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ABSTRACT

DNA polymerase Il ( 8) of Saccharomyces cerevisiae s
purified as a complex of at least two polypeptides with
molecular masses of 125 and 55 kDa as judged by
SDS-PAGE. In this paper we determine partial amino
acid sequences of the 125 and 55 kDa polypeptides and
find that they match parts of the amino acid sequences
predicted from the nucleotide sequence of the CDC2and
HYS2 genes respectively. We also show by Western
blotting that Hys2 protein co-purifies with DNA
polymerase Il activity as well as Cdc2 polypeptide. The
complex form of DNA polymerase IlI activity could not be
detected in thermosensitive  hys2 mutant cell extracts,
although another form of DNA polymerase Il was found.
This form of DNA polymerase lll, which could also be
detected in wild-type extracts, was not associated with
Hys2 protein and was not stimulated by addition of
proliferating cell nuclear antigen (PCNA), replication
factor A (RF-A) or replication factor C (RF-C). The
temperature-sensitive growth phenotype of hys2-1 and
hys2-2 mutations could be suppressed by the cDCc2
gene on a multicopy plasmid. These data suggest that
the 55 kDa polypeptide encoded by the  HYS2gene is one
of the subunits of DNA polymerase Il complex in
S.cerevisiae and is required for highly processive DNA
synthesis catalyzed by DNA polymerase Ill in the
presence of PCNA, RF-A and RF-C.

INTRODUCTION

required for chromosomal DNA replication (for a review gpe
These polymerases are purified as complexes consisting of several
polypeptides. DNA polymerased) consists of four polypeptides:

the 180 kDa polypeptide with DNA polymerase activity, the 86 kDa
polypeptide with unknown function and the 58 and 48 kDa
polypeptides with DNA primase activitg), The genes encoding all
four polypeptides have been cloned and shown to be required for
chromosomal DNA replication. DNA polymerase $) (s also
purified as a complex of 256, 80, 34, 30 and 29 kDa polypeptides.
While the 256 kDa polypeptide encodedR@L2 is the catalytic
subunit having DNA polymerase and-3' exonuclease activities,

the functions of the other polypeptides remain unknodY)(
although the second subunit of the polymerase is also required for
chromosomal DNA replication. Recently an additional possible
subunit of DNA polymerase Il has been identified and shown to be
required for DNA replication as well as for S phase checkpoint
control @). DNA polymerase Il §) is purified as a complex of at
least two polypeptides with molecular masses of 125 and 55 kDa as
judged by SDS-PAGE(9). It is widely believed that the 125 kDa
polypeptide, which is encoded by BBC2 (POL3 gene, contains

the DNA polymerase and 35 exonuclease activitiegl,0—12).
Three accessory protein complexes, replication factor A (RF-A),
replication factor C (RF-C) and proliferating cell nuclear antigen
(PCNA), associate with DNA polymerase Il or lll to promote highly
processive DNA synthesis vitro (13-15). RF-A is a single-
stranded DNA (ssDNA) binding protein and consists of heterotrim-
eric subunits (70, 34 and 14 kDa respectivelg)1(7). PCNA is a
homotrimer with a molecular mass of 29 kDa. The crystal structure
of yeast PCNA shows that the trimer forms a closed ring with the
appropriate dimensions and electrostatic properties to encircle
double-stranded DNA (dsDNA) and to interact with it by non-

DNA polymerases have a central role in replication of cellulaspecific contactsl). Processivity in DNA synthesis is achieved by
chromosomal DNA. The complexity and importance of theserotein—protein interactions between PCNA and the polymerase,
processes to the cell are reflected in the multiple species of DNBereby tethering the DNA polymerase at the primer termirf))s (
polymerases found in both prokaryotic and eukaryotic cells, wheRF-C is a multiprotein complex consisting of 95, 40, 40, 38, 36 kDa

specific functions are performed predominantly by one or anotheubunits 13,1520) and aids
species of polymerase (for a review s&e In the yeast

in processivity by binding
preferentially to the '3end of a DNA primer bound on template

Saccharomyces cerevisitigee distinct nuclear DNA polymerases DNA. This complex of RF-C and DNA is recognized by PCNA,
[l (o), Il (¢) and 1l @)] have been purified and characterized and alivhich binds to it in an ATP-dependent manner. Finally, DNA
three DNA polymerases are essential for cell growth and apolymerases Il and Ill recognize the complex of RF-C and PCNA
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bound to primer-template. In addition to stimulating polymeraspoly(dA)sggoligo(dT)ig. One unit of DNA polymerase llI
loading, PCNA and possibly RF-C form a holoenzyme togethéncorporates 1 nmol nucleotide/h. When a singly prigitir4
with DNA polymerase Il {4). The genes encoding PCNA and all ssDNA was used as template (TaB)ethe reaction mixture
five subunits of RF-C have been cloned and shown to be requirésD pl) contained 50 mM Tris—HCI, pH 7.5, 8 mM MgfC2 mM
for cell growth, possibly for chromosomal DNA replicati@o«22; dithiothreitol, 0.1 mg/ml bovine serum albumin, %M
Noskov,V., Araki,H. and Sugino,A., unpublished results). Althoughia-32P]dTTP (100-500 c.p.m./pmol; Amersham), 8@ each
DNA polymerase Il activity has been well studied, its precis@lATP, dGTP and dCTP, 0.5 mM ATP angdgfml singly primed
subunit structure and the function of each subunit have not been w174 ssDNA.
elucidated irS.cerevisiae

In this work we isolated the 125 and 55 kDa polypeptides i
purified DNA polymerase Il fractions fron®.cerevisiaecell
extracts and demonstrated that they are encoded BPBand  pnA polymerase 11l was purified af€ as follows. Two or three
HYS2 genes respectively. Furthermore, we showed that theyjn ams ofS cerevisia€BOOL cells were disrupted and fraction
constitute a form of DNA_ponmgrase Il activity capable of hlghlyIII was prepared as previously publishedl The conductivity of
processive DNA synthesis mediated by RF-A, RF-C and PCNA 4 ction 111 was adjusted to that of 0.1 M NaCl in buffer A [50 mM

Tris—HCI, pH 7.5, 1 mM EDTA, 10 mM NaHS$(010% glycerol,
MATERIALS AND METHODS 10 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
(PMSF)] and applied to a Poros Q colummx (80 cm; Perseptive)
or a Q Sepharose high performance (HP) BioPilot column (6
Saccharomyces cerevisiazB001 (MATa leu2 trpl ura3 prb 10 cm, Pharmacia) equ.ilibrated with 0.05 M NaCl in bUTfer A. The
pepA::URA3 andpol3-tDM (MAT a leu2-2trp1-Al ura3-X  column was washed with 400 or 800 ml 0.05 M NaCl in buffer A
pol3-) were previously described,p3). KSH542 (MAThys2-1 ~ and then proteins were eluted from the column with a 2.2 or 2.8 |
adelhis2his3trp1 ura3leu? was from K.Sugimoto4). N22  linear gradient of 0.05-0.5 M NaCl in buffer A. DNA polymerase
(MATahys2-2ade1his2trp1 ura3leu2barl) was isolated by the Il activity was eluted at 0.2 M NaCl. Ammonium sulfate
plasmid shuffling method described previousty. KSH542-2  (0.516 g/ml) was _addet_:i to the active fractions and the precipitates
(MATa hys2-lade1lhis2his3trp1 ura3leu2pep4::URA3 and collected_ by centrifugation in a Beckman JAI10 rotor at 9500 r.p.m.
N51-1 (MATa hys2-2 adel his2 trpl ura3 leu2 barl for 50 min. The pellet was resuspgnded in buffer.A and dialyzed
pep4::URA3 were constructed by one step replaceni&tqf ~ against 3 | buffer A for 3 h. The dialysate was adjusted to 0.1 M
the PEP4 gene in strains KSH542 and N22 respectively withNaClin buffer A and clarified by centrifugation in a Beckman JA20
pep4\::URA3(26). Strains 370 (MA& adelade2cdc2-1ural  rotor at 10 000 r.p.m. for 10 min. The supernatant was a_lpplled toa
his7trp1 lys2gall) and 336 (MA® adelade2cdc2-2uralhis7  Mono S HR 16/10 column (Pharmacia) equilibrated with 0.1 M
trpl lys2 gall) were obtained from B.Garvik (University of NaClin buffer A. The column was washed with 60 ml 0.1 M NaCl
Washington)Escherichia colDH5a (5) was used for manipulation in buffer A and then subjected to a 400 ml linear gradient of
of plasmid DNA. BL21 (DE3), which harbors a lysogen0.1-0.5M NaCl in buffer A. DNA polymerase Il fractions eluting
containing the T7 RNA polymerase gene under control of that 0.3 M NaCl were pooled, dialyzed against 4.5 | buffer B (0.05 M
isopropylB-D-thiogalactopyranoside (IPTG)-inducitiie Uv5 ~ KPOgs, pH 7.0, 10 mM NaHS£)10% glycerol, 10 mM 2-mercapto-

promoter, was used for expression oS 2gene producty?). ethanol, 1 mM PMSF, 0.01% Nonidet P-40) for 4.5 h and applied
to a Bio-Scale CHT 10-I column (BioRad) equilibrated with buffer

DNA B. The column was washed with 30 ml buffer B and then subjected
to a 180 ml linear gradient of 0.05-0.5 M KP© buffer B. The
A singly primed@X174 viral ssSDNA was prepared as follows. A active fractions were pooled, dialyzed against 3 | 0.05 M NaCl in
three times molar excess of the chemically synthesized 18ndeuffer ANP (buffer A containing 0.01% Nonidet P-40) for 6 h and
5-CTTCTGCGTCATGGAAGC-3(complementary to nt 11-28 of applied to a HiTrap heparin column (5 ml; Pharmacia) equilibrated
X174 ssDNA;28) was mixed withpX174 ssDNA (New England  with 0.05 M NaCl in buffer AR The column was washed with
Biolabs) in 10 mM Tris—HCI, pH 8.0, 1. mM EDTA, 250 mM NaCl, 15 ml 0.05 M NaCl in buffer WP and then subjected to an 85 ml
heated at 8C for 10 min and incubated at 8 for 15 min. Then  linear gradient of 0.05-1 M NaCl in buffeNA DNA polymerase
the mixture was slowly cooled to room temperature. PolgggA) I activity, eluting at 0.6 M NaCl, was pooled, dialyzed against
and oligo(dT)g (Pharmacia) were mixed at a weight ratio of 20:125 mM NaCl and 50% glycerol in buffeR for 3.2 h, dispensed
and annealed in 10 mM Tris—HCI, pH 8.0, 1 mM EDTA, 300 mMinto small aliquots and frozen in liquid nitrogen. Purity of DNA
NaCl at a concentration of 0.2 mg/ml af@0for 1 h to make the polymerase Ill was >50% as judged by SDS-PAGE followed by

Enzymes

Yeast and bacterial strains

poly(dA)sggoligo(dTy o template—primer. silver staining. This preparation had a specific activity ok316°
U/mg.
DNA polymerase assays For purification of RF-C, 1 ké.cerevisia€CB001 cells was

disrupted and fraction Il prepared)( The conductivity was

Polymerase activity was assayed by measuring incorporation afljusted to 0.4 M NaCl in buffer A and applied to an Affi-Gel
[a-32P]dTTP into trichloroacetic acid-insoluble material asBlue column (2.6 12 cm; BioRad) equilibrated with 0.4 M NaCl
described 4). When poly(dAjqgoligo(dT)o was used as in buffer A. The column was washed with 200 ml 0.4 M NaCl in
template the reaction mixture (ff) contained 50 mM Tris—HCI, buffer A and eluted with 200 ml 1.2 M NaCl in buffer A.
pH 7.5, 5 mM MgC), 2 mM dithiothreitol, 0.1 mg/ml bovine Ammonium sulfate (0.516 g/ml) was added to the 1.2 M NaCl
serum albumin, 5M [a-32P]dTTP (100-500 c.p.m./pmol; eluate and the precipitates collected by centrifugation in a
Amersham), 5uM each dATP, dGTP and dCTP andid@ml  Beckman JA20 rotor at 18 000 r.p.m. for 30 min. Half of the pellet
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was resuspended in buffeNA and dialyzed against 2 | buffer 800 08
ANPfor 4.3 h. The dialysate was adjusted to 0.1 M NaCl in buffer
ANP and clarified by centrifugation in a Beckman JA20 rotor at
10000 r.p.m. for 10 min. The supernatant was applied to a SSDNA
cellulose column (1.& 8 cm; Sigma) equilibrated with 0.1 M
NaCl in buffer AP The column was washed with 60 ml 0.1 M
NaCl in buffer AP and then subjected to a 200 ml linear gradient
of 0.1-0.7 M NaCl in buffer AP Active fractions, eluting at
0.45 M NacCl, were pooled, dialyzed against 310.05 M NaCl in
buffer ANPfor 3 h and applied to a HiTrap heparin column (1 ml;
Pharmacia) equilibrated with 0.1 M NaCl in buffeNfA The
column was washed with 6 ml 0.1 M NaCl in bufféf?and then 0
subjected to a 20 ml linear gradient of 0.1-1 M NacCl in buffer 7
ANP Active fractions, eluting at 0.65 M NaCl, were pooled, Fractions
dialyzed against 3 1 0.05 M NaCl in buffeNAfor 4.3 h and
applied to a Mono Q HR 5/5 column (Pharmacia) equilibrated
with 0.05 M NaCl in buffer AP. The column was washed with
5 ml 0.05 M NacCl in buffer NP and then subjected to a 10 ml
linear gradient of 0.05-0.5 M NaCl in buffe™NA Fractions 200 — SR
containing RF-C activity, eluting at 0.2 M NaCl, were dispensed ] = E
3=
E= -

600 - 0.7

0.6
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F-9
2
NaCl (M)

200 4.~ ' - 03
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into small aliquots and frozen in liquid nitrogen. Purity of RF-C 116 —»
was >50% as judged by SDS—PAGE followed by silver staining. i bmad 4

RF-A and PCNA were as previously describ2g).( 66 —» P W —

- — 55

Protein sequencing 45 B — =L

Purified DNA polymerase Il from 4 k§.cerevisia€CB001 cells

was concentrated on a Mono S PC 1.6/5 column (Pharmacia) and 3 - S

fractionated by electrophoresis in a SDS—polyacrylamide gel as

shown in Figurel. After staining the gel with Coomassie brilliant

blue the appropriate bands were excised and transferred to a 1.5 ml

Eppendorf tube. Enough 0.2 M Tris—HCl, pl—! 9.5, 50% acetommlq:igure 1. HiTrap heparin chromatography of DNA polymerase Ill. DNA
was added to the tube to cover the gel piece and the tube Wglymerase Iil activity purified from yeast CBOO1 cells was chromatographed on
incubated at 30C with mixing for 30 min. This washing was a HiTrap heparin column (5 ml) as described in Materials and Methods. Aliquots
repeated twice. Next, using disposable plastic pestles, the ge| pileé“' of the column fractions were assayed for DNA polymerase activity & 30

o " for 30 min using poly(dApgoligo(dT) g (20:1) as template. Aliquots of 7.6
was ground untl it was fine enoth to pass throth qnlaﬂpette were electrophoresed in a 4-20% SDS—polyacrylamide gel and the proteins

tip and the polypeptide was eluted by incubation a€33vernight.  \isyalized by silver staining. Migration of the protein markers (my@stoli

The polypeptide eluted was digested in 0.2 M Tris—HCI, pH 9.5p-galactosidase, rabbit muscle phosphorylase b, bovine serum albumin, hen egg

containing 5 pmol lysyl endopeptidase (Wako) &@dvernight.  white ovalbumin and bovine carbonic anhydrase) is indicated by the arrows on the

To terminate proteolysis a 1/10 vol. 10% trifluoroacetic acid wageft: The 125 and 55 kDa polypeptides co-eluting with DNA polymerase activity

added and the superatant collected. Oligopeptides generated by ?ﬁee indicated by the arrows on the right and were used for microsequencing.

endopeptidase were separated by reversed phase high pressure liquid

chromatography and subjected to amino acid sequencing in38 kDa polypeptide (smaller than the expected size of 52 kDa for

PSQ-10 protein sequencer (Shimadzu). unknown reasons) was eluted from the gel and proved to be a part
of the Hys2 protein by protein sequencing.

Expression of Hys2 protein

The Ncd—EcdRI fragment of plasmid pAS1-CYH2 containing the
HYS2gene (from K.Sugimoto, Nagoya University) was insertedreast cells were grown in 6 | YPD medium af@5t0 5x 10’

into plasmid pET15b (Novagen). The constructed plasmidells/ml, harvested by centrifugation, disrupted in a Waring
(PET15b-HYS2) contains thdYS2gene lacking 5% of its coding Blendor HGB-SS in liquid nitrogen and fraction Il prepared as
region at the C-terminustscherichia coliBL21 (DE3) cells described 4). The conductivity was adjusted to that of 0.05 M
transformed with pET15b-HYS2 plasmid DNA were grown atNaCl in buffer A and samples applied to a Mono Q HR 5/5 column
37°Cin LB + 0.1 mg/ml ampicillin (900 ml) to81F cells/mland  (Pharmacia) equilibrated with 0.05 M NaCl in buffer A. The
0.5 mM IPTG was added to the cell culture to induce the proteisolumn was washed with 5 ml 0.05 M NaCl in buffer A and then
After 3 h incubation cells were collected by centrifugationsubjected to a 20 ml linear gradient of 0.05-0.5 M NaCl in buffer
suspended in 10 ml buffer A (lacking PMSF) and sonicatetiGat 0 A. The fractions containing DNA polymerase Il activity (eluting
The cell lysate was then centrifuged at 8000 r.p.m. for 20 min inat 0.2 M NaCl) were pooled, the conductivity adjusted to that of 0.1
Beckman JA20 rotor. The precipitates were resuspended in 10 miMfNaCl in buffer A and then applied to a Mono S PC 1.6/5 column
the same buffer and recentrifuged at 10 000 r.p.m. for 20 min. THiharmacia) equilibrated with 0.1 M NaCl in buffer A. The column
step was repeated once. The precipitates were resuspended innths washed with 0.5 ml 0.1 M NaCl in buffer A and then subjected
sample buffer and subjected to SDS—PAGH).(The induced to a 2 ml linear gradient of 0.1-0.5 M NaCl in buffer A.

Partial purification of DNA polymerase |l
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Isolation of multicopy suppressor genes of the as the 55 kDa polypeptide (shown by arrows on the right hand side
temperature-sensitivehys2-2mutant of Fig. 1). Amino acid sequences were obtained from the two

L oligopeptides derived from the 125 kDa polypeptide (Tahle
Saccharomyces cerevisisteain N22 llys2-2 leupwas transformed Thge geguences of peptides 1 and 2 corPes);/)Fc)Jn% to émiﬁo acids

to Leut with a genomic library constructed in YEp13 (obtained from438 445 . ;
=9 . . — and 1086-1095 of Cdc2 proteim,g1) respectively.
Y.Ohya, University of Tokyo) as described befdipand incubated 1,5 s js the first demonstration of a direct link between the

at 25°C for 1 day and then at 356 for another 4 days. From CDC2 :
gene (EMBL accession no. X61920) product and the
[(BO 00O Led transformants, 30 were able to grow at 38.5 %ri\/talytic polypeptide of DNA polymerase I,

Plasmid DNA was recovered from these transformants, analyzed
digestion with restriction endonucleases and found to be classified . 1 protei ing of the 125 and 55 kDa polvpentid _ourified
into two forms, pL13-127 and pL13-129 respecively. Both ends ggﬁeDN-Af;;y';zfg::f;,f'ggtgiw © 125 and 55 kDa polypepides co-purif
the insert of the two plasmid DNAs were sequenced using the ABI
?R|iM Dlye ;—erminato; Cy((j:leh Sequencing Ready %eaﬁtion Kitsamples used for sequencing Peptide number Amino acid sequence
Perkin Elmer). It was found that pL13-127 contained the DNA .
fragment spanning nt 445 988-454 764 of chromosome X,125 kDa polypeptide ; Ef\/':(ig Ls
including the HYS2 SUI2 YJR008w andTDH2 genes, and _ QEKVEQ
pL13-129 contained the DNA fragment consisting of nt 27155 kPapolypeptide 3 SLPQQPFHK
429-282 482 of chromosome IV, including tB®C2 DUNL, 4 SLFDK
QRIL QRI2andQRI7 genes. From this, suppression by pL13—122rhe ! ) i ) )

. polypeptide from Figure 1 was digested with lysyl endopeptidase and the
should be due to complementanonHﬁySZ Therefore, pL13-129 resulting oligopeptides separated by reversed phase HPLC column chromatography.

was fu_nher (?haraCteriZ_ed in this study. _TO determine which geneﬁ%)ch oligopeptide peak was subjected to microsequencing using a Shimadzu Protein
of the insert is responsible for suppression of the mutant, .subclon@g,uencer, Amino acids are represented by the single letter code.
of the fragments generated from the insert DNA were carried out and

suppression was tested as described above. Amino acid sequences of two oligopeptides were also obtained
from the 55 kDa polypeptide, as shown in Tablend used for
Sequencing of mutantys2-1and hys2-2alleles searching GenBank araccharomyce§enome databases. We

. . . found that the obtained sequences of peptides 3 and 4 completely
TheHYS2coding region of chromosomal DNA from yeast Stralnmatched with the sequence of the 14 amino acids 309-322 of the

KSH5A42 fys2-] and N22 liys2-3 was amplified by PCR using y55 gene (DDBJ accession no. D50324) product, which is
a range of oligonucleotide primers located within the open readn"&s ential for cell viability and is suggested to play a role in DNA

frame of HYS2 synihesized by a Beckman automated DN'%eplication inS.cerevisiag24). We therefore conclude that the 55

synthesizer. The amplified DNA fragments were purified fro : g . .
agarose gels and sequenced using the ABI PRISM Dye Termin Da polypeptide puritying with DNA polymerase lll is encoded by

Cycle Sequencing Ready Reaction Kit (Perkin EImer). In each case
a single nucleotide change was detected, giving rise to a sin

e . e
amino acid change in each of the mutant proteins. %dcz and Hys2 proteins co-purify with DNA polymerase

1l activity

Other methods Polyclonal antibodies were generated against Hys2 polypeptide
expressed ift.coliand were used to examine whether Hys2 protein
~purifies with DNA polymerase Il activity during purification.
CBO001 wild-type cell extracts were fractionated by Q Sepharose HP
column and subsequently by either Mono S or Superose 6 gel
RESULTS filtration column chromatography. DNA polymerase Il activity
eluted as the first and second peaks of DNA polymerase activity
from the Q Sepharose HP column (FigR), while DNA
polymerase |q) eluted as the third peak and DNA polymerase ||
Unlike mammalian DNA polymeras®, S.cerevisiieDNA  (€) as the fourth and fifth peaks of DNA polymerase activityThe
polymerase Ill §) shows significant DNA polymerase activity on first peak (a) co-eluted with Cdc2 protein, but not with Hys2 protein.
poly(dA)sggoligo(dT) g in the absence of PCNAL,P). Therefore, This activity was not related to either DNA polymerase)ldr Il
we used this template—primer for purification of DNA polymerasée) as neither Poll nor Pol2 antibodies reacted with these fractions
Il as described in Materials and Methods. A major difference fror{data not shown). Therefore, these data strongly suggest that the
our previous method4) was to avoid performing hydrophobic activity present in the first peak represents a form of DNA
interaction chromatography. The 125 and 55 kDa polypeptidegplymerase Il free from Hys2 protein and other unidentified DNA
possibly as well as the 50 and 46 kDa polypeptides, co-purified wiffolymerases. We tried to further purify this activity by Mono S and
DNA polymerase Il activity on HiTrap heparin chromatographyHiTrap heparin chromatography, but because there was no
which is the last step of purification (Fitj). It was previously significant DNA polymerase activity remaining with the purified
concluded that the catalytic polypeptide is encoded bZB€2 Cdc2 polypeptide (data not shown) we do not know the exact nature
gene (0,11) and Cdc2 protein has both DNA polymerase anaf this activity. Cdc2 and Hys2 proteins were found in the second
3'- 5 exonuclease activitiesl?). However, the amino acid peak (b) of DNA polymerase activity by Western blotting with
sequence has not been directly determined from the purifi@shtiserum against Cdc2 and Hys2 proteins. When these fractions
fractions of DNA polymerase Ill. Therefore, we determined thevere further purified by either Mono S or Superose 6 column
partial amino acid sequence of the 125 kDa polypeptide as wethromatography both Cdc2 and Hys2 proteins again co-purified

Protein gels, Western blots and protein concentration determinati
were carried out as describef20).

Identification of the 125 and 55 kDa polypeptides co-purified
with DNA polymerase Il activity
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Figure 2. Q Sepharose HP, Mono S and Superose 6 chromatography of DNA polymerases from wild-typ&) cédisst(protein fraction enriched for DNA
polymerase activity was isolated and chromatographed on a Q Sepharose HP BioPilot column as described in Materials aAtgethad<$pl of column
fractions were assayed for DNA polymerase activity &€3or 30 min using poly(dApgoligo(dT)10(20:1) as template. Aliquots of ubwere analyzed by Western
blots with rabbit antiserum against the Hys2 and Cdc2 prot&nBNA polymerase Il activity from Q Sepharose HP peak b fractions (A) was chromatographed
on a Mono S PC 1.6/5 column as described in Materials and Methods. DNA polymerase activity assay and Western blotsAyef@)d3NA(polymerase i
activity from Q Sepharose HP peak b fractions (A) was applied to a Superose 6 prep grade HR 16/50 column (PharmaciayitmiiGduteéd.2 M NaCl in buffer

A. DNA polymerase activity assay and Western blots were as in (A). Elution of the protein markers (bovine thyroid thyrégictsutipleen ferritin, rabbit muscle
aldolase and bovine serum albumin) is indicated by the arrows.

with DNA polymerase Ill activity (FigzB and C). The native mass polymerase |l activity inhys2 mutant cells may also be

of DNA polymerase lll was estimated to be 300 kDa by Superosemperature sensitive. We fractionated DNA polymerase activities
6 gel filtration chromatography (FigC). Subsequent purification from thermosensitive KSH542-Ry(s2-1 pepd) cell extracts. As

by HiTrap heparin column chromatography also showed co-purshown in FigureA, two peaks (c and d) were obtained@2 M
fication of DNA polymerase Il activity with Cdc2 and Hys2 NaCl fromhys2-1Imutant cell extracts, as in wild-type cell extracts
proteins (Fig.1). These results establish that Hys2 protein is &Fig. 2A). However, the major peak of DNA polymerase activity
subunit of DNA polymerase llI, together with Cdc2 protein. which contained Hys2 and Cdc2 proteins could not be detected in
hys2-1mutant cell extracts. Instead, Hys2 and Cdc2 polypeptides
co-eluted in fractions which did not contain any significant DNA
polymerase activity (FI@A, fractions 18-20). Peaks c and d were
shown to contain Cdc2 polypeptide but not Hys2 polypeptide by
SinceHYS2is essential for cell growth arys2-1temperature- further purification by Mono S column chromatography (Bis).
sensitive cells are deficient in DNA replicatio@4), DNA  These results suggest that the Hys2-1 protein, although still found

DNA polymerase Il activity from temperature-sensitive
hys2-1mutant cells
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Figure 3. Mono Q and Mono S column chromatography of DNA polymeraseshiys@ilmutant cells.A) The extracts made frohys2-1mutant cells were subjected

to column chromatography and DNA polymerase activity and Western blots were carried out as in Figure 2, except that Mhw&3 Hée8 instead of Q Sepharose
HP BioPilot and DNA polymerase activity was assayed &€ 26r 60 min. B) Peak d of the Mono Q fractions (fractions 15-17) was further applied to a Mono S column
(PC1.6/5) and DNA polymerase activity was eluted as in Figure 2. DNA polymerase activity assay and Western blots wetteasaniétl) oPeak c (fractions 12—14)

of the Mono Q fractions was also subjected to further purification by Mono S column chromatography and similar resulgnedrasofur peak d (data not shown).

in a complex with Cdc2 polypeptide, deprives the complex of itBNA synthesis activity (Tabl®). Therefore, we conclude that the
polymerase activity. It may be possible that Hys2-1 protein iBighly processive DNA synthesis directed by PCNA, RF-A and
extremely thermosensitive and unstable, so that during eithBF-C requires Hys2 protein in the DNA polymerase Il complex.
preparation of cell extracts or purification Hys2-1 protein is
inactivated or denatured and the inactivated Hys2-1 protein inhibits
DNA polymerase Il activity. . .

We also fractionated DNA polymerase activities from thermo%rhe CDC2gene on a multicopy plasmid suppresses

- emperature-sensitive cell growth phenotype of thays2

sensitivehys2-2cell extracts as for tHeys2-1mutant cell extracts. mutations
The results were very similar to FigiBd¢data not shown).

In order to isolate the gene products which interact with Hys2 protein
Highly processive DNA synthesis catalyzed by DNA we screened a yeast genomic library constructed on the multicopy
polymerase Il requires Hys2 protein plasmid YEp13 which suppress the temperature-sensitive growth

phenotype of thdwys2 mutations as described in Materials and
DNA polymerase llI catalyzes highly processive DNA synthesi#/ethods. We isolated two different groups of plasmid which
on poly(dA):oligo(dT)o in the presence of PCNA2]). suppressed the mutations. We further characterized one of these
However, PCNA, RF-A and RF-C are required for processivplasmids. As shown in Figus\, pL13-129A and pL13-129B, but
DNA synthesis catalyzed by DNA polymerase Ill on a singlynot pL13-129C, suppressed thgs2-2 mutation. Furthermore,
primed @X174 ssDNA templatel{,15) and therefore protein— plasmids capable of suppressing thgs2-2 mutation also
protein interactions between these protein complexes must bappressed theys2-Imutation (Fig4), although thdrys2-Imutant
responsible for this processivity. As shown in TaBleDNA  isolated by Sugimotet al (24) reverts at high frequency. On the
synthesis activity of the peak b fraction, which containeather hand, plasmid YCp50, containing tBBC2 gene, did not
co-eluting Cdc2 and Hys2 proteins (F24), as well as that of suppress the mutation (data not shown), suggesting that suppressior
purified DNA polymerase Il (Figl), was stimulated by PCNA, is dependent on copy number of @i2C2gene on a plasmid. This
RF-A and RF-C13-15). However, DNA synthesis catalyzed by suppression was very specific, as other DNA polymerase catalytic
other fractions (peaks a, ¢, d and f), which only contained Cd&ibunit genes, such@®C17(or POL1) andPOL2, on a multicopy
protein, was not stimulated by addition of PCNA, RF-A and RF-@lasmid did not suppress the mutations (data not shown). These
(Table2). In addition, mixing fraction ¢ or d with fraction e of results suggest that Cdc2 protein interacts with Hys2 protein and are
hys2-1 mutant cells, which contained both Hys2-1 and Cdc2onsistent with the conclusion that Hys2 is the second subunit of
proteins, did not reconstitute PCNA, RF-A and RF-C-dependemNA polymerase Il §).
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Table 2.DNA synthesis on a singly primegk174 ssDNA template

Experiment Polymerase fraction Polymerase + RF-A + RF-A + PCNA
only (pmol) (pmol) + RF-C (pmol)

1 Purified Pol 11l 9.3 24 129

2 Figure 2A peak a 35 8.8 6.9

3 Figure 2A peak b 23 9.1 108

4 Figure 3A peak c 27 9.3 3.6

5 Figure 3A peak d 23 8.7 4.3

6 Figure 3A peak e 8.1 2.9 3.1

7 Figure 3B peak f 30 8.4 5.7

8 1l peak c + 4l peak e 18 4.7 3.0

9 lplpeakd + 4 peake 19 4.5 3.0

Standard 5Qul DNA polymerase assays using singly pringl74 ssDNA were carried out at 25 for 15 min
(experiments 1-7) or for 30 min (experiments 8 and 9) as described in Materials and Methods. They contained 220 ng
purified DNA polymerase Il (experiment 1) 42 (experiment 3) or Bl (experiments 2 and 4-9) DNA polymerase

Il fraction, RF-A (4.2ug), PCNA (200 ng) and RF-C (130 ng).

Conversely, we tested whether th€S2gene on a multicopy single amino acid change. In tgs2-Imutant a G at position 509
plasmid suppressegc2mutations. So far we have not been abldés changed to A, generating GlylZ@sp, while in thehys2-2
to observe suppression of the temperature-sensitive cell growtiutant a G at position 910 is changed to A, producing
phenotype ofcdc2 mutations (includingcdc2-1 cdc2-2and  Asp304- Asn (Fig.5). The amino acid sequence of Hys2 protein
pol3-f) by the HYS2gene on a multicopy plasmid (data notis (B0% identical to the fission yeast Cdc1 protein and also to the
shown). When bothdc2-2or pol3-t andhys2-2mutations were  small subunit of human and bovine DNA polymer&agg2,33).
combined mutant cells could not grow af€5but did grow at  Although the identical residues are spread throughout the proteins
20°C (data not shown). These results are also consistent with f#2,33), both mutation sites found in thgs2-1landhys2-2alleles
notion that Cdc2 protein interacts with Hys2 protein. are at positions that are conserved in all species @}ig.

underlying their importance for Hys2 function.

Sequence analysis of mutarttys2alleles

The mutation sites of théys2-1 and hys2-2 alleles were DISCUSSION

determined by nucleotide sequencing as described in Materi&)sie to proteolysis and lack of a better purification procedure,
and Methods. In each case we could only detect a single b&&eerevisiaeDNA polymerase Il has not been purified to
change in the coding region of th&'S2gene, giving rise to a homogeneity, unlike DNA polymerasesd)(and Il €) (3,4),
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Figure 4.CDC2on a multicopy plasmid suppresses the temperature-sensitive growth phenbyg2enftations. ) The insert DNA fragment of pL13-129 (shown

by the top thin line) was digested with restriction endonucleases and subcloned into the multicopy plasmid yeast veatesultifgl®, pL13-129A, pL13-129B

and pL13-129C. They were introduced into KSHI4%sR-1 leuPor N22 fiys2-2 leu® cells by transformation and the transformants placed on SD-Leu plates at
either 25 or 35.5C for 3 days and cell growth examined. The figure also shows the genes located in the insert and their direction bycamalpeg with some
representative restriction endonuclease sites. + indicates that cells grew at the indicated temperature, — indicatkd ttwitgrelis at the temperaturB) KSH542
(hys2-3 and N22 lgys2-2 transformed with either YEp13 vector, YEp13 vector containin@ €2 gene Miul-Hindlll fragment (A)] (YEp13-CDC2) or YEp13
vector containing thelYS2gene (24) (YEp13-HYS2) were streaked on SD-Leu plates, incubated at either 25 6rf86%days and then photographed.
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Hys2 proteins, but no DNA polymerase Ill activity (FRf).
Therefore, we could not demonstrate that DNA polymerase Il is
temperature-sensitive liys2mutant cell extracts. These results
may suggest thahys2-1 and hys2-2 proteins are extremely
unstable and the proteins are inactivated during preparation of the
cell extracts or column chromatography. As a result, inactivated
hys2-1or hys2-2protein inhibits DNA polymerase Il activity.
Interestingly, DNA polymerase Il activity that contained the
Cdc2 polypeptide but not Hys2 protein could be detected in the

Bt-PolD2 (148-164)
Hs-PolD2 (148-164)
Sp-Cdcl (134-150)
Sc-Hys2 (162-178)

hys2-1 D

ok k ok mutant cell extracts (Fi@) as well as in wild-type cell extracts
Bt-PolD2 (293-310) DVMPGEFDPTNYTLPQQP (Fig. 2). This activity was not temperature sensitive (data not
g::(’;gi‘iz ggg:gég; DVMPGE iggﬁiiggi shown). This is the first case in yeast that another form of DNA
Sc-Hys2  (297-314) DIMPGTNSPSDKSLEOQP polymerase lll, free from Hys2 protein, has been o_letected inyeast
1 cell extracts and suggests that it may have a different function
hys2-2 N from the complex form of DNA polymerase Ill, such as DNA

repair and/or recombination. This form of DNA polymerase |
was not stimulated by PCNA, RF-C and RF-A (TaBle
Figure 5. Mutation site of théys2-1andhys2-2alleles. Mutation sites of the ~ Suggesting that it does not participate in the highly processive
hys2-1and hys2-2alleles were determined as described in Materials and DNA synthesis mediated by these factors. Alternatively, this form
Methods. In each case a single base pair change in the coding redi®2f  of DNA polymerase Ill might be a degradation product of intact

resulting in a single amino acid change, was detected as shown. Residu :
conserved in all four proteins are indicated by an asterisk above the aligneE§NA pOIymerase il complex which has lost Hys2 from the

sequence and the number represents the amino acid residue number of ede@Mplex. Nevertheless, the complex form of DNA polymerase |lI
protein. Bt-PolD2, bovine DNA polymerase second subunit; Hs-PolD2,  activity containing both Cdc2 and Hys2 proteins was stimulated
human DNA polymeras& second subunit; Sp-Cdc3,pombeCdc1 protein; by addition of PCNA, RF-A and RF-C (Tab®. This result
Sc-Hys2S.cerevisiaddys2 protein. suggests that Hys2 protein in the DNA polymerase Il complex
plays a role in interaction between PCNA and RF-C. Our
observation is similar to those of Goulieinal. for mouse DNA

although a few polypeptides were considered to be subunits of th@lymerased (36) and Zhouet al. for human DNA polymerase
polymerase4,9). Our latest procedure for isolatiSgcerevisiae 0 (37,38), but may differ from that of Brown and Campbell for
DNA polymerase |11 §) yielded a highly purified protein sample S.cerevisiaeDNA polymerase Il §9). Brown and Campbell
as judged by SDS—PAGE followed by silver staining. Althougthave shown that PCNA stimulates the bacterially produced
several other protein bands were present that did not co-elute watalytic subunit of DNA polymerase Il and increases its
DNA polymerase activity, we were able to identify and isolatdrocessivity on poly(dAyoligo(dT)o. This difference may be
125 and 55 kDa polypeptides that did co-elute with DNAAUe to it being bacterially produced DNA polymerase.
polymerase Il activity (Fig.1). Protein sequencing of the Screening of a yeast genomic library has so far yielded two
125 kDa polypeptide provides the first direct demonstration thatifferent multicopy suppressors of the temperature-sensitive
it is encoded byCDC2 Previous studies concluded that DNA hys2-2mutation. One of them is ti@DC2gene. When present
polymerase IIl is encoded BDC2, based upon the lack of DNA on a multicopy plasmid, but not on a low copy YCp plasmid, the
polymerase Il activity in temperature-sensitidc2-1mutant  CDC2gene encoding the catalytic subunit of DNA polymerase Il
cell extracts 10,11) and a thermosensitive DNA polymerase 111 (8) suppresses the temperature-sensitie2-1and hys2-2muta-
activity present in temperature-sensitivdc2-2 mutant cell  tions (Fig.4). Furthermore, the double mutantgf2-2andcdc2-2
extracts 84). or pol3-t was synthetic lethal, consistent with the conclusion that
The peptide sequences obtained from the 55 kDa polypeptide lg§is2 protein is a subunit of DNA polymerase K).(Genetic
us to conclude that it is encoded byk¥S2gene, an essential gene interaction betwee@DC2 andHYS2is similar to that seen in the
believed to be involved in DNA replicatiod4). Western blotting, ~ fission yeasSchizosaccharomyces pontisweerpol3*, the Cdc2
using antibody raised against #H¥S2gene product expressed in homolog, andcdcT’, the Hys2 homolog3@). Interestingly, the
E.coli, confirmed this conclusion and also demonstrated that botialcI” gene also interacts with tbéc27 gene irS.pomb&33). This
Hys2 and Cdc2 proteins co-purify with DNA polymerase llimay suggest that tfeelc27 gene product is the third subunit of
activity, suggesting that the Hys2 and Cdc2 proteins are subunitSflA polymerased. Recently Zucet al. showed that thedc27?
DNA polymerase llI. Further support for identification of the Hys2gene product is part of the DNA polymerassmmplex ofS.pombe
protein as a subunit of DNA polymerase Ill comes from homolog§35). However, the function of theelc27 gene is not known and an
between thélYS2gene and genes for the small subunit of DNAobvious structural homolog has not been found in budding yeast. We
polymerased from bovine 82), human 82) and fission yeast observed that two additional polypeptides with molecular weights of
(33,35). [b0 kDa also seem to co-purify with DNA polymerase Il activity
We attempted to purify the DNA polymerase Il complex fromas well as Cdc2 and Hys2 polypeptides (Ejg.nterestingly, the
thermosensitivehys2-1 and hys2-2 mutant cells in order to second multicopy suppressor of thes2-2mutation was found to
demonstrate temperature-sensitive DNA polymerase activithe the gene o¥JR043Cwhich is located on chromosome X of
However, we could not detect any DNA polymerase Il activityS.cerevisia@nd is not essential for cell growth (Nakashima,N. and
which contained both Hys2 and Cdc2 proteins in the mutant c&lugino,A., unpublished results). The predicted amino acid sequence
extracts after Mono Q chromatography (FR3& and data not of the gene product (expected mol. wt 40 312) shob&%
shown). Instead, we could detect fractions containing Cdc2 ambmology to that oS8.pombeCdc27 protein (predicted mol. wt 42



350) and may correspond to the polypeptide of molecular weigh®
(46 kDa (Fig.1). However, we do not know whether this is a
homolog ofS.pombeCdc27 protein yet, as homology is scattered
thoughout the polypeptides. Nonetheless, further genetic ang
biochemical studies are needed to clarify whether additionak
subunits of DNA polymerase Il exist icerevisiae

By Western blotting with antiserum against Cdc2 and Hys3?2
polypeptides we could detect several additional polypeptldel§
which strongly cross-reacted with the antiserum, besides thg
Cdc2 and Hys2 proteins (Fi@sand3). In the case of the Cdc2 15
antiserum some of them migrated faster than the Cdc2 protein &h
SDS-PAGE. These could be degradation products of the Cdé@
polypeptide and did not have DNA polymerase activity. In the®
case of the Hys2 antiserum the band slowly migrating ofy
SDS-PAGE strongly cross-reacted with the antiserum and may
be a post-translationally modified product of the protein20
However, this form of the protein might not be functionally
significant, as DNA polymerase lll activity was not stimulated b)%z
addition of RF-C, RF-A and PCNA (FigB and Table2).
Alternatively, these bands might be unrelated to the protein, singg
we did not affinity purify the antiserum. o
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