The fifth essential DNA polymerase ¢ in
Saccharomyces cerevisiae is localized to the nucleolus
and plays an important role in synthesis of rRNA
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We report that POL5 encodes the fifth essential DNA polymerase in
Saccharomyces cerevisiae. Pol5p was identified and purified from
yeast cell extracts and is an aphidicolin-sensitive DNA polymerase that
is stimulated by yeast proliferating cell nuclear antigen (PCNA). Thus,
we named Pol5p DNA polymerase ¢. Temperature-sensitive pol5-
1~-3 mutants did not arrest at G2/M at the restrictive temperature.
Furthermore, the polymerase active-site mutant POL5dn gene com-
plements the lethality of Apol5. These results suggest that the
polymerase activity of Pol5p is not required for the in vivo function of
Pol5p. rRNA synthesis was severely inhibited at the restrictive tem-
perature in the temperature-sensitive po/5-3 mutant cells, suggesting
that an essential function of Pol5p is rRNA synthesis. Pol5p is localized
exclusively to the nucleolus and binds near or at the enhancer region
of rRNA-encoding DNA repeating units.

NA polymerases (Pols) play important cellular roles in DNA

replication, repair, and recombination. Several distinct poly-
merases have been identified, purified, and characterized from
prokaryotic and eukaryotic cells, and these enzymes are classified
into several distinct types (1-3). The best characterized eukaryotic
polymerases are polymerases (Pols) «, 3, 8, &, and . Recent studies
also identified prokaryotic and eukaryotic polymerases that per-
form translesion synthesis in the presence of DNA damage (3).

In Saccharomyces cerevisiae, Pol «, 6, and e are required for
chromosomal DNA replication (4), and Pol o is required for both
chromosomal DNA replication and sister chromatid cohesion (5).
Pol IV (B), Rev3 (Pol ¢), and Rad30 (Pol m) participate in DNA
repair and/or recombination (6), and Poly is the mitochondria
DNA (4). The complete sequence of the yeast genome identified an
ORF [YEL055C (POLS5)] that encodes a polypeptide resembling
B-type Pols. This study characterizes the ORF in YELO55C (POLY5)
and shows that it encodes the fifth essential Pol in S. cerevisiae. To
investigate its function in vivo, several conditionally lethal mutants
and a polymerase active-site mutant of POL5 were generated.
These mutants were not defective in chromosomal DNA replica-
tion, and the polymerase active-site mutant gene fully comple-
mented the lethality of a Apol5 mutation. These results suggest that
PolSp plays an essential role in a cellular function other than
chromosomal DNA replication.

The nucleolus is the subnuclear compartment in which most steps
in the production of ribosomes occur, including synthesis of pre-
rRNAs, pre-RNA processing and modification, and ribosome as-
sembly. The nucleolus also plays roles in the synthesis of ribonu-
cleoprotein particles and pre-tRNA processing (7). Subcellular
localization studies showed that PolSp exclusively colocalizes with
Noplp, which is a component of the C + D small nucleolar
ribonucleoprotein-binding protein complex (8), in the nucleolus.
Therefore, it is possible that PolSp may perform an essential
function in the nucleolus. This possibility is consistent with the
phenotype of pol5-3 mutant cells, which demonstrate severe inhi-
bition of rRNA synthesis at the restrictive temperature and have
increasing copy numbers of rRNA-encoding DNA (rDNA) repeat-
ing unit on chromosome XII. Thus, PolSp may be involved in
regulating rRNA synthesis in the nucleolus.

www.pnas.org/cgi/doi/10.1073/pnas. 142277999

Materials and Methods

Yeast Strains and Media. Yeast strains used in this study are S.
cerevisiae CB001 (9), W303D (MATa/a ura3-1/ura3-1 leu2-3, 112/
leu2-3,112 his3-11/his3-11 trpl-1/tpl-1 ade2-1/ade2-1) (from R.
Rothstein), W303-1A (MATa ade2-1 ura3-1 his3-11 trpI-1 leu2-
3,112 canl-100) (R. Rothstein), DY150 (MATa ura3-52 leu2-3,112
trpl-1 ade2-1 his3-11 can1-100 (CLONTECH), YKS1 (MATa ura3
leu2 his3 trpl ade2) (this study), YKS10 (MATa ura3 leu2 his3 trpl
ade2 Apol5::LEU2 [Y Cplac22-POLS5] (this study), YKS11 (the same
as YKS10 except for [YCplac22-pol5-1]), YKS12 (the same as
YKS10 except for [YCplac22-pol5-2]), YKS13 (the same as YKS10
except for [YCplac22-pol5-3]), YKS14 (the same as YKS10 except
for [YEplac195-POLS5]), TAK201 (MATa ade2-1 ura3-1 his3-11
trpl-1 leu2-3,112 canl-100 [pNOY102 fobIA:HIS3][pNOY353])
(10), and Schizosaccharomyces pombe 972 (h™). All media used in
this study were described previously (11). YPG contains 1% yeast
extract, 2% peptone, and 2% galactose.

Activity Gel Analysis of the POL5 Gene Product. The region of the
POLS5 (YEL055C) gene was amplified by PCR using the primers
5'-CCATAGTCTAGACATCGTGG-3' and 5'-GATTCTTCTA-
GAAGTGCAT-3' (the underlined is the Xbal recognition se-
quence) and Taq Pol, digested with Xbal and cloned into the Xbal
site of vector pYEUra3 DNA (CLONTECH). The resulting plas-
mid, pYEUra3-POL5 DNA, was used to transform yeast strain
YKSI1. The transforming YKS1 (pYEUra3-POLS5) was grown in
YPD (1% yeast extract/2% peptone/2% glucose) at 30°C to the
density 1 X 107 cells per ml, centrifuged, washed with water twice,
and resuspended in fresh YPG. Cells were grown at 30°C for 8 h and
centrifuged, and protein extracts were prepared as described. The
protein extracts were subjected to activity gel assay by using
activated fish sperm DNA as described (11).

Disruption of the POL5 Gene. The BstBI-BstBI interval of the POLS
gene was replaced with S. cerevisiae LEU2 and used to transform a
diploid yeast strain W303D to Leu®™ (W303D-Apol5). Transfor-
mants were sporulated and dissected as described previously (12).
More than 50 tetrads were dissected, and only two viable spores
were detected in all cases that were all Leu™. Thus, it was concluded
that POLS is an essential gene as described previously (13).

Isolation of Temperature-Sensitive pol5 Mutants. The diploid
W303D-Apol5 was transformed with YCplac33-POLS (POLS5
URA3), sporulated, and dissected. From dissected spores, a Ura™

Abbreviations: Pol, DNA polymerase; rDNA, rRNA-encoding DNA; GST, glutathione
S-transferase; PCNA, proliferating cell nuclear antigen.
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Leu* haploid (W303-1A Apol5 [YCplac33-POL5]) was selected.
POLS5 was cloned into the YCplac22 (14) vector (YCplac22-POLY5)
and mutagenized by PCR using primers which both flanking vector
sequences were amplified with POL5. The PCR-amplified DNA
and a BamHI- and Sall-digested YCplac22 were cotransformed
into W303-1A Apol5 [YCplac33-POLS5] to obtain YCplac22-pol5
mutants by in vivo recombination (15). Approximately 20,000
transformants grown at 25°C on SC [synthetic complete medium
(12)]-Trp-Ura plates were isolated and replicated onto two sets of
S-fluoroorotic acid containing SC-Trp plates. Plates were incubated
for 3 days at 25 or 37°C. Eight transformants were isolated that grew
at 25°C but not at 37°C. In this study, we characterized three
representative mutants, pol5-1~-3.

Site-Directed Mutagenesis. Among type B Pols, the 626th and 628th
Asp (D) residues of POLS are well conserved, and these residues
are known to be critical for Pol activity (16). We changed the 626th
and 628th D residues of POLS to Asn (N) residue by site-directed
mutagenesis. The mutant gene was named POL5dn.

Purification of the Glutathione S-Transferase (GST)-Pol5p. The POLS
gene was amplified by PCR using the primers 5'-TACCGGATC-
CACAGGGAAAGTCAACGAC-3' (the BamHI site is under-
lined) and 5'-TAGTCTACCCCTCGAGGGAGGTC-3' (the Xhol
site is underlined). Amplified DNA was digested with BarmHI and
Xhol and ligated into pYEX4T-3 (CLONTECH) double-digested
with BamHI and Xhol to form plasmid pYEX4T-POLS5. This
plasmid was used to transform DY150, and Ura* Leu™ transfor-
mants were selected on SC-Ura-Leu plates. Yeast strain DY150
harboring pYEX4T-POLS5 was grown in 6 liters of SC medium
without uracil and leucine. GST-Pol5p was induced by CuSOj as
recommended by the manufacturer. Cells were harvested by cen-
trifugation, suspended in buffer A (9), and disrupted with a bead
beater as described (17). GST-PolS5p was affinity-purified by using
a glutathione-Sepharose 4B column (Pharmacia Biotech) as de-
scribed (18).

Purification of Pol5p from Yeast Cell Extracts. One kilogram of yeast
CBO001 cells were lysed, the cell extracts were prepared and applied
to an S-Sepharose (1 liter) column equilibrated with buffer A/100
mM NacCl, and the retained proteins were eluted with 1 liter of
buffer A/500 mM NaCl as described (9). The eluted sample was
dialyzed against buffer A/100 mM NaCl and reapplied to a
Q-Sepharose column (200 ml) equilibrated with buffer A/100 mM
Na(l, and the proteins were eluted with a linear NaCl gradient from
0.1 to 0.5 M NaCl in buffer A (1 liter). Fractions were analyzed by
immunoblotting with mouse antibody against GST-Pol5p. Pol5p
eluted at ~0.3 M NaCl. The Pol5p-containing fractions were
pooled and purified further by Mono S, hydroxylapatite, heparin-
Sepharose, and Mono Q column chromatographies (a more de-
tailed purification protocol will be published). The purified PolSp
was 90% pure (Fig. 1E). We do not know whether other polypep-
tides coeluted with Pol5p and Pol activity are subunits of Pol5p
complex.

Assay for Pol Activity. Pol activity was measured by using activated
fish sperm DNA (GIBCO) or poly(dA)sep-oligo(dT)io (5:1,
GIBCO) as DNA substrate. Reactions were performed at 30°C for
30 min as described (9, 11).

Indirect Inmunofluorescence Microscopy. Immunolocalization of the
9Myc-Pol5p and Nop1p was carried out as described (17). When the
double-immunofluorescence assay was performed, monoclonal an-
tibody B15 against Noplp (19) and rabbit polyclonal antibodies
against Myc (Cell Signaling Technology) were used. Secondary
antibodies were Alexa 488-conjugated anti-rabbit IgG and Alexa
546-conjugated anti-mouse I1gG (Molecular Probes).

9134 | www.pnas.org/cgi/doi/10.1073/pnas.142277999
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Fig. 1.  Pol5p has Pol activity. Yeast YKS1 cells harboring pYEUra3-POL5 were
grown in YGP, lysed, and analyzed by SDS/PAGE. (A) After SDS/PAGE, the gel was
stained with Coomassie blue. Lane 1, control vector, +galactose; lane 2, control
vector, +glucose; lane 3, pYEUra3-POL5 DNA expression plasmid, +galactose;
lane 4, pYEUra3-POL5 DNA, +glucose; lane 5, pYEUra3-POL5dn, +galactose; lane
6, pYEUra3-POL5dn, +glucose. (B) After SDS/PAGE, an in situ gel assay for Pol
activity was carried out as published (9, 11). Lane 1, 10 units of T4 Pol; lane 2,
pYEUra3-POL5 expression plasmid, +glucose; lane 3, pYEUra3-POL5 expression
plasmid, +galactose; lane 4, pYEUra3-POL5dn, +galactose. (C) Recombinant
GST-Pol5p was purified from DY 150 containing pYEX4T-POLS5 cells induced with
CuSO,4 and analyzed by SDS/PAGE and Western blotting. Lane 1, Coomassie blue
staining; lane 2, Western blot with mouse antiserum against GST-Pol5p. (D)
Purification of Pol5p from yeast cells. The figure shows the Pol activity profile
from Mono S column. The Pol active fractions were subjected to SDS/PAGE
followed by Western blotting with mouse antiserum against GST-Pol5p or rabbit
antiserum against the Pole complex. (E) Pol active fractions from the Mono Q
column (lanes 20-22) were analyzed by SDS/PAGE and Coomassie blue staining.

Sequencing of cDNA of S. pombe pol5+. The S. pombe database was
searched by using the BLAST algorithm. One sequence (c14C8) was
identified that encodes a predicted protein with a high degree of
similarity to Pol5p. The cDNA of this gene, pol5*, was isolated from
S. pombe mRNA by using the RNeasy Mini kit (Qiagen, Chats-
worth, CA), and pol5* was amplified by reverse transcription-PCR
and sequenced by using an ABI Model 377 sequencer.

Other Methods and Materials. S. cerevisiae Pol € and Pol 8 were
purified to homogeneity by published methods (9, 20). S. cerevisiae
proliferating cell nuclear antigen (PCNA) was described previously
(21). Mouse antibodies against GST-Pol5p were raised as described
previously (9). RNA and DNA synthesis in wild-type and pol5
mutant cells was measured as described (22). Flow-cytometric
analysis of yeast cells was carried out as described (23). Pulse-field
agarose gel electrophoresis was carried out as published (24).

Results

The POL5 Gene Encodes an Aphidicolin-Sensitive Pol. The yeast
genome project identified an ORF, YEL055C, that has weak amino
acid sequence homology to B-type Pols (25) and was named POLS5.
To confirm that POL5 encodes a previously uncharacterized Pol,
the YEL055C was cloned into the expression vector pYEX4T-3 and
overexpressed in yeast. Protein extracts were prepared from yeast
cells overexpressing Pol5p and analyzed by SDS/PAGE and an in
situ Pol activity assay. The overexpressed Pol5p had Pol activity by
using this assay (Fig. 1 A4 and B). A Pol5p with mutation in the
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Table 1. DNA polymerase ¢ activity is stimulated by yeast PCNA
DNA synthesis*

PCNA —Aphidicolin, pmol +Aphidicolin,

DNA polymerase addition (fold stimulation) pmol
GST-Pol5p - 2.5(1) 0.5
GST-Pol5p + 12.1 (4.8) 13
Pol¢ - 7.0(1) 0.4
Pold + 40.0 (5.7) 13
Polsdnt - 0.1(1) 0.1
Pol5dn + 0.1(1) 0.12
Pold - 27.1(1) 1.4
Pols + 163.0 (6.0) 2.1
Pole - 35.2(1) 0.8
Pole + 40.2 (1.1) 0.9

*DNA synthesis was measured in the presence of poly(dA)see-oligo(dT)1o (5:1)
as a template-primer.

TBecause the purity of the Pol5dn polypeptide was not the same as that of Pol¢,
the concentration of Pol5dn was estimated by Western blot using mouse poly-
clonal antibodies against GST-Pol5p, and the same amount of Pol5dn as Pol¢ was
used for the DNA polymerase assay.

presumed active site also was prepared and analyzed by SDS/
PAGE. This polypeptide (Pol5dn) had no DNA synthesis activity in
the in situ assay (Fig. 1 A and B) or the normal Pol assay (Table 1).
These results strongly suggest that POLS encodes a polypeptide that
has Pol activity in vitro. GST-PolSp also was overexpressed and
affinity-purified by using a glutathione-Sepharose 4B column and
analyzed by SDS/PAGE. As shown in Fig. 1C, the purified protein
has a single band of molecular weight ~140,000 and has a significant
level of DNA polymerization activity (Table 1). As shown in Fig.
1D, native PolSp Pol was purified also from yeast cell extracts by
conventional column chromatography. Western blot experiments
indicate that the purified polypeptide was reacted strongly with
mouse antiserum against the GST-PolSp but does not cross-react
with antibodies to other yeast Pols including Pol2p (Pol ¢, Fig. 1D),
Pol a, Pol 8, and Pol B (data not shown). Thus, the product of the
S. cerevisiae POLS was named Pol ¢.

The amino acid sequence of POLS was aligned with B-type Pols
in S. cerevisiae (Pol «, Pol g, Pol 8, and Pol ¢). Pol ¢ contains the
six Pol domains (I-VI) that are present in all B-type Pols. In
addition, the conserved polymerase domains in Pol ¢ are colinear
with other B-type polymerase domains, and there is a Pol signature
sequence GDTDS in region I. A PCNA-binding motif also is
present from amino acids 328 to 343 in Pol ¢ (Fig. 2). A similar
motif is found in S. cerevisiae Pol32p (ScPol32p), ScPol2p, S. pombe
Cdc27p (SpCdc27p), and SpPolSp (Fig. 2). This observation is
consistent with the fact that Pol activities of purified Pol ¢ and
GST-Pol5p were stimulated several-fold by yeast PCNA, and these
activities were almost completely inhibited by 5 pg/ml aphidicolin
(Table 1). As shown in Fig. 3, POL5 also exhibits a weak similarity
to human Myb-binding protein (MybBP1A; ref. 26), which physi-
cally interacts with c-Myb and may play a role in transactivation by
Myb (27). POL5 also contains an acidic region and leucine-charged

Pol5 consensus

ScPol5s 328:

SpPols 268

ScPol2 1191:F

ScPol32 355:LKKQGTL
spcdc27 298 : YATTKDEEGFLVT

Fig. 2. Putative PCNA-binding consensus sequences in Pol5p. The region be-
tween residues 328 and 343 of S. cerevisiae Pol5p (ScPol5p) has high homology to
one of the PCNA-binding domains in ScPol32p. The figure shows the amino acid
sequences of ScPol5p, SpPol5p, ScPol32p, and ScCdc7p (Pol5 consensus). The
red-colored shaded amino acids are identical amino acid residues.
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Fig.3. (A)S. cerevisiae Pol5p has the six Pol domains that are conserved among
B-type Pols. It also has the acidic region (orange color) and many leucine-charged
domains (light green and dark green) found in human MybBP1A. Shown is one
of six Pol domains (domain I) that are most conserved among B-type Pols (a red
square) and the mutation sites found in po/5-1~-3 mutants in Pol5p. (B) Amino
acid sequence similarity between ScPol5p, SpPol5p, and human MybBP1A (Hs
MybBP1A) and between ScReb1p, SpReb1p, and human c-Myb (Hs c-Myb). It is
known that Hs MybBP1A physically interacts with Hs c-Myb.

domains (LXXLL) found in MybBP1A (Fig. 3). However,
MybBP1A does not have any Pol domains found in POLS.

The S. pombe sequence database was searched by using the BLAST
algorithm, and one amino acid sequence (c14C8) was identified that
has a high degree of similarity to the PolSp. This gene, pol5*, is
presumed to be the S. pombe homologue of Pol5p. The pol5* cDNA
was isolated and sequenced by using reverse transcription-PCR
(the DDBJ accession number for cDNA of pol5* is AB012696).
This gene has a small intron, and the predicted amino acid sequence
of pol5™ has extensive similarity to S. cerevisiae PolSp. Furthermore,
S. pombe pol5+ has six conserved Pol domains present in B-type
Pols (see Fig. 7, which is published as supporting information on the
PNAS web site, www.pnas.org), which suggests that S. pombe pol5*
is the structural and functional homologue of S. cerevisiae POLS.

Pol5p Is Essential for Cell Growth but Does Not Participate in Chro-
mosomal DNA Replication. Previous studies indicate that the POLS
gene is essential for cell growth in yeast (13). To investigate cellular
function of POLS, several temperature-sensitive mutants of POLS
were isolated by using plasmid-shuffling methods (28). Three
mutants with mutations in the coding region of POLS, pol5-1,
pol5-2, and pol5-3, were characterized in this study. The pol5-3
mutant has a single-amino acid change [Trp (W) at amino acid 292
to Lys (R)], and the pol5-1 and pol5-2 mutants have three [Val (V)
at amino acid 404 to Met (M), Lys at 491 to Glu (E), and GIn (Q)
671 to Pro (P)] and two [Leu (L) at 466 to Ser (S) and L at 594 to
S] amino acid changes, respectively (Fig. 3). The multiple mutations
could not be separated from the temperature-sensitive growth
phenotype of pol5-1 or pol5-2, indicating that those mutations are
required for the temperature-sensitive phenotype. However, none
of these three temperature-sensitive pol5-1~-3 mutants has a
temperature-sensitive Pol ¢ activity (data not shown). Nevertheless,
these conditional pol5 mutants were used to investigate whether Pol
¢ is required for chromosomal DNA replication. The representa-
tive mutant, pol5-3, was grown at the permissive temperature
(25°C), shifted to the restrictive temperature (37°C), and analyzed
by FACScan at time points after the temperature shift. Mutant cells
did not arrest at a specific phase of the cell cycle at the restrictive
temperature, although growth of the mutant cells was inhibited
severely at the restrictive temperature (Fig. 4 A and B). And, the
terminal morphology of the mutant cells after 6 h at the restrictive
temperature was very different from DNA-replication mutants,
which arrest at G,/M (data not shown). Furthermore, the POL5dn
encoding a PolSp that has no detectable Pol activity (Fig. 1 and
Table 1) complemented the lethality of Apol5 as POLS5 (Fig. 4C).
All these results strongly suggest that the polymerase activity of Pol
¢ is not required for chromosomal DNA replication. The temper-
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Fig.4. Pol5p is required for rRNA synthesis but not for chromosomal DNA replication. YSK13 (po/5-3) cells were grown in SD-complete without tryptophan at 25°C
to ~1 X 106 cells per ml. The culture was divided into two portions and incubated at 25 and 37°C, respectively. Aliquots were analyzed for cell growth (A) or FACScan
analysis (B). (C) YSK14 harboring YEplac195-POL5 was transformed by YCplac22-POL5dn and grown on either YPD- or SD-complete tryptophan plate with 5-fluoroorotic
acid at 25°C for 4 days. When YEplac195-POL5 plasmid was removed from the strain (+5-fluoroorotic acid), YSK14 (Apol5) harboring YCplac22-POL5dn was able to
grow. (D) YSK10 (POL5) and YSK13 (pol/5-3) cells were grown in 50 ml of SD complete without tryptophan to ~1 X 106 cells per ml at 25°C. [3H]uridine [250 uCi (1 Ci =
37 GBq)] was added to the culture, and incubation continued for 60 min. Then the culture was divided into two equal portions, which were incubated at 25 or 37°C.
Aliquots were withdrawn for analysis of 3H-labeled RNA and DNA (24). (E) YSK10 (POL5) and YSK13 (po/5-3) mutant cells were grown in 50 ml of SD complete without
tryptophan to ~5 X 106 cells per ml at 25°C and divided into two equal portions, which were incubated at 25 or 37°C. For a control, cells were pulse-labeled for 15 min
before temperature-shift up. At 30, 60, and 120 min after temperature shift, cells were pulse-labeled with 30 uCi/ml of [3H]uridine for 15 min, and total RNA was
extracted (35) and analyzed by 2.5% agarose gel electrophoresis. After electrophoresis, the gel was stained with ethidium bromide and photographed (EtBr Staining).
The labeled RNA was transferred onto nitrocellulose and autoradiographed by using a Fuji imaging plate for 8 days (Autoradiography). Lanes 1, 2, 3, and 4 are RNA
from either wild-type (POL5) or pol5-3 mutant cells pulse-labeled with [3H]uridine for 15 min at 0, 30, 60, and 120 min, respectively, after being grown at 25°C. Lanes
5,6, 7, and 8 are RNA from either POL5 or pol5-3 mutant cells pulse-labeled with [3H]uridine for 15 min at 0, 30, 60, and 120 min, respectively, after temperature shift
to 37°C.

ature-sensitive pol5 mutants also were tested for sensitivity to DNA  for the nucleolus (8), and observed by a fluorescence microscope.
damage at semipermissive or permissive temperatures. All mutants ~ As shown in Fig. 54, Pol5p exclusively localizes in the nucleus,
demonstrated no hypersensitivity to hydroxyurea, methyl methane  exhibiting the characteristic crescent-like shape, and colocalizes
sulfonate, or UV- or vy-ray irradiation at 25, 30, or 33°C (data not ~ with Noplp. These results strongly suggest that virtually all Pol5p
shown), suggesting that Pol ¢ is not involved in either DNA repair ~ colocalizes with Noplp in the nucleolus. PolSp was detected on
and/or recombination. every nuclei (Fig. 54) from logarithmically growing cells, suggesting
that the localization of Pol5p does not change during the cell cycle.
Pol5p Is Involved in Regulating Synthesis of rRNA. A weak similarity ~ The localization of Pol5p and Noplp also was investigated in the
of Pol5p to human MybBP1A protein (Fig. 3) prompted us to  pol5-3 mutant cells grown at 25°C and shifted to 37°C. The
examine TRNA synthesis in temperature-sensitive pol5-3 mutant  localization of Nop1p was not changed significantly before and after
cells by two different ways. One is that total RNA was labeled  temperature shift to 37°C in pol5-3 as in POLS cells (Fig. 5B). On
continuously with [*H]uridine before and after temperature shiftto  the other hand, although the localization of Pol5p in mutant cells
37°C. The other is that mutant cells were pulse-labeled with ~ grown at 25°C was mainly in the nucleus as that in wild-type cells,
[*H]uridine at various times after temperature shift to 37°C. From  the characteristic crescent-like shape was observed no more (Fig.
these two experiments, we obtained the following results. (/)  5B). At 37°C, Pol5p was dispersed completely in the cell and was
Incorporation of [*H]Juridine to RNA was severely inhibited im-  seen as punctate foci in cytoplasm (Fig. 5B).
mediately after temperature shift to 37°C (Fig. 4D). In contrast, cell
growth (Fig. 44), DNA synthesis (Fig. 4D), and protein synthesis ~ Pol5p Does Not Interact Physically with Nop1p. Protein extracts were
(data not shown) continued for 2 or 3 h after temperature shift and  prepared from yeast cells expressing Myc-tagged Pol5p, immuno-
then leveled off in the mutant. (i) RNA labeled with [*HJuridine  precipitated with anti-Myc monoclonal antibody, and immunoblot-
for 60 min at 25°C in the mutant was not degraded significantly after ~ ted with anti-Myc or anti-Noplp monoclonal antibodies. This
temperature shift to 37°C at least for 3 h (Fig. 4D). (iii) rRNA (25S,  experiment was carried out with or without treating cells with the
188, 5.8S, and 5S RNA) but not tRNA (data not shown) was not  cross-linking agent dithiobis (succinimidylpropionate) (23) before
pulse-labeled with [*H]uridine after temperature shift to 37°Cinthe  extract preparation. As shown in Fig. 5C, most of the Myc-tagged
mutant (Fig. 4F). (iv) No significant amount of pre-rRNA was  Pol5p was precipitated by anti-Myc monoclonal antibody, but no
accumulated in the mutant after temperature shift to 37°C (Fig.  Noplp was detected in the immunoprecipitates with or without
4E). Altogether, these results strongly suggest that the pol5-3  dithiobis (succinimidylpropionate) treatment. Thus, we conclude
mutation has a primary defect in rRNA synthesis but is proficient  that Pol5p does not interact directly with Noplp in the nucleolus,
in DNA and protein synthesis. although immunocytological study shows that Pol5p and Noplp
colocalize in the nucleolus (Fig. 54).
Pol5p Is Localized Exclusively in the Nucleolus. Logarithmically grow-
ing yeast cells expressing 9Myc-tagged PolSp were harvested, fixed, ~ Pol5p Binds Near or At the Enhancer Region of rDNA Repeating Units.
stained with rabbit polyclonal antibodies against Myc and mouse ~ Logarithmically growing yeast cells expressing Myc-tagged Pol5p
monoclonal antibody against Nop1p, which was used as a marker  were fixed with or without formaldehyde and harvested. Chromatin
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Fig.5. Pol5pislocalized exclusively in the nucleolus. (A) Yeast W303-1A cells expressing 9Myc-tagged Pol5p were grown in 10 ml of YPD, harvested by centrifugation,
and fixed with formaldehyde, and Pol5p and Nop1p were stained with monoclonal antibody to Myc or Nop1p. Ph, photograph of cells; DNA, 4',6-diamidino-2-
phenylindole (DAPI)-stained nuclei; Pol5p and Nop1p, fluorescence images from immunoreaction with Mycand Nop1p antibodies, respectively. Nop1p + DNA, Pol5p +
DNA, Pol5p + Nop1p, and Pol5p + Nop1p + DNA are the merged images of Pol5p and DNA, Pol5p and Nop1p, Nop1p and DNA, and Pol5p, Nop1p, and DNA,
respectively. An arrow indicates x5-enlarged image. (B) YSK13 (pol/5-3) cells expressing 9Myc-tagged pol5-3 were grown at 25°C and divided to two equal portions,
and each was incubated at 25 or 37°C for another 2 h. Then, cells were fixed and stained with DAPI and Myc or Nop1p antibody as described for A. Photograph of cells
(Ph) or the merged image of DAPI (blue) and Myc or Nop1p monoclonal antibody staining (red) is shown. (C) Pol5p does not interact physically with Nop1p in the
nucleolus. Yeast W303-1A cells expressing 9Myc-tagged Pol5p were grown in 100 ml of YPD, harvested by centrifugation, and resuspended in 5 ml of the lysis buffer.
Protein extracts were prepared and subjected to immunoprecipitation by using anti-Myc monoclonal antibody as described (27). The immunoprecipitates were
analyzed by SDS/PAGE followed by immunoblotting with anti-Myc and anti-Nop1p monoclonal antibodies. As a control, no Myc-tagged W303-1A cell extracts were
used. (a) Protein extracts prepared from W303-1A cells expressing 9Myc-tagged Pol5p without treatment of the dithiobis (succinimidylpropionate) (DSP) cross-linker.
(b) Protein extracts from W303-1A cells expressing 9Myc-tagged Pol5p with treatment of DSP prior to protein extraction. E and IP, whole extracts and immunopre-
cipitates by anti-Myc monoclonal antibody, respectively; + and —, protein extracts from cells expressing 9Myc-tagged Pol5p and those from non-tagged cells,
respectively. (D) Pol5p may bind on/near the enhancer sequence located in the rDNA repeating unit. Yeast W303-1A cells expressing 9Myc-tagged Pol5p were grown
in 100 ml of YPD medium, fixed with formaldehyde, harvested by centrifugation, and resuspended in 5 ml of the lysis buffer. Protein extracts were prepared, sonicated,
and subjected to immunoprecipitation by using anti-Myc polyclonal antibodies. DNA was extracted from the immunoprecipitates and amplified by PCR using specific
primer sets for the enhancer region (E, 294 bp), autonomously replicating sequence region (ARS, 331 bp), and ~4 kb away from the enhancer sequence (E + 4 kb, 269
bp). The DNA fragments amplified were analyzed by agarose gel electrophoresis. WCE, DNA from whole-cell extracts; + and —, with and without Myc tag or
formaldehyde cross-linking, respectively. (D Upper) Schematic representation of the structure of the rDNA repeating unit of yeast chromosomal DNA.

fractions from these cells were sonicated and subjected to immu-
noprecipitation with anti-Myc antibodies. Then, DNA was ex-
tracted from the immunoprecipitates and analyzed by PCR to
determine the relative abundance of specific sequences bound to
the immunoprecipitated Myc-tagged Pol5p (29). As shown in Fig.
5D, the DNA segment containing the yeast RNA polymerase I
enhancer sequence in the rDNA repeating unit was specifically
amplified, suggesting that Pol5p binds near or at the enhancer
region of rDNA repeating units. S. cerevisiae has Reblp, which is
known as an rDNA enhancer-binding protein (30), a termination
factor for RNA polymerase I (31), and a transcription factor for
RNA polymerase II (32). Reblp can be a homologue of human
c-Myb (Fig. 3). Thus, it would be possible that PolSp may interact
physically with Reblp and regulate the transcription of rDNA
repeats in the nucleolus. However, thus far we could not detect any
interaction between Reb1 and PolSp by immunoprecipitation (data
not shown).

A Copy Number of rDNA Repeating Unit Increases in pol5 Mutant Cells.
A wild-type strain, temperature-sensitive pol5 mutants (pol5-1~
—3), and the Apol5 strain containing YEplac195-POL5dn plasmid
were grown at 25°C, and their chromosomal DNA was extracted
and analyzed by pulse-field agarose gel electrophoresis. As shown
in Fig. 6, the migration of chromosome XII was retarded signifi-
cantly in temperature-sensitive pol5 mutants. Interestingly, the

Shimizu et al.

apparent size of chromosome XII in the POL5dn strain also was
significantly larger than that of wild-type cells. Although the
POL5dn gene complements the lethality of Apol5, the Apol5 strain
having POL5dn has a slight growth defect at 25°C (data not shown).
Because chromosome XII contains many copies of IDNA repeats,

Fig. 6. The size of chromosome XIl increases in po/5 mutants. Wild-type (wt,
W303-1A), temperature-sensitive po/5-1~-3 mutants, and the Apol5 strain con-
taining the POL5dn gene (pol/5dn) were grown at 25°C, and their chromosomal
DNA was extracted and subjected to pulse-field agarose gel electrophoresis as
published (14, 28). DNA was strained with ethidium bromide and photographed.
Roman numbers indicate the chromosome number of S. cerevisiae.
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we estimated a copy number of rDNA repeating unit as published
(10). The results indicated that rDNA copy numbers for wild-type
(W303-1A), pol5-1, pol5-2, pol5-3, and pol5dn strains are 55, 70, 75,
150, and 160 copies, respectively (data not shown). Therefore, we
concluded that slow migrating chromosome XII in pol5 mutant cells
is primarily caused by increasing copy numbers of rDNA repeating
unit. These results suggest that Pol5p is involved in regulating the
copy number of rDNA repeat.

Discussion

A previous study demonstrated that PolSp is essential for yeast
cell growth (13). Therefore, it was predicted that Pol5p would
play an essential role in chromosomal DNA replication. How-
ever, the data presented here contradict that hypothesis. A
mutant of Pol5p (POL5dn) was constructed with mutations in
the Pol active site that encodes a polypeptide that has no
detectable Pol activity (Fig. 1 and Table 1). This mutant gene
complements the lethality of Apol5 as POLS (Fig. 4C), indicating
that the polymerase activity of Pol ¢ is not required for its
essential function in vivo. In addition, the terminal phenotype of
several temperature-sensitive pol5 mutants, which have no
temperature-sensitive Pol ¢ activity, indicates that these mutant
cells do not arrest at a specific phase of cell cycle and do not
exhibit the terminal cell-morphology characteristic of DNA-
replication mutants (i.e., dumbbell shape).

The data presented in this study suggest that Pol ¢ is required for
rRNA synthesis. Although we cannot rule out the possibility that
Pol ¢ functions in pre-rRNA processing or in the formation of
mature ribosomes, it is less likely because we could not see any
significant accumulation of pre-rRNA molecules in mutant cells at
the restrictive temperature by pulse-labeling (Fig. 4E). In the pol5-3
mutant, RNA labeled for 60 min at the permissive temperature was
shown to be stable at the restrictive temperature for at least 3 h,
although total rRNA was reduced gradually (Fig. 4 D and E)), which
suggests that rapid RNA degradation does not explain the imme-
diate inhibition of rRNA synthesis at the restrictive temperature.
Because Pol ¢ purified from yeast cell extracts has no detectable
RNA polymerase activity (data not shown), it is unlikely that Pol ¢
is another RNA polymerase for rRNA synthesis. Cytological studies
localize Pol5p to the nucleolus, which is the localization site of
Noplp, a component of the C + D small nucleolar ribonucleopro-
tein-binding protein complex. However, no direct physical interac-
tion between PolSp and Noplp was detected by immunoprecipita-
tion with or without a cross-linking reagent (Fig. 5SC). Thus, it is not
likely that Pol5p is a component of the pre-rRNA-processing
complex. Consistent with this notion, the localization of Nop1p was
not changed significantly before and after temperature shift to 37°C
in pol5-3 mutant cells, whereas the localization of PolSp was
changed aberrantly in mutant cells at 37°C (Fig. 5B).
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It is possible that Pol5p may be a promoter-binding protein for
rRNA transcription and may regulate transcription from rDNA
repeats in the nucleolus. S. cerevisiae has Reblp, which can be a
homologue of human c-Myb (Fig. 3). Although we could not detect
any direct interaction between Pol5Sp and Reblp, it would be
possible that Pol5p and Reblp may coordinately regulate the
transcription of rDNA repeats in the nucleolus. Consistent with this
result, it was shown that the DNA segment containing the yeast
RNA polymerase I enhancer sequence in rDNA repeating unit was
specifically amplified by a chromatin-immunoprecipitation assay,
suggesting that Pol5p binds near or at the enhancer region of IDNA
repeating units.

In S. cerevisiae, stable RNA (rRNA and tRNA) is synthesized by
RNA polymerases I and III; however, RNA polymerase II can
substitute for RNA polymerase I under certain conditions (33).
Thus, we tested whether transcription of rDNA repeats by RNA
polymerase II suppresses either the temperature sensitivity of
pol5-3 mutant or lethality of Apol5 after transformation with the
same plasmid that Nogi ef al. used (33). However, no suppression
was observed. Thus, Pol5p may play another unknown function in
rRNA synthesis.

As shown in Fig. 6, repeat numbers of rDNA are changed in
various pol5 mutants. The repeat number seems to be maintained
at an appropriate level for S. cerevisiae. However, variations of the
repeat numbers were observed quite often, and most organisms
seem to have the ability to alter repeat numbers in response to
changes in intra- as well as extracellular conditions (10). Thus, we
speculate that increasing numbers of rDNA repeating unit would be
a compensatory effect of the decreasing ability of rRNA synthesis
in pol5 mutants.

Causton et al. (34) recently examined genome-wide expression in
yeast cells challenged with different types of environmental stress
and showed that POLS is one of 283 genes that is corepressed under
seven stress conditions, some of which encode transcription or
protein synthesis factors or ribosome proteins, which is consistent
with our observation that virtually no rRNA synthesis was observed
in pol5-3 mutant cells after temperature shift to 37°C (Fig. 4).

Why is Pol ¢ localized to the nucleolus? Does the polymerase
activity of Pol ¢ function in cellular processing of nucleic acids? The
nucleolus is the site at which repeated rDNA is synthesized also.
Thus, it is still possible that Pol ¢ may participate in replication of
rDNA repeats, amplification of rDNA copies, or repair of the
rDNA region. Temperature-sensitive pol5 mutants are not hyper-
sensitive to hydroxyurea, methyl methane sulfonate, or UV- or
y-ray irradiation. However, these results do not exclude the possi-
bility that Pol5p is required for DNA repair and/or recombination,
because other polymerases may substitute for PolSp in this role.
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