaneous mutation rates

In preliminary experiments, spontaneous reversion frequencies
were monitored by a patch test, in which patches of cells (about
10 cm?) grown on YPDA were replica plated onto omission
media and revertants counted after five to ten days. Patches of
DPB3* cells yielded an average of one Lys* revertant, and 40
His* revertants. Subsequently, spontaneous reversion rates were
quantitated using the Leningrad test (25). Yeast cells grown in
YPDA medium to stationary phase were washed, suspended in
water at densities of approximately 105-to-107 cells/ml, and
applied to plates using a multipronged replicator. Five-to-six
hundred compartments were replicated for each determination.
The plates contained synthetic medium either lacking or
containing a limiting amount of either lysine, adenine or histidine.
Limiting concentrations were 2 ug/ml histidine, 5 ug/ml lysine,
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Figure 2. Structure of the DPB3 gene and construction of the dpb3A gene
disruption. Agt11-2 is a representative of the positives after screening a Agtl1
yeast genomic DNA library with mouse antiserum against DNA polymerase II.
ACharon28A # 1 was isolated from the \Charon28A yeast genomic DNA library
by plaque hybridization with the 1.3-kb EcoRI insert of Agt11-2. For construction
of dpb3A, the 3.8-kb BamHI-BstEIl fragment of NCharon28A # 1 was first ligated
to the pBS(SK +) DNA treated with BamHI and Kpnl, the remaining ends were
blunt-ended by T4 DNA polymerase and ligated by T4 DNA ligase. Then, the
1.2-Kb EcoRI-HindIIl URA3 fragment from pGB310 plasmid was inserted into
the above plasmid DNA after 0.32 Kb EcoRI-HindIIl and 0.22-Kb HindIII
fragments were removed (pDPB3-2). This pDPB3-2 was further digested with
Spel and BstEIl and was used for transformation of diploid strain (YHAI) to
make the dpb3A disruptant. A thick arrow indicates the open reading frame of
the gene and its orientation predicted from the DNA sequence. Abbreviations
useg here are; 8-gal :8-galactosidase, B:BamHI, Bs:BstEIl, E:EcoRl, H:HindIll,
Sp:Spel.



or 1 ug/ml or 2.5 pg/ml adenine. Plates were incubated for five-
to-ten days at 30°C, and spontaneous reversion rates were
calculated by the P, method (25).

RESULTS

Cloning the gene for DNA polymerase II subunit C

It was very difficult to obtain enough DNA polymerase II to raise
specific antibodies against each subunit of the polymerase (see
ref. 12). Therefore, a Agt11 library of yeast genomic DNA was
probed with mouse antiserum against DNA polymerase II (12).
From approximately 6x 105 recombinant plaques, 29 positive
Agtl11 phages have been isolated. Antibody was affinity-purified
using the positives as described by Snyder er al. (18) and used
to probe a Western blot of DNA polymerase II to identify which
of the subunits was being expressed by the recombinant Agtl1
phage. Seventeen Agtl1 phages had part of the gene for subunit
B, as described previously (13). Eleven other positives generated
affinity-purified antibody that reacted with both the 34- and
30-kDa polypeptides of DNA polymerase II but not with subunits,
A and B. Figure 1 shows examples of such results. And one
positive was not able to be assigned to any specific polypeptide
of DNA polymerase II.

Since Western blotting indicated that each of these eleven Igt11
clones produced a fusion protein between (3-galactosidase and
either 34- or 30-kDa polypeptide, the clones seemed likely to
have only a part of the gene for either 34- or 30-kDa polypeptide.
Thus intact gene was cloned from a ACharon28A yeast genomic
DNA library by plaque lift hybridization using the 1.3-kb EcoRI
insert of \gtl1—-2 (Fig. 2) as a probe. From approximately
10,000 recombinant plaques, twenty positives were obtained. All
generated DNA containing a common 5-kb BamHI insert that
hybridized to the 1.3-kb EcoRI fragment (Fig. 2). The restriction
map of this BamHI fragment was identical to that of chromosomal
DNA, suggesting that no rearrangement had occurred during
cloning. Since the 5-kb BamHI fragment hybridized only to the
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Figure 3. Nucleotide sequence of DPB3. The nucleotide sequence was determined
for both strands by the dideoxy-termination method using plasmid DNA, Sequenase
(United States Biochemical Co.), and specific oligonucleotide primers synthesized
on a Vega Coder 300 DNA synthesizer. The predicted amino acid sequence of
the OREF is given below the nucleotide sequence. Numbers on the left and right
sides of the figure indicate nucleotide and amino acid residues, respectively. The
putative cell cycle dependent regulatory sequence, ACGCGA, is underlined.
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same size BamHI fragment of yeast chromosomal DNA, this is
a single-copy gene. The 5-kb BamHI fragment was subcloned
into pBS(SK +) and the region encompassing the 1.3 kb EcoRI
fragment was sequenced. The nucleotide sequence revealed one
open reading frame encoding a protein of calculated molecular
weight 23,005 (Fig. 3). We named this gene DPB3 (DNA
Polymerase B subunit 3). The calculated molecular weight of
the DPB3 gene product is substantially less than the observed
molecular masses of the 34- or 30-kDa polypeptides, suggesting
that the gene product either migrates anomalously in gel
electrophoresis or is post-translationally modified. The 30-kDa
polypeptide might be modified differently than the 34-kDa
polypeptide, or might simply be a proteolytic product of the
34-kDa polypeptide.

The deduced amino acid sequence of DPB3 has a region of
thirty-five residues (residues 120—154) containing 63% acidic
residues—primarily glutamate—including a run of fourteen
residues that contains eleven glutamate and one aspartate residues.
Also, a possible nucleoside triphosphate-binding consensus
sequence (26) occurs in the amino-terminal half of the predicted
sequence (Fig.4). However, the amino acid sequence of DPB3
had no significant similarity to any protein appearing in GenBank,
NBRF-Nucleic acid and -protein Bank, EMBL Gene Bank, or
SwissProt Bank, except for a kind of heat-shock proteins, such
as chicken Hhch08 (27), hamster glucose-regulated protein grp94
(28) and Trypanosoma cruzi heat-shock protein 90-kDa homolog
(29). These similarities are limited to the acidic region of DPB3.

DPB3 is dispensable

The disrupted DPB3 gene, dpb3A, was constructed by replacing
the 0.32-kb EcoRI-HindIII and 0.22-kb HindIII DNA fragments
of DPB3 with a 1.2 kb fragment containing the URA3 gene from
plasmid pGB310 (Fig. 2). One wild-type DPB3 copy of a
homozygous diploid strain (YHA1) was replaced with the
disrupted gene using the one-step gene replacement method (22).
After confirming this construction by Southern blotting, a
DPB3/dpb3A diploid was sporulated and the resulting tetrads
were dissected. Out of twenty tetrads, twelve tetrads showed four
viable spores, seven showed three viable spores and one gave
two viable spores. The total numbers of Ura* and Ura~ spores
were 35 and 36, respectively, and therefore any defect in
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Figure 4. Alignment of part of the predicted amino acid sequence of Dpb3 protein
and proteins with NTPase or NTP-binding activities. Characteristic identical or
similar residues are boxed. Sequences were obtained from the GenBank or NBRF
databases.



4870 Nucleic Acids Research, Vol. 19, No. 18

germination of the dpb3A spores is unlikely. No growth rate
difference was detected between wild type and dpb3A cells.
Furthermore, as the homoallelic diploid (dpb3A/dpb3A)
sporulated normally at 30°C and spore viability was more than
80%, DPB3 is also dispensable for sporulation.

Mapping of DPB3

Yeast chromosomes were separated by transverse alternating field
electrophoresis, transferred to a nitrocellulose filter, and
hybridized to 32P-labeled DPB3 DNA. Only chromosome II
hybridized to the probe (data not shown). To map the DPB3 gene
genetically, URA3 in the dpb3A disruptant was followed as
described (30). The DPB3 gene was located 30 cM from his7
(the distribution of parental ditype : tetratype : non-parental ditype
tetrads was 36:1:41) and 52 cM from met8 (the tetrad distribution
was 12:3:27) on the right arm of chromosome II . Since no gene
maps at this locus (31), DPB3 is a newly identified gene.

dpb3A is a modest mutator

We initially used a semi-quantitative patch test to assess the effect
of the dpb3A allele on spontaneous reversion. Three independent
dpb3A derivatives of AMY50-1B were compared with YCp50
(30) transformants of AMY50-1B obtained in the same
transformation. dpb3A increased the average frequency of lys/-1
revertants about six-fold (three experiments) and that of hisI-7
about two-fold (two experiments). We observed no significant
effect of dpb3A on growth, lethality of UV irradiation or methyl
methane sulfonate, or on UV-induced reversion of lysI-1 or
his1-7 (data not shown). Spontaneous reversion rates were
quantitated using the Leningrad test (25) for a dpb3A derivative
of AMY50-1B for reversion of lysl-1 and ade2-1, and for a
dpb3A derivative of XS803-2C for reversion of hisl-7. The
results, shown in Table 1, indicate that dpb3A elevated the
spontaneous reversion rate by factors of 2.2, 2.6 and 20 at hisl-7,
ade2-1 and lysl-1, respectively.

The abundance of the DPB3 transcript fluctuates during the
cell cycle

A Northern blot of polyA-RNA separated by formaldehyde-
agarose gel electrophoresis was probed with the 0.3 kb EcoRI-
HindIIl fragment of DPB3. A 0.9-kb transcript hybridized to the
probe (data not shown). The steady-state levels of this 0.9-kb
transcript were followed before and after synchronization of yeast
cells with the a-factor mating pheromone. As shown in Fig. 5,
the abundance of DPB3 mRNA fluctuated in a cell-cycle
dependent manner and peaked at the same time as the transcript
of CDC9 (32) as well as other DNA synthesis related gene
transcripts (32). We also used two other methods of synchronizing
yeast cells, namely the Feed-Starve protocol (33) and elutriator

Table 1. Spontaneous reversion rates of dpb3A mutant cells

Spontaneous Reversion Rate (X 10%)

Parent strain Revertible Marker  DPB3 dpb3A

AMY50-1B lysl-1 0.28 + 0.18 57 £ 1.2
AMY50-1B ade2-1 1.8 £ 0.1 47 + 03
XS803-2C hisl-7 45 £ 0.8 9.8 + 2.2

Numbers are the mean + standard deviation of three determinations.

centrifugation (32). The results with these two synchronizations
were essentially the same as with mating factor synchronization
(data not shown). Therefore, it is unlikely that the periodic
accumulation of the DPB3 transcript during the cell cycle is a
synchronization artifact.

DNA polymerase II from dpb3A cells

DNA polymerase II (DNA polymerase II* in ref. 12) activity
was partially purified from cells bearing the dpb3A gene. The
activity eluted reproducibly earlier (at 0.29 M NaCl) than wild-
type polymerase II (at 0.34 M NaCl) from a MonoQ column
and later (at 0.32 M NaCl) than wild-type polymerase II (at 0.27
M NaCl) from a MonoS column (data not shown). The activity
recovered in polymerase II fraction from dpb3A cells were
reproducibly less than 50% of that from wild-type cells. The
active fractions from the MonoS column (Fig. 6A) were subjected
to Western blotting followed by probing with rabbit antiserum
against DNA polymerase II. As shown in Fig. 6B, subunits A
and B coeluted with the DNA polymerase II activity. However,
the 34-kDa (C) and 30-kDa (C') polypeptides found in DNA
polymerase II from wild-type cells (12 and Fig. 6C) were not
detected. Note that the membrane filter of Fig. 6B was developed
twice longer than that of Fig. 6C in order to make sure absence
of C and C’ polypeptides. Thus, the catalytic subunit A of DNA
polymerase II (>200 kDa polypeptide) forms a stable complex
with subunit B in the absence of both the 34- and 30-kDa
polypeptides, while the 29 kDa polypeptide seemed to be
dissociated from the complex (Fig. 6B). The control experiment
with wild-type cells (Fig. 6C) showed that, while the 29-kDa
polypeptide was copurified with the polypeptides corresponding
to subunits A, B and C on a MonoS column, the amount of the
30-kDa polypeptide (C') was considerably less than that of the
most purified DNA polymerase I (12). Thus, it is highly possible
that the 30-kDa polypeptide is a degradation product of the
34-kDa subunit C. The result strongly suggests that the 29 kDa
polypeptide is a subunit of DNA polymerase II (subunit D).
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Figure 5. The steady-state levels of the DPB3 transcript during the cell cycle.
S. cerevisiae cells grown in YPDA to 1x107 cells/ml were synchronized with
a-factor as described (19). After releasing the cells from the a-factor treatment,
cells were incubated in fresh YPDA medium. At 15-min intervals, 10-ml aliquots
were withdrawn and total RNA was extracted (19). Five ug of total RNA from
each sample was denatured with glyoxal, separated by agarose gel electrophoresis.
and transferred to a GeneScreen membrane (DuPont). The filters were hybridized
with 32P-labeled 0.3-Kb EcoRI-HindIlI fragment (Fig.2). After autoradiography,
32p_jabel was stripped off and the filter was reprobed with 32P-labeled CDC9
DNA (19).
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Figure 6. Western blot of DNA polymerase II from dpb3A cells. (A) The dpb3A
derivative of BJ3501 was grown in YPDA medium (60 L) at 30°C to 2 X 107
cells/ml, collected, and the ammonium sulfate fraction prepared as described (12).
This fraction was applied onto an S-Sepharose column (5X 19 cm) and proteins
eluted by 0.1M and 0.5M NaCl in Buffer A (12). The 0.5 M NaCl fractions,
which contained DNA polymerases I, II, and I (12), were applied onto a MonoQ
column (HR16/10) and the polymerase activities were eluted with a 400-ml linear
gradient of 0.1—0.5 M NaCl in Buffer A. Fractions containing DNA polymerase
II activity were pooled, dialyzed against Buffer A containing 0.1 M NaCl for
4 hrs at 0°C, and subjected to MonoS column (HRS/5) chromatography as
described previously (12). (B) The active fractions (20 ul each) were analyzed
by 4—20% SDS-PAGE, and proteins were electrophoretically transferred to
Immobilon-P filters (Millipore). The filter was incubated with 5,000-fold diluted
rabbit antiserum against DNA polymerase II and the polymerase polypeptides
were visualized with alkaline phosphatase-conjugated anti-rabbit IgG (Promega).
Numbers on the left show the molecular masses in kDa of prestained marker
proteins (Bethesda Research Laboratories), while the polypeptide of DNA
polymerase II is shown on the right. The strong signal migrated approximately
140 kDa is a non-specific band reacted with rabbit antiserum. (C) The DNA
polymerase II was partially purified from BJ3501 cells (wild type) by S-Sepharose,
MonoQ and MonoS columns as described in (A) and the active fractions (20 u
each) in MonoS were analyzed by Western blotting as (B) except for the filter
being less developed. The experiment was repeated several times and the the
result was very reproducible.
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DISCUSSION

Our previous studies have shown that POL2 and DPB2, the genes
encoding the catalytic and second largest subunits, respectively,
of S. cerevisiae DNA polymerase II, are essential for cell growth
(4,13). In contrast, DPB3 which encodes the third largest subunit
was dispensable for cell growth, although cells bearing the dpb3A
gene showed increases in rates of spontaneous reversion of
between two- and twenty-fold, depending on the test allele (Table
1). The pol2-1 and dpb2-1 mutants also show higher rates of
spontaneous mutation and an unstable complex of DNA
polymerase II holoenzyme (4,13; and our unpublished
observations). These data suggest that stable complex formation
of the polymerase II is important for normal fidelity of
chromosome replication. This is not the first demonstration of
a subunit of an essential enzyme being dispensable for yeast cell
growth. For example RPB4, which encodes the fourth largest
subunit of yeast RNA polymerase II, is dispensable for cell
growth at 24—-30°C (34).

Agt11 fusions of lacZ and the DPB3 gene expressed proteins
coantigenic with both the 34- and 30-kDa polypeptides (Fig. 1),
and these polypeptides were absent from DNA polymerase II
from dpb3A mutant cells (Fig. 6B), strongly suggesting that both
polypeptides are the product of DPB3. The observed molecular
mass of each polypeptide was significantly greater than predicted
from the nucleotide sequence (Fig. 3). These polypeptides,
therefore, might migrate abnormally in SDS-polyacrylamide gel
electrophoresis, with the 30-kDa polypeptide (C’) possibly being
a proteolytic product of the 34-kDa polypeptide (subunit C).
Alternatively, they might be modified post-translationally and the
difference in migration may reflect the extent and/or the type
of modification. Since the amount of the 30-kDa polypeptide in
the DNA polymerase II varied considerably from preparation to
preparation and varied at the stage of the purification, the
polypeptide is likely a degradation product of the 34-kDa subunit
C. On the other hand, the 29-kDa polypeptide (subunit D)
copurified with the subunits A, B and C throughout the
purification. Thus, the subunit structure of the DNA polymerase
IIis A, B, C and D.

A possible nucleoside triphosphate-binding consensus sequence
is identified in the DPB3 gene. However, there was no detectable
NTPase, or DNA (or RNA) helicase activity in the nearly
homogeneous DNA polymerase II (12). Thus, it is less likely
that the DPB3 polypeptide is either a NTPase or helicase,
although it is still possible that other DNA polymerase II subunits
mask the activity. Alternatively, the DPB3 polypeptide may bind
to NTP to promote the DNA polymerase II formation in vivo.
Availability of each DNA polymerase II subunit gene (POL2 (4),
DPB?2 (13), and DPB3 (this study)) now makes a detailed study
on complex formation of DNA polymerase II possible.

The abundance of the DPB3 transcript fluctuated during the
cell cycle and peaked at the same time as CDC9 (Fig. 5). The
5’ upstream region of DPB3 contains the >’ ACGCGT? -related
sequence, ACGCGA (Fig. 3). It has been strongly suggested that
the sequence ACGCGT (the recognition sequence of restriction
enzyme Mlul) has an important role in the coordinate expression
during the cell cycle of genes involved in DNA replication (15,
16). Included within this group are the genes for all four subunits
of DNA polymerase I (6,19,35; and Hinkle, D., personal
communication), DNA polymerase III catalytic subunit (CDC2)
and yeast PCNA (POL30) (36), and the three subunits of DNA
polymerase II (13; this study and Araki et al., in preparation),
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suggesting that expression of the genes for nuclear DNA
polymerases and their associated subunits are coordinately
regulated during the cell cycle and turned on prior to the initiation
of chromosomal DNA replication.

ACKNOWLEDGEMENTS

We thank Drs. John D.Roberts and Michael A.Resnick for their
critical reading of this manuscript. We also thank Drs. Elizabeth
W.Jones and Craig Giroux for yeast strains and the pGB310
plasmid, and Alan B.Clark for his technical help.

REFERENCES

1.
2.
3. Boulet, A., Simon, M., Faye, G., Bauer, G. A., and Burgers, P. M. J.

21.

22.
23.

25.
26.

27.

28.
29.

Johnson, L. M., Snyder, M., Chang, L. M. S., Davis, R. W., and Campbell,
J. L. (1985) Cell, 43, 369—377.
Sitney, K. C., Budd, M. E., and Campbell, J. L. (1989) Cell, 56, 599—-605.

(1989) EMBO J., 8, 1849—1854.

. Morrison, A., Araki, H., Clark, A. B., Hamatake, R. K., and Sugino, A.

(1990) Cell, 62, 1143—1151.

. Wong, S. W., Wahl, A. F.,, Yuan, P.-M., Arai, N., Pearson, B. E., Arai,

K.-L, Korn, D., Hunkapiller, M. W., and Wang, T. S.-F. (1988) EMBO
J., 1, 37-47.

Pizzagalli, A., Valsanini, P., Plevani, P., and Lucchini, G. (1988) Proc.
Natl. Acad. Sci. USA, 85, 3772—-3776.

Prelich, G., and Stillman, B. (1988) Cell, 53, 117—126.

. Burgers, P. M. J. (1988) Nucleic Acids Res., 16, 6297—6307.

Wintersberger, U., and Wintersberger, E. (1970) Eur. J. Biochem., 13,
11-19.
Chang, L. M. S. (1977) J. Biol. Chem., 252, 1873 —1880.

. Budd, M. E., Sitney, K. C., and Campbell, J. L. (1989) J. Biol. Chem.,

264, 6557—6565.

. Hamatake, R. K., Hasegawa, H. , Bebeneck, K., Kunkel, T. A., and Sugino,

A. (1990) J. Biol. Chem., 265, 4072 —4083.

. Araki, H., Hamatake, R. K., Johnston, L. H., and Sugino, A. (1991) Proc.

Natl. Acad. Sci. USA, 88, 4601 —4605.

. Nishida, C., Reinhard, P., and Linn, S. (1988) J. Biol. Chem., 263,

501-510.

. McIntosh, E. M., Atkinson, T., Storms, R. K. and Smith, M. (1991) Mol.

Cell. Biol., 11, 329—337.

. Lowndes, N. F., Johnson, A. L., and Johnston, L. H. (1991) Nature, 350,

247-250.

. Maniatis, T., Fritsch, E. F., and Sambrook, J. (1982) Molecular Cloning,

A Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor.

. Snyder, M., Elledge, S., Sweetser, D., Young, R. A., and Davis, R. W.

(1987) Methods Enzymol., 154, 107—128.

. Johnston, L. H., White, J. H. M., Johnson, A. L., Lucchini, G., and Plevani,

P. (1990) Mol. Gen. Genet., 221, 44—48.

. Yoshida, K., Kuromitsu, Z., Ogawa, N., Ogawa, K., and Oshima, Y.(1987)

In Torriani-Gorini, A., Rothman, F.G., Silver, S., Wright, A., and Yagil,
E. (eds.) Phosphate metabolism and cellular regulation in microorganisms.
American Society for Microbiology, Washington, D. C., pp. 49—55.
Sanger, F., Nicklen, S., and Coulson, A. R. (1977) Proc. Natl. Acad. Sci.
USA, 74, 5463 —5467.

Rothstein, R. (1983) Methods Enzymol., 101, 202-211.

Ito, H., Fukuda, Y., Murata., and Kimura, A. (1983) J. Bacteriol., 153,
163—-168.

. Sigel, M. B., Sinha, Y. N., and VanderLaan, W. P. (1983) Methods

Enzymol., 93, 3—12.

von Borstel, R. C. (1978) Methods Cell Biol., 20, 1—24.

Walker, J.E., Saraste, M., Runswick, M.J., and Gay, N.J. (1982) EMBO
J., 1, 945-951.

Kulomaa, M. S., Weigel, N. L., Kleinsek, D. A., Beattie, W. G., Conneely,
0. M., March, C., Zarucki-Schulz, T., Schrader, W. T., and O’Malley,
B. W. (1986) Biochemistry, 25, 6244 —6251.

Sorger, P. K., and Pelham, H. R. B. (1987) J. Mol. Biol., 194, 341 —344.
Dragon, E. A, Sias, S. R., Kata, E. A., and Gabe, J. D. (1987) Mol. Cell.
Biol., 7, 1271—-1275.

. Sherman, F., Fink, G. R., and Hieks., J. B. (1986) Laboratory course manual

for methods in yeast genetics. Cold Spring Harbor Laboratory, Cold Spring
Harbor.

31.
32.
33.

. Woychik, N. A., and Young, R. A. (1989) Mol. Cell. Biol., 9, 2854 —2859.
35.

Mortimer, R. K., Schild, D., Contopoulou, C. R., and Kans, J. A. (1989)
Yeast, 5, 321-403.

White, J. H. M., Barker, D. G., Nurse, P., and Johnston, L. H. (1986)
EMBO J., 5, 1705—1709.

Williamson, D. H., and Scopes, A. W. (1962) Nature, 193, 256—257.

Foiani, M., Santocanale, C., Plevani, P., and Lucchini, G. (1989) Mol. Cell.
Biol., 9, 3081—3087.

. Bauer, G. A., and Burgers, P. M. J. (1990) Nucleic Acids Res.,, 18, 261 —265.



