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To investigate the cell cycle checkpoint response to aberrant S phase-initiation, we analyzed
mutations of the two DNA primase subunit genes of Schizosaccharomyces pombe, sppl* and spp2*
(S. pombe primase 1 and 2). sppl™ encodes the catalytic subunit that synthesizes the RNA primer,
which is then utilized by Pola to synthesize the initiation DNA. Here, we reported the isolation
of the fission yeast sppl™* gene and cDNA and the characterization of Sppl protein and its cellular
localization during the cell cycle. Spp1 is essential for cell viability, and thermosensitive mutants
of sppl™ exhibit an allele-specific abnormal mitotic phenotype. Mutations of sppl™ reduce the
steady-state cellular levels of Sppl protein and compromised the formation of Pola—primase
complex. The sppl mutant displaying an aberrant mitotic phenotype also fails to properly activate
the Chkl1 checkpoint kinase, but not the Cdsl checkpoint kinase. Mutational analysis of Pola has
previously shown that activation of the replication checkpoint requires the initiation of DNA
synthesis by Pola. Together, these have led us to propose that suboptimal cellular levels of
pola—primase complex due to the allele-specific mutations of Sppl might not allow Pola to
synthesize initiation DNA efficiently, resulting in failure to activate a checkpoint response. Thus,
a functional Sppl is required for the Chkl-mediated, but not the Cdsl-mediated, checkpoint
response after an aberrant initiation of DNA synthesis.

INTRODUCTION

Upon perturbation of DNA replication or after DNA dam-
age, eukaryotic cells have the checkpoint mechanism to ar-
rest or delay the cell cycle progression to maintain genome
integrity (Hartwell and Weinert, 1989; Hartwell and Kastan,
1994; Weinert, 1997; Carr, 1998; Weinert, 1998). In fission
yeast, Schizosaccharomyces pombe, six proteins named “check-
point Rads” function in both the replication and the DNA
damage checkpoints (Caspari and Carr, 1999). Five of these
six checkpoint Rad proteins are evolutionarily conserved
from yeast to man (Caspari et al., 2000). In response to
replication stress and/or DNA damage, the checkpoint Rad
proteins signal to at least two downstream checkpoint ki-
nases, Cdsl and Chkl, to regulate the cell cycle machinery
and delay or arrest the cell cycle (Murakami and Okayama,
1995; O’Connell et al., 1997; Boddy et al., 1998; Lindsay ef al.,
1998; Rhind and Russell, 1998; Zeng et al., 1998; Furnari et al.,
1999). When S phase is blocked or DNA damage is inflicted
in S phase, Cdsl is phosphorylated, and this phosphoryla-
tion correlates to an increase in its kinase activity (Lindsay et
al., 1998). In response to DNA damage during late S phase or
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G,, Chkl is phosphorylated. It is not yet clear whether
Chk1 protein phosphorylation correlates with activation
of Chkl kinase activity. However, Chkl protein phos-
phorylation does correlate with cell cycle arrest in re-
sponse to damage or replication perturbation (Walworth
and Bernards, 1996; Martinho ef al., 1998). Phosphoryla-
tion of Cdsl and Chkl are both dependent on the kinase
domain of the Rad3 checkpoint Rad protein (Bentley et al.,
1996; Lindsay et al., 1998; Martinho et al., 1998). In vitro
work suggests that activated Cdsl and Chk1 kinase can
phosphorylate two regulators of the mitotic inducer Cdc2,
Weel, and Cdc25 (Furnari et al., 1997; Boddy et al., 1998;
Zheng et al., 1998; Lopez-Girona et al., 1999). A number of
replication mutants are synthetic lethal in cdsIA back-
ground but not in chk1A background (Bhaumik and Wang,
1998, Tan and Wang, 2000). Furthermore, deletion of
cds1™ lowers the semipermissive temperature and exacer-
bates the mutation rate of several thermosensitive repli-
cation mutators (Liu ef al., 1999). These data suggest that
Cdsl1 allows the cells to tolerate the perturbation and to
recover from the stress in these replication mutants to
prevent accumulation of further damage of the genome,
thus contributing to the mitotic checkpoint (Lindsay et al.,
1998; Rhind and Russell, 1998).
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We are interested in understanding how the two check-
point effector kinases, Cds1 and Chkl, respond to aberrant
initiation of S phase. In eukaryotic cells, an evolutionarily
conserved four-subunit enzyme complex, DNA polymerase
a-primase, is the principal enzyme that initiates DNA syn-
thesis (Wang, 1996). The primase in this enzyme complex
synthesizes an RNA primer. Polymerase «a can only utilize
the RNA primer synthesized by primase of greater than or
equal to seven nucleotides in length to initiate the DNA
synthesis (Kuchta et al., 1990). Primase in the Pola—primase
complex is a heterodimeric enzyme. The catalytic subunit of
primase, named p49 in mammalian cells and PRI1 in bud-
ding yeast, synthesizes the RNA primer. The second sub-
unit, named p58 in mammalian cells, PRIII in budding yeast,
and Spp2 in fission yeast, is required for coupling the RNA
primer synthesis by primase catalytic subunit with Pola for
initiation DNA (iDNA) synthesis (Tan and Wang, 2000).

We isolated the gene and cDNA of S. pombe polymerase «,
polat, and the primase catalytic subunit and the coupling
subunit named, spp1™* and spp2,* for S. pombe primase 1 and
2, respectively. We have analyzed the mutational effects of
polat and spp2™ on the cell cycle checkpoint responses
(Bhaumik and Wang, 1998; Tan and Wang, 2000). Muta-
tional studies of fission yeast pola™ indicate that cells with
polaA enter mitosis with 1C DNA content, and cells harbor-
ing a catalytically dead but physically intact Pola in the
Pola—primase complex enter mitosis inappropriately. These
findings indicate that the catalytic activity of Pola is a pre-
requisite for activation of the S-M phase checkpoint re-
sponse (Bhaumik and Wang, 1998). Analysis of spp2™ ther-
mosensitive mutants has indicated that mutations of spp2™*
affect the stability of the Pola—primase complex. Maintaining
a stable Pola—primase complex by Spp2 protein is required
for the activation of the Cds1l-mediated intra—S phase check-
point (Tan and Wang, 2000).

In this report, we analyzed the mutational effect of the
primase catalytic subunit, sppl*, on the checkpoint kinase
response. We found that mutations of sppl™* reduced the
cellular mutant protein’s steady-state levels and compro-
mised the proper Pola—primase complex formation. In con-
trast to mutations of spp2, upon cell cycle arrest the aberrant
mitotic phenotype of sppl mutants is due to failure to induce
Chk1 phosphorylation, not due to inability to activate Cdsl
kinase. On the basis of the results of this study and previous
in vitro kinetic studies of primase by others (Kuchta et al.,
1990), we propose how mutations of spp1™ might affect the
Chkl-mediated S-M phase checkpoint response.

MATERIALS AND METHODS

Strains and Genetic, Molecular, and Cell Biology
Techniques

All strains used in this study were derived from the wild-type strain
972 h~. Unless stated otherwise, cells were grown in either YE5S-
rich media, or EMM minimal media containing required supple-
ments as described (Moreno et al., 1991). Standard crosses were
performed on minimal media lacking ammonium chloride, as pre-
viously described (Gutz et al., 1974). Mutants were isolated by either
random spore or tetrad analysis, where appropriate. Standard mo-
lecular biology techniques were performed as described in Maniatis
et al. (1982). Transformation of fission yeast was achieved by the
lithium acetate method of Kanter-Smoler et al. (1994) or Bahler ef al.
(1998). For survival analysis of sppl mutants, cells were grown in
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rich media to a density of 2 X 10°/ml at the permissive temperature
of 26°C and then were shifted to the nonpermissive temperature of
36.5°C. At indicated times after the temperature shift, defined ali-
quots of cells were removed, diluted, and plated in duplicate on rich
media. Surviving colonies were allowed to grow for 4 days at 26°C,
and survival was expressed as a percentage of the number of cells
surviving at time zero. For cytological analysis, cells were fixed in
70% ethanol and stained with the DNA-specific dye 4’,6-diamidi-
2'-phenylindole (DAPI) as previously described (Uchiyama et al.,
1997).

Growth curves of sppl mutants were determined in rich media at
the indicated temperature, with a starting cell density of 2 X 10¢/ml.
Four hundred-microliter samples were removed hourly and fixed in
1.6 ml of formolsaline. Samples were diluted 10-fold in Isoton
(Becton-Dickinson, Mountain View, CA), and cell number was de-
termined using a Coulter counter. For hydroxyurea (HU) block
experiments, HU was added to cultures growing in rich media to a
final concentration of 11 mM. For Figure 6, A and B, a further 11 mM
HU was added to the culture immediately before the temperature
shift from 26 to 36.5°C. Synchronous cell cultures using cdc25-22 was
performed by growing cells to a density of 3.5 X 10° in rich media
and then shifting to the nonpermissive temperature of 36.5°C for
3.5 h. Release was performed by rapid cooling to 26°C, and samples
were analyzed at the indicated times. Synchrony by HU arrest was
achieved by growth to 4 X 10° cells/ml in rich media followed by
incubation in 11 mM HU for 3.5 h at 32°C. Cells were filtered,
washed with an equal volume of prewarmed media, and reinocu-
lated in fresh media. Arrest points from nitrogen-starved cells were
determined by starving cells for 14 h in minimal media lacking
ammonium chloride at 26°C, increasing the temperature to 36.5°C
for 1 h, and then adding ammonium chloride to the cultures. FACS
analysis was performed using cells fixed in 70% ethanol as previ-
ously described (Sazer and Sherwood, 1990).

Construction of spplA Strains

A genomic clone of spp1™ was isolated by colony hybridization from
the pURSP1 library (Barbet et al., 1992). Briefly, a known fragment of
sppl was amplified by PCR from the genomic library using primers
DG1 (5'-ATGCCCAAGCCGATTTGAAGTTGGA-3") and DG2 (5'-
CGGATCTTGGTCTTCAAGGACAA-3"). This 500-bp fragment was
radiolabeled with [a-*’P]dCTP as described (Maniatis et al., 1982)
and used to probe a bacterial library that had been transformed with
the SP1 library. Two clones were isolated to single colonies by
repeated probing, isolation, dilution, and reprobing. Both were
found by restriction mapping to contain a 3-kb fragment that con-
tains the entire sppl open reading frame (ORF) and ~1 kb of
sequence 5’ to the ORF, and 500 bp 3’ to the ORF (Figure 1B). The
1.5-kb Clal-Clal fragment (that contains all but the first 4 codons, and
extends 16 bp past the Stop codon) was excised, and a Clal-Acclll
linker was inserted (5'-CGTATTCCGGAATA-3'). This derivative
was used to insert the ura4™ gene that had been excised from the
plasmid pUD18 (Barbet et al., 1992). The resulting construct was
excised from the pUR vector with Kpnl-Pstl, and the linear fragment
was used to transform the h*/h~ strain KG23 (ade6-M210/ade6
M216 leul-32/leul-32 ura4-D18/ura4-D18 his3-D1/his3-D1). Cells
were selected for uracil prototrophy, and accurate integration was
confirmed by Southern blot analysis. Two correct isolates were
induced to sporulate by incubation on minimal media containing
adenine and lacking ammonium chloride. Dissection of the result-
ing tetrads produced no viable uracil prototrophs, confirming that
Sppl is essential for cell viability. To examine the terminal pheno-
type of sppl-deleted germinating spores, the spp1™/spplA diploid
was induced to sporulate as above, and spores were treated over-
night with zymolyase to remove the ascus wall and any residual
vegetative cells. Resulting spores were washed three times with
water and inoculated into minimal media lacking uracil at a density
of ~4 X 10°/ml. Cultures were incubated at 32°C, and samples were
removed and fixed in 70% ethanol for FACS and cytological analysis
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Fission Yeast Primase Spp1

A Human [---——————————===———co-- ETFDPTELP-ELLK REWIIEYSQYY GOVIKNYFQ FSFTLKDDIEIERQ 56
mouse |¥--——-——————————. -~ == - = —EPFDPFAELP-ELLK REWFIEYAQYY INYGGVTKNYFQ FSFTLKDDINIRMO 58
Do W PEQVTDOENQAPQQ - -QTTAVHAYNPEVLQ-DMLE REMFFHL PFY SYGSSEDAIFS ISFTLODDINIEML 77
se  [@r-——-—————— - NSVETNGPSSSDME 5 FKHIF NHSPKPSRDMI FAMAFRSG 60
sp ¥ VQIDELDDKDLDEI IANGTLDGAKQGAVDSETMT GPVVTNDFA FAFTLENDAN TRMI. 80
Human NNQSDLEKEMQ! YKIDIEAVY SHRENOHNTVKLGAFQAQEKH 138
mouse NNQSELEKEMQ! YKIDIEAVYSH QHNTVKLGAFQAQEKIHRYSIsEsY 138
Dm DTQAELEKEICS IKIDIEPVMHSKEKNHRS I P-GGLTPVD 156
Sc Y SVODFKAQIE DRFEIEATYNKFgRERDTLLKSELKALEKIR-Is sy 140
sSp SNWEELKKEALNLCOZSRFEVEPVYS DRKTIRKSTFHPLEKRRisaEgsy T 160
Human IRIIDRALKEIDEEFKHR ESVRE@SSA GGQDVKKKV--HLSEKIBIFF 211
mouse MRIIDRALKMADIErKIIR VOB ESVRKIBSSA GGQDVKKKV - -HLNEKVEIPF 211
Dm ARVLDVALAANYe FEHT | VOB Y OARHIDGRGY YAEAEMLNT ITYASFAGGNSPR—--C—-SMGDRESHS 232
sc VEIBKRA TOVOIS RNVLIDMVNVIR - — —— —— DRNTDKRL--ALKRPY[SPH 212
sp ICEEIACSEDDR: GNPQGGVRLINNLKRPLGFH 235
Human IRKSINIIKKYFGEEY. DILEN-KESWDKIEALVPE-TIHDER- - - -QQSFQKSHNELORPEHLKKVASRYQNNIKN 285
mouse VRKSINIIKKYREEYAIVGEDILEN-KENWDKIBALVPE-TIHDES - - - —-QRGFOKFHSECORBENTLRKVANSSON-MKN 284
Drm IKRALKIVEPMIEEIVIIE LFGT- PKGVTKLIINMVHDDAARGEME S YMOKNLEDG RLVWESFIK----YANSMRT 307
s LARSLEQLKP SIMEE PWEDDQHAIQTLPALYDKQLI DY#KKYWLD - - NPRRSEKEKWNDIDQIATSLFKGPKQ 290
Sp LTRSLNILKS KIVMENEDPWAS - KEGAENTIWKLLPDKDLASAMRKKWEYV - ~DPER SDIDTV---LASGSIA 309
Human DKYGPW-——--—-— LEWEIMBQYCF I GRI IDLQKVDH FTVETISFICRELDA 359
mouse DEKCGPW------ LEWE QYCF GRI IDFHEKV FTVIRTISAICRELDM 358
Dm STTSAWSRKLKNIVAEIQEGLL I GEWV FSVSAVA T TITQL---LHE 384
Sc DSHII---KLRECKEDLVIMTL GV ID--—-E E KLIDLQTEMEK 363
Sp SISPS---VIAIAKQDIVIETYL VE SRV IDIERMD L. TVNDLLQELDK 386
Human ISTNEEEKEENEAES---DVKHRTRDYKK EHFLEM#DKSREKGELLKKSDLOK-———— 420
mouse VSTHEKEKEENEADS-—---— KHRVRGYKK=-~ -~ - -@SLAPYV EQFLEMSDKSRKGELLKKSDLQK--——— 417
Dm INAFDDKSKSYMEAP-—-EDKSRIKDHKK - - = - = | SMFKG EEFLRI@ERSEKSASL-———————————— 438
Sc NNDWSL— == = = — = = = = = ALQPFINOROAYVSSELKNELGSVKREREDDDEPASL 409
Sp NSQNDNGHGPTMETNTTENQKDNARGQSNKGHGF PASLNPY TLY|@KSFSSQOEFKETVEN - KRKHEN - — - — — — L 454
B spp1t sppiA D
18
1kh T -
B [ X CH H 18 - v S
1 | T oon i £ ;g - - -
; : 12 = o L~
o 4% 1070 25m Jo00¢ éj 13 P -1;\ -
I 1 o 10 h ]
1 \ o e
I 1 8 5
o 5 -
S5
— S & i ———
3 T
1c 2C 1C 2C

Figure 1.

Identification and deletion of the fission yeast Sppl. (A) Alignment of the amino acid sequence of fission yeast Sppl with the

homologous proteins from human, M. musculus (mouse), D. melanogaster (Dm), and S. cerevisiae (Sc). Sequences and residues that are identical
to Spp1 are shaded in black. (B) Deletion of the open reading frame (ORF) of sppl™ was achieved by replacing the Clal-Clal fragment that
contains the majority of the ORF with the ura4* gene. S, Sall; C, Clal; H, HindIIl; X, Xbal. This linear construct was transformed into a
wild-type h*/h~ diploid, and uracil prototrophs were selected. (C) FACS analysis of germinating spores arising from either spp1~/sppl*
(right) or spp1*/spp1* (left) diploids. Time points were taken hourly after the inoculation of spores in minimal media containing nitrogen,
but lacking uracil. (D) Morphology of either spp1™ (left) or sppl~ (right) cells 18 h after germination in nitrogen-containing media lacking
uracil. Cells displaying the “cut” phenotype are indicated with an arrow.

at indicated times. The wild-type control for this experiment was
strain PN1842 (ade6-M210/ade6-M216 ura4-D18/ura4™ leul-32/leul-32
his3-D1/his3* h*/h~) and was treated in parallel to the sppIA strain.

Immunofluorescence Studies

An sppl-GFPKan strain expressing Sppl tagged at the C-terminus
with the Green Fluorescent Protein (GFP) was constructed by the
PCR-based method recently described by Bahler et al. (1998). The
spp1-GFPKan PCR product was transformed into the strain PN670
(h*/h~ ade6-M216/ade6-M210), and transformants were selected for
kanamycin resistance. Successful transformants were induced to
sporulate and germinated on rich media containing kanamycin.
Western blotting of total protein extracts by anti-Sppl antibody
confirmed the loss of the wild-type Spp1 protein (52 kDa) and the
appearance of the Spp1-GFP fusion protein (~80 kDa). For immu-
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nostaining with anti-GFP (gift from K. Sawin) and antitubulin (anti-
Tatl, gift from K. Gull) antibodies, cells were grown in rich media,
and ~2.5 X 108 cells were harvested per sample, either by centrif-
ugation or filtration. Cells were fixed by the addition of 10 ml of
—80°C methanol and processed for immunofluorescence essentially
as described (Hagan and Hyams, 1988). Secondary antibodies (Al-
exa; Molecular Probes, Eugene, OR) were used at 1:1000 dilution,
and cells visualized using a Hamamatsu (Bridgewater, NJ) cooled
CCD camera and software.

Isolation of Temperature-sensitive sppl Mutants

Temperature-sensitive mutant alleles of the sppl gene were con-
structed by the method described by Tatebayashi et al. (1998). The
ura4* gene was inserted into the 3'Clal site of the genomic sppl1*
clone in pUR19 (described in Figure 1B). The resulting 4.7-kb con-
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struct was excised by digestion with Kpnl and Pstl, gene-cleaned,
and used as a PCR template for PCR mutagenesis using the primers
Spp1-843F (5'-GCACAGAGTTTGATACGTATCTCG-3') and Spp1-
12975R  (5'-CAAATCAATCTGATAGTGAATTGG-3'). Reactions
were performed in 100 ul volume using 10 ul of 10X Tag buffer, 10
ul of 2.5 mM dNTPs, 40 pM primer 1, 40 pM primer 2, 10 ng of
template DNA, and 1 ul of Tag polymerase. MnCl, was added to the
reaction mixture at 0.1, 0.2, and 0.3 mM final concentration, and
PCR was performed over 30 rounds of 95°C for 1 min, 56°C for 1
min, and 72°C for 5 min. Reaction products were pooled, extracted
with phenol:chloroform, ethanol-precipitated, and used to trans-
form yeast strain DG501 (ade6-704 leul-32 ura4-D18 h™). After 4
days’ growth on selective minimal media at 26°C, ~3500 uracil
prototrophs were replica-plated to rich media containing phloxin B
and incubated overnight at 36.5°C. Temperature-sensitive colonies
were identified and selected for further analysis. All three mutants
presented in this article were confirmed to be stable uracil pro-
totrophs, with the spp1:ura4 construct integrated at the spp1 locus, as
judged by Southern blot analysis. Backcrossing to the parental strain
DG501 was used to confirm the cosegregation of uracil prototrophy
with the temperature-sensitive phenotype. Finally, the temperature
sensitivity of all three was fully rescued by transformation with
sppl* in pREPSI.

Generation of Anti-Spp1 Polyclonal Antibodies

The sppl cDNA was isolated from the S. pombe cDNA library in
PREP3 (Norbury and Moreno, 1997) by colony hybridization, using
the 1.1-kb HindlIll fragment as a probe, essentially as described as
above. The isolated cDNA was then used as a template in a PCR
reaction using primers Sppl Ndel (5'-GACGTTAATTCATAT-
GACTGTTCAAAT-3") and Sppl Sall (5'- ATTATTACTGTCGAT-
TAACGGAA-3'). The resulting products were cloned into pREP1,
and two isolates sequenced in their entirety. Both were found to be
identical to the sequence contained within the fission yeast sequence
database cosmid c6B12 and had correctly spliced the 84-bp intron
located at +75 of the ORF (where A of the ATG is +1). One was
subcloned into the bacterial expression vector pET16b (Promega,
Madison, WI) and transformed into competent BL21pLysS E. coli.
His-Spp1 expression was induced by the addition of 1 mM isopro-
pyl-thiogalactopyranoside to a midlogarithmically growing culture
at 30°C for 4 h. Cells were lysed by freeze/thawing in a hypotonic
buffer (50 mM Tris, pH 8.0, 2 mM EDTA), and his-tagged Spp1 was
purified according to the manufacturer’s protocol in 6 M guani-
dinium hydrochloride (his-Spp1 is insoluble). Eluted protein from
the Ni** resin was dialyzed overnight with 50 mM Tris-HCl and 8
M urea, and the protein was further purified by extraction from a
9% SDS-polyacrylamide gel slice. This gel slice (~300 ug) was used
as an antigen for immunization into rabbits. Polyclonal sera was
affinity-purified by coupling ~1 mg of his-Spp1 to Affigel (Bio-Rad,
Hercules, CA) in 50 mM HEPES, pH 7.9, 8 M urea according to the
manufacturers protocol. Sera were incubated with the his-Sppl
beads overnight at 4°C, and antibodies were eluted by serial elution
with 100 mM glycine (pH 2.5) and 100 mM triethylamine (pH 11.5)
into 1 M Tris-HCI (pH 7.5) as described in Lane and Harlow (1988).

Immunoblot and Immunoprecipitation

To detect expression of Pola, Sppl, and Spp2 in cells, 10 ml of cell
culture incubated at either permissive or restrictive temperature
were grown for 5 h to a cell density of 107/ml and harvested. Cells
extracts were prepared by glass bead disruption of cells in a lysis
buffer containing 250 mM KCl, 150 mM HEPES, pH 7.9, 1 mM
EDTA, 10% glycerol, and a mixture of protease inhibitors. For
immunoblot analysis, 1.5 ug of total cell extracts were fractionated
on a 8% SDS gel, transferred onto a membrane, and probed with
either anti-Pola (Park et al., 1993) at 1:5000 dilution, anti-Spp2 (Tan
and Wang, 2000) at 1:1000 dilution, or anti-Spp1 as described above
at 1:500 dilution overnight at 4°C.
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The Pola—primase immnocomplex was precipitated from cell ly-
sates with anti-Pola antibody immobilized on Protein-A agarose.
Crude cell extract proteins (150 ug) were incubated with 10 ul of
Protein-A agarose in the above lysis buffer for 1 h at 4°C with
end-to-end rotation. The immunocomplex was then collected,
washed three times with the lysis buffer, resuspended in 30 ul of
SDS sample loading buffer, and fractionated on SDS gel, followed
by immunoblotting with antibodies against Pola, Spp2, and Sppl.

Chk1 Mobility Shift Assays

Protein extraction of fission yeast was performed by glass bead
disruption in buffer containing 250 mM NaCl, 50 mM HEPES, pH
7.9, 80 mM B-glycerophosphate, 5 mM EDTA, 0.1% NP-40, and 10%
glycerol. Thirty-five micrograms of total protein was analyzed for
the Chkl mobility shift by boiling in SDS sample buffer and was
separated on an 8% SDS acrylamide gel (200:1 acrylamide:bisacryl-
amide) followed by immunoblotting with the anti-hemagglutinin
(HA) mouse monoclonal antibody 12CAS5.

Cds1 Protein Kinase Assays

Protein kinase assays were performed on Cdsl as previously de-
scribed (Lindsay et al., 1998). Briefly, total protein was prepared
from 25 ODjy5 units of cells by glass bead disruption in lysis buffer
(as above). Soluble protein was obtained by centrifugation (13,000
rpm, 10 min), and Cdsl was immunoprecipitated from 1 mg of
soluble protein in 300 ul volume, using 2 ul of affinity-purified
rabbit anti-Cds1 antibody and 10 ul of Protein A agarose (5:1 slurry)
(Lindsay et al., 1998). As a control for equal starting material, 1/30th
of the sample was removed before immunoprecipitation and ana-
lyzed by Western blotting, because we were unable to quantify the
immunoprecipitation (Cds1 comigrates with the IgG heavy chain at
~50 kDa). Immunoprecipitates were washed five times with lysis
buffer and an additional three times with kinase buffer (10 mM
HEPES, pH 7.9, 75 mM KCl, 5 mM MgCl,, 0.5 mM EDTA, 1 mM
DTT). Kinase reactions were performed at 30°C for 15 min in a 20 ul
volume using 5 pg of myelin basic protein (MBP) as a substrate in
the presence of 5 uCi of [y-**P]JATP and 100 uM ATP. Reactions
were terminated by boiling in an equal volume of 2X SDS sample
buffer, and products were analyzed by 12% SDS PAGE. Gels were
stained with Coomassie Brilliant Blue, fixed in 40% methanol and
10% acetic acid, dried under vacuum, and exposed to film.

RESULTS

Isolation of sppl™ Gene

To facilitate the characterization of the DNA polymerase o
holoenzyme and interacting proteins, a biochemical purifi-
cation of the fission yeast DNA polymerase « catalytic sub-
unit was developed (Davis and Wang, unpublished results).
A protein of approximate molecular weight of 50 kDa that
reproducibly copurified with Pola catalytic subunit was
identified by mass spectrometry to contain residues that
were homologous to the p49/PRI1 primase catalytic subunit
from human and yeast. This protein also identified an iden-
tical peptide sequence within the fission yeast genome se-
quence project with the coding region residing in chromo-
some I (cosmid c6B12). Further characterization of this
region identified the entire ORF of the fission yeast homo-
logue of mammalian primase p49 and budding yeast pri-
mase PRI1, which we have named Sppl1 (S. pombe primase 1).
This sequence displays 41, 40, 41, and 38% sequence identity
to the p49/PRI1 from S. cerevisize, human, mouse, and Dro-
sophila, (Lucchini et al., 1987; Bakkenist and Cotterill, 1994;
Stadlbauer et al., 1994), respectively (Figure 1A), and differs
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only in its extended N-terminal, which is conserved with the
Drosophila homologue. Colony hybridization of a S. pombe
genomic library (Barbet ef al., 1992) was used to isolate a
genomic clone that contained the entire ORF.

Spp1 Is Essential for Growth

The Clal-Clal fragment that contains all but the first four
codons of the sppl* ORF was replaced with the ura4™ se-
lectable marker (Figure 1B). This construct was transformed
into an i~ /h* heterothallic diploid strain, and transfor-
mants selected for uracil prototrophy. Resulting colonies
were induced to sporulate, and tetrad dissection failed to
produce any viable haploid ura™ colonies, indicating that in
fission yeast sppl™ is essential for vegetative growth.

To investigate the terminal morphology of cells harboring
spplA, a spore germination experiment was performed.
FACS analysis of germinating spores in media that selected
for the sppl:ura4* allele demonstrated that sppIA spores
were retarded in S-phase progression in comparison to a
wild-type control (Figure 1C, compare the 8-h time point).
However, unlike cells deleted for pola™, which arrest with a
1C DNA content (Bhaumik and Wang, 1998), sppIA germ-
nating spores were able to complete S phase, and exhibited
a 2C DNA content. Examination of the cell morphology
demonstrated that the cells had prevented mitotic entry and
displayed predominantly elongated cell morphology, with
<20% of cells displaying the abnormal mitotic nuclear phe-
notype (Figure 1D, arrows indicate “cut” cells). This is sim-
ilar to the germinating spores harboring the deletion of spp2
(Tan and Wang, 2000), but in contrast to polaA germinating
spores, which have ~60% of the germinating spores display-
ing abnormal mitotic phenotype (Bhaumik and Wang, 1998).
Because cells with spplA divided several times and then
died, the observed cdc phenotype and 2C DNA profile of
spp1A most likely were due to the carryover of residual Spp1
protein from the diploid.

Spp1 Localizes in the Nucleus and Is Constitutively
Expressed throughout the Cell Cycle

To investigate the cellular localization and expression of
Sppl during the cell cycle, we constructed a wild-type
strain expressing an Spp1-GFP protein fusion, where the
spp1-gfp gene fusion is integrated and under the control of
the endogenous sppl* promoter. Exponentially growing
cells were examined for the presence of the Sppl-GFP
fusion by fixation and immunoflourescence with anti-GFP
antibody (Figure 2A). As an indicator of cell cycle stage
within individual cells, samples were costained with an-
tibodies to Tatl, which recognizes tubulin (Figure 2A).
Typical G, cells (a, b) displayed a punctate cytoplasmic
staining that is characteristic of the polyclonal anti-GFP
antibody on untagged strains (data not shown). A con-
centration of signal toward the middle of the cell, in a
region coincidental with the nuclear material, was ob-
served. A merge of the anti-GFP and DAPI signals, how-
ever, suggested a concentration of Spp1-GFP in peri-cen-
tric nuclear regions, and such separation of DAPI and
GFP signals was more obvious in longer cells (c), which
are presumably late G,/premitotic cells. The difference
between nuclear DAPI-stained material and the GFP sig-
nal was more apparent when mitotic cells were examined
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(d, e; note the mitotic spindle), where it was seen to trail
the condensed mitotic chromosomes to the poles of the
dividing cell. As the nuclei decondensed and returned to
the centers of the newly divided cells (f, g, I; note the
post-anaphase array), the GFP signal again colocalized
with the DAPI-stained material. We consistently ob-
served, however, that a high proportion of binucleate cells
displayed much-reduced GFP staining compared with a
uninucleate or mitotic cell (i), despite efficient staining
with anti-Tatl antibodies. These observations of differen-
tial cellular staining were further confirmed using syn-
chronous cells obtained by release from a cdc25-22 block.

Because the levels of anti-GFP signals were seen to vary
somewhat during the cell cycle, we tested whether this
reflected a difference in the expression of total Spp1l protein
during the cell cycle. Using polyclonal anti-Spp1 antibodies
on protein samples obtained from cells released from a
cdc25-22 arrest, we found that the Sppl protein was ex-
pressed at a constant level throughout the cell cycle (Figure
2B). We, therefore, consider it likely that the antigenic site
recognized by the anti-GFP antibody shown in Figure 2A is
transiently masked in bincucleate cells, possibly as a result
of protein—protein and/or protein-DNA interactions.

Isolation of Temperature-sensitive Mutants of sppl

To investigate the effect of sppl mutation on the cell cycle
checkpoint response, we isolated a panel of thermosensitive
mutants of spp1™ as described in MATERIALS AND METH-
ODS. Three representative mutants are described here, two
of which, sppl-14 and sppl-21, displayed near wild-type
growth rates at the permissive temperature (Figure 3A, left).
The third, sppl-4 was found to exhibit an ~20% slower
growth rate at 26°C (3 h 40 min versus 3 h at 26°C in rich
media; Figure 3A, left). Importantly, all three were found to
cease cell division in the first cell cycle after shift to the
nonpermissive temperature (Figure 3A, right). These three
mutants were found to differ in their temperature sensitiv-
ity, with spp1-4 being the most temperature sensitive, fol-
lowed by spp1-14 and spp1-21. For example, at 30°C, spp1-4
was unable to form colonies, and sppl-14 grew poorly,
whereas spp1-21 grew well (Figure 3B). As predicted from
the growth rate analysis, all three mutants were unable to
form colonies at 36.5°C (Figure 3B). When cells were syn-
chronized by nitrogen starvation and released into the non-
permissive temperature, wild-type cells completed replica-
tion and exhibited a 2C DNA profile 270 min after being
released into rich media. In contrast, majority of the three
sppl mutant cells, as expected, arrested in mid-S phase with
a 1.5 C DNA content (Figure 3C). The is consistent with the
fact that leading strand DNA synthesis, which only requires
Sppl1 to initiate at the origin, contributes to the DNA content
profile.

Characterization of the Temperature-sensitive
Mutant Alleles of sppl

We further characterized the terminal morphology of the
sppl thermosensitive mutants at the nonpermissive tem-
perature. Surprisingly, we found that the phenotype of
the sppl mutants at the nonpermissive temperature was
allele specific (Figure 4). Although all cells appeared mor-
phologically wild type at 26°C, incubation at 36.5°C pro-
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Figure 2. Immunolocalization of
Sppl in asynchronous cells. (A)
Localization of Spp1-GFP
(a-GFP), tubulin (a-Tatlp), and
DAPI-stained nuclei (DAPI) in an
exponential population of Sppl-
GFP-expressing cells. Cells at dif-
ferent stages of interphase and
mitosis are shown. (B) The ex-
pression of Sppl protein is not
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duced a high percentage of sppI1-4 cells with an aberrant
mitotic phenotype, whereas a high percentage of spp1-21
cells displayed a cdc phenotype. Mutant spp-14 had some
cells that exhibited aberrant mitotic phenotype, yet the
majorities were cdc in appearance (Figure 4A; quantified
in 4B, right). Despite this difference in terminal morphol-
ogy, all three mutants lost viability with approximately
the same kinetics when asynchronous cells were shifted to
the nonpermissive temperature (Figure 4B, left). Finding
that spp1-21 lost viability with kinetics similar to spp1-4
suggests that the ability to prevent premature mitosis in
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of S phase.

spp1-21 does not contribute to its ability to recover from
S-phase arrest at the restrictive temperature. Furthermore,
it is noteworthy that even in the case of sppl-4, which
displayed the highest percentage of cells with abnormal
mitosis, the survival at which point cells started to display
an abnormal mitotic phenotype (~2.5 h after shift to
36.5°C) was already 30%. These data suggest that despite
the phenotypic differences between spp1-4 and spp1-21 at
the nonpermissive temperature in terms of checkpoint
arrest, the primary cause of lethality is most likely due to
an inability to recover DNA synthesis.

Molecular Biology of the Cell
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Figure 3. Temperature-sensitive sppl mutants. (A) Growth curve of wild-type and sppI-4, spp1-14, and spp1-21 mutants in rich media at
either the permissive (left) or nonpermissive (right) temperature. Cell numbers were determined hourly using a Coulter counter. (B)
Temperature sensitivity of the sppl mutants at 26, 30, and 36°C. Cells were streaked onto rich media and allowed to grow for 4 days at the
indicated temperature. (C) FACS analysis of sppl™ (wild-type), sppl-4, sppl-14, and sppl-21 mutants released from nitrogen-starved

G;-arrested cells by addition of ammonium chloride and incubation at the nonpermissive temperature.
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Figure 4. Analysis of the sppl mutants at the nonpermissive temperature. (A) Microscopic analysis of DAPI-stained spp1-4, spp1-14, and
spp1-21 cells at either the permissive temperature (top) or after 6.5 h incubation at the nonpermissive temperature (bottom). (B) Survival curve
of sppl mutants at the nonpermissive temperature (left), determined by the percentage survival of cells after indicated times at 36.5°C in rich
media. The percentage of cells displaying abnormal nuclear morphology (right) was determined by microscopic examination of DAPI-stained

cells at the indicated times.

Analysis of Sppl Mutant Protein

We have previously found that thermosensitive mutations
of spp2 significantly destabilize the Pola—primase complex
and that the aberrant mitotic phenotype observed in spp2
mutants correlates to the severity of Pola—primase instability
(Tan and Wang, 2000). We thus tested whether mutations of
sppl™* will also compromise the Pola—primase complex sta-
bility and whether the observed allele-specific abnormal
mitotic phenotype correlates to the severity of the Sppl
mutation-induced Pola—primase complex defect.

We first tested the Spp1 protein levels in the sppl mutants
and compared with that of the wild-type cells. Cell extracts
were prepared from wild-type cells and the three sppl mu-
tants after incubation at the permissive or restrictive tem-
perature for 5 h and probed with antibodies against Pole,
Sppl, or Spp2 (Figure 5A). At either temperature, all three
sppl mutants had lower levels of Sppl protein compared
with wild-type extract (Figure 5A). Furthermore, mutant
sppl-4 at 36°C had lower levels of Spp1 protein than at 25°C
and also slightly lower levels than that of spp1-14 and spp1-
21. In contrast, spp1-21 had comparable levels of Spp1 pro-
tein at either 25 or 36°C. Thus, all three sppl mutants have
reduced steady-state levels of the Sppl mutant protein.
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We next tested the association of Spp1 with Pola-Spp2 in
these three sppl mutants. Wild-type and sppl mutant cells
incubated at either 25 or 36°C for 5 h were tested for coim-
munoprecipitation of Spp1 with Pola-Spp2 by anti-Pola an-
tibody. The Pola immunocomplexes were then probed with
antibodies against Pola, Sppl, and Spp2 (Figure 5B). In
wild-type cells at either the permissive or the restrictive
temperature, Sppl coimmunoprecipitated with Pola and
Spp2 as an intact Pola—primase complex. Surprisingly, all
three sppl mutants had barely detectable Spp1l protein co-
precipitated with Polw at either the permissive or the restric-
tive temperature. These results thus suggest that suboptimal
levels of Spp1 proteins in all three sppl mutants (Figure 5A)
compromised the Pola—primase complex subunit associa-
tion, especially the association of Sppl protein with Pola-
Spp2. Given the fact that spp1-4 had lower amount of Sppl
mutant protein expressed at 36°C than at 25°C and that in
spp1-14 and spp1-21, this suggests that Spp1 protein of spp1-4
mutant has a more severe defect than the Sppl mutant
proteins in spp1-14 and spp-21.

It is important to mention that mutations of sppl also
affected the ability of Spp2 protein to associate with Pola.
Comparison of the ratio of Pola protein levels to Spp2 pro-

Molecular Biology of the Cell
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Figure 5. Analysis of the Spp1l mutant proteins. (A) Levels of Sppl
protein in wild-type and sppl mutants at the permissive and the
restrictive temperature. Total cell extracts prepared from cells
grown for 5 h at 25 or 36°C were prepared and analyzed by immu-
noblotting as described in MATERIALS AND METHODS. (B) Anal-
ysis of the association of mutant-Sppl proteins with the Pola im-
munocomplex. Pola immunocomplex was analyzed by
immunoblotting with antibodies against Pola, Spp2, and Sppl as
described in MATERIALS AND METHODS.

tein levels at 25 to 36°C indicated that mutation of spp1-4
allele reduced the affinity between Pola and Spp2 protein
(Figure 5B; see Spp2 level in spp1-4 lane at 36°C). In contrast,
the ratio of Pola to Spp2 protein levels in spp1-14 and spp1-21
at 25 and 36°C did not exhibit a significant difference.
Together, these experiments indicate that thermosensitive
mutations of sppl* cause a decrease of the cellular steady-
state levels of Sppl-mutant protein. This may compromise
the cellular levels of Pola—primase complex formation. Im-
portantly, at the restrictive temperature Spp1l mutant protein
of sppl-4 seems to have more severe defects than the Sppl
mutant proteins in spp1-14 and spp1-21, and an sppl-4 mu-
tant also exhibits a more severe aberrant mitotic phenotype.

Cds1 Responses of the sppl Mutants

Finding that the spp1 thermosensitive mutants exhibit allele-
specific aberrant mitotic phenotype at the restrictive temper-
ature (Figure 4A) led us to investigate the checkpoint re-
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sponse of these mutants. We were unable to isolate double
mutants of the sppl mutants with any of the checkpoint rad
deletion mutants or the cds1A mutants. This is in common with
the thermosensitive mutants of pola (Bhaumik and Wang,
1998) and spp2 (Tan and Wang, 2000). This finding is thought to
be due to a requirement for Cdsl function in coordinating S
phase in the presence of a perturbed replication complex. Be-
cause, in our hands, overexpression of cds1* by thiamine de-
repression of the nmt81 or nmt41 promoter causes severe cell
cycle delay, we have been unable to study the terminal phe-
notype of any spp1 cdsIA double mutant with pREP switch-off
strains. However, we were able to measure the relative activity
of the Cds1 kinase using MBP as a substrate at the permissive
and nonpermissive temperature (Figure 6A). At 26°C, we ob-
served an increase of four- to sixfold in Cdsl activity over
wild-type levels, suggesting that 26°C was semipermissive for
the sppl mutants’ growth and that these spp1 mutants required
Cdsl kinase function at this temperature for viability, because
complete loss of Cdsl in sppl mutants would be a lethal event.
At the nonpermissive temperature, levels of Cdsl were in-
creased slightly relative to the levels observed at 26°C (even in
wild-type), but they were still only approximately sixfold over
wild-type levels at 36°C. Importantly, there was no correlation
between the spp1 arrest-induced Cdsl kinase activity and the
subsequent cell-cycle checkpoint defect of the respective sppl
mutants, suggesting that, in cells arrested by sppl mutation,
Cdsl1 kinase activity does not play a major role in preventing
mitosis at the nonpermissive temperature.

Cdsl kinase activity is highly activated after exposure of
wild-type cells to HU (Lindsay et al., 1998). We have found
that temperature-sensitive mutations of spp2 exhibit an al-
lele-specific defect of HU-induced Cdsl kinase activation,
but not the spp2 arrest-induced Cds1 kinase activation (Tan
and Wang, 2000). Upon finding that the Cdsl kinase activity
was induced in all three of the sppl mutants after arrest at
36.5°C, we investigated a potential role for Sppl in the
activation and/or maintenance of the HU-induced Cdsl
kinase activity. At 26°C, HU-induced Cdsl kinase activity
strongly in wild-type cells and all three of the sppl mutants
(Figure 6B; compare 210-min time point to 0 min). Upon
incubation at the nonpermissive temperature for 3 h (390-
min time point), the HU-induced Cds1 kinase activity in all
three mutants was found to decay, with kinetics indistin-
guishable from wild-type (Figure 6C, left graph). These data
indicate that the sppl mutants are defective neither in the
HU-induced Cdsl kinase activation nor in the maintenance
of HU-induced Cds1 kinase activity after activation. It is
noteworthy that despite the high levels of HU-induced Cds1
kinase activity in the sppl mutants, all three sppl mutants
began to enter inappropriate mitosis after ~2- to 2.5-h incu-
bation at the restrictive temperature. Greater than 40% of
sppl1-4 and nearly 30% of both spp1-14 and spp1-21 entered
aberrant mitosis after prolonged incubation at the nonper-
missive temperature (Figure 6C, right graph). Therefore,
despite high levels of Cdslp activity, induced by HU, spp1
mutants entered mitosis with kinetics approximately equal
to those observed in the absence of HU at the nonpermissive
temperature (see Figure 6, A and C).

Having determined that Cdsl kinase can be fully activated
by HU in the sppl mutants, we then investigated whether HU
could rescue the abnormal mitotic phenotype when cells were
presynchronized at the sppl arrest point. As shown in Figure
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2.5 h at the nonpermissive temperature had no effect on the

kinetics of the accumulation of the aberrant mitotic phenotype.
Therefore, the HU-activated Cdsl kinase activity is unable to
suppress the abnormal mitotic phenotype associated with spp1
mutants, irrespective of whether HU is added before, or sub-

sequent to, arrest at the nonpermissive temperature.
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Figure 6. Cdsl kinase response in
the sppl mutants. (A) Cdsl kinase
activity in sppl mutants. Extracts
were prepared from wild-type (w-t)
and the sppl mutants at either the
permissive temperature (26°C) or
after incubation at the nonpermis-
sive temperature (36.5°C) for 3.5 h.
Cdsl kinase was immunoprecipi-
tated from cell extract and assayed
for kinase activity using MBP as
substrate as described in MATERI-
ALS AND METHODS. Top: a con-
trol blot of 1/30th of the extract
used for immunoprecipitation; bot-
tom: autoradiograph of the Cdsl1 ki-
nase activity of the immunoprecipi-
tates. Fold induction was calculated
using the activity of the wild-type
control at the respective tempera-
ture as 1.0 and was quantified us-
ing Phosphorimager software. (B)
Cdsl kinase activity induced by hy-
droxyurea (HU) arrested wild-type
and sppl mutant cells. Cell cultures
were synchronized with 11 mM HU
for 3.5 h at 26°C after which fresh
HU (11 mM) was added to each
culture, and cultures immediately
were transferred to a water bath for
further incubation at the nonper-
missive temperature of 36.5°C. Cell
samples were removed at the indi-
cated times and lysed. Cds1 protein
was immunoprecipitated and as-
sayed for Cdsl kinase activity. Top:
a control blot with anti-Cdsl anti-
bodies of 1/30th of the cell extract
used for immunoprecipitation; bot-
tom: autoradiograph of Cdsl ki-
nase activity using MBP as sub-
strate. (C) Left: quantification of the
Cdsl kinase activity shown in B;
right: percentage of cells displayed
aberrant mitosis determined by mi-
croscopic examination of DAPI-
stained cells at the indicated times.
(D) The percentage of cells display-
ing aberrant mitosis in wild-type
and sppl-arrested cells at 36.5°C, ei-
ther in the absence (left) or presence
of 11 mM HU (right) added 2.5 h
after shift to the nonpermissive
temperature. Cells were scored by
DAPI staining of ethanol-fixed
samples taken at the indicated
times.

Chk1 Response of the sppl Mutants

Finding that Cdsl kinase does not play a major role in
preventing aberrant mitotic entry of the sppl mutants, we
investigated the Chk1 response in these mutants. In contrast
to cds1A, all three sppl mutants were viable in chkIA back-

ground at the permissive temperature. Similar to pola and
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Figure 7. Chkl response in the sppl mutants. (A) Photomicrographs of DAPI-stained sppl chkIA double mutants after incubation at the
nonpermissive temperature for 6 h. (B) Comparison of the percentage of abnormal nuclear morphology in sppl mutant cells at 36°C in chk1*
(gray bar) or chk1A (black bar) background. Logarithmic-growth sppl mutants in either chk1™ or chk1A background were shifted to 36°C, and
cell samples were removed at the indicated time, stained by DAPI, and scored for the percentage of cells that displayed an abnormal mitotic
nuclear phenotype. (C) Status of HA-tagged Chk1 phosphorylation in wild-type (HAchkI) and the sppl mutant strains after incubation at the
nonpermissive temperature for the indicated times. (D) Percent of phosphorylated Chk1 in each spp1 mutants after 4 and 5 h shifted to 36.5°C.
Gray and black bars represent the percent of phosphorylated Chk1 after 4 and 5 h at 36.5°C, respectively.

spp2 thermosensitive mutants (Bhaumik and Wang, 1998;
Tan and Wang, 2000) as well as other temperature-sensitive
cdc mutants that arrest S-phase progression, spp1 chk1A dou-
ble mutants displayed a severe mitotic checkpoint defect in
comparison to respective single mutants when arrested at
the nonpermissive temperature (Figure 7A). We then com-
pared the kinetics of each sppl mutant entering aberrant
mitosis in Chk1™* or Chk1A background at 36.5°C (Figure 7B).
As shown in Figure 7B, all three sppl mutants had a sub-
stantially higher percentage of cells that entered aberrant
mitosis in the chkIA background than in the chkl™ back-
ground throughout 6-h incubation at 36.5°C. Mutant spp1-21
showed the greatest difference between the chk1™ and chk1A
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background, whereas sppl-4 had the least difference. A
strain expressing a three-HA epitope-tagged Chkl protein
has previously been shown to undergo a phosphorylation-
dependent mobility shift after DNA damage and S-phase
progression arrest, using temperature-sensitive cdc mutants,
and this has been used as a biochemical marker for Chk1l
activation (Walworth and Bernards, 1996). We thus exam-
ined the ability of the sppl mutants to induce phosphoryla-
tion of Chk1 at the nonpermissive temperature (Figure 7C).
After incubation at the restrictive temperature for 3 h, the
phosphorylated form of Chk1 was observed in spp1-21, and
slightly lower levels of phosphorylated Chkl were detect-
able in sppl-14. In contrast, spp1-4 had barely detectable
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levels of phosphorylated Chk1 (Figure 7C). To ascertain that
the observed differences of Chkl phosphorylation in these
three mutants were not due to uneven loading of the cell
extracts, we quantified the percentage of phosphorylated
Chkl in total Chk1 detected in each mutant after 4 and 5 h
incubations at 36°C (Figure 7D). The quantification was
performed with an exposure of the gel in which the HA-
tagged Chkl signals were in linear range. The percent of
Chkl in spp1-4 being phosphorylated was 7.2 and 17.5% at 4
and 5 h, respectively. Mutant spp1-14 had 14 and 22% of the
total Chkl phosphorylated, whereas spp1-21 had 29 and
28.5% of Chkl phosphorylated. Thus, there is a correlation
between the aberrant mitotic phenotype of the sppl mutants
and a lower ability to induce and/or maintain the phosphor-
ylated form of HA-ChkI.

DISCUSSION

To understand the checkpoint response after the aberrant
initiation of S phase, we have analyzed how mutation of
each subunit component of the Pola—primase complex could
affect the cell cycle. In this study, we analyzed how mutation
of the catalytic subunit of primase Sppl induces the re-
sponse of cell cycle checkpoint kinases. We found that ther-
mosensitive mutations of sppl™* caused a decrease of the
cellular Spp1 protein level and compromised the formation
of Pola—primase complex, particularly the affinity of Sppl
protein to the Pola-Spp2. Analysis of these sppl mutants on
the checkpoint kinase responses suggests that the aberrant
mitotic phenotype is due to a failure to properly phosphor-
ylate Chkl, not activation of Cdsl. Furthermore, the strong
induction of Cds1 kinase activity using HU cannot suppress
the aberrant mitotic entry of the sppl mutants, suggesting
that Cds1 does not play a major role in preventing the spp1l
mutants’ aberrant mitotic entry. We discuss these findings
below and propose a model of how these sppl mutants
might fail to activate Chkl and enter aberrant mitosis.
Analysis of spp2* has shown that mutations of spp2™* affect
the stability of Pola—primase complex and the HU-induced
Cdsl kinase activation, but not the Cds1 kinase induced by
early S-phase arrest by either spp2 mutants or pola mutants
(Tan and Wang, 2000). These thus suggest that Cdsl re-
sponse to initiation arrest by either Spp2 or Pola mutation is
different from the Cdsl-mediated intra-S phase checkpoint
response induced by HU arrest. The Cdsl response to S-
phase arrest induced by either initiation enzyme mutation or
HU is also distinguished from the S-M phase checkpoint
response that requires the catalytic activity of Pola (Tan and
Wang, 2000). Here, we found that Cds1 kinase is activated in
cells arrested in early S phase by sppl mutants, similar to
that of spp2 mutants (Figure 6A). In contrast to spp2 mutants,
at the restrictive temperature, the HU-induced Cdsl1 kinase
levels observed in all three of the sppl mutants are essen-
tially wild-type like, regardless of their DNA structure
checkpoint defect (Figure 6, B and C). Furthermore, the
kinetics of aberrant mitotic entry of sppl mutants at the
restrictive temperature in the presence or absence of HU is
similar (Figure 6D). These experiments suggest that the Cds1
kinase activation induced by early S-phase arrest by sppl
mutants or by HU does not play a major role in preventing
inappropriate mitotic entry of these mutants. These results
also suggest that Cdsl activation induced by HU for main-
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taining the intra—S-phase checkpoint may not require the
function of Sppl.

We have previously found that cells with pola™ deletion
enter inappropriate mitosis with 1C DNA content and that
activation of the S-M phase checkpoint requires the catalytic
function of Pola (Bhaumik and Wang, 1998). We showed in
this study that mutations of sppl* cause a reduction in the
steady-state levels of mutant Spp1 protein (Figure 5A). All
mutant-Sppl protein showed substantially decreased affin-
ity to Spp2 and Pola (Figure 5B). Moreover, at the restrictive
temperature, association of Spp2 to Pola was also compro-
mised in all sppl mutants, suggesting that absence of Spp1
protein could either alter the structure of Spp2 or affect the
affinity between Spp2 and Pola. Thus, the formation of an
optimally functional Pola—primase complex may require the
presence of all these three subunits in proper stoichiometric
ratio. As shown in Figure 5B, at the restrictive temperature,
spp1-4 had significantly lower levels of Spp2 protein copre-
cipitated with Pola than that at 25°C. This suggests that
Sppl1 proteins in spp1-4 may be more severely compromised
than the Spp1 protein of spp1-14 and spp1-21. In vitro kinetic
studies have shown that there is a stringent RNA primer
length requirement for Pola to use as primer. Only RNA
primers synthesized by Sppl of greater than or equal to
seven nucleotides can be efficiently utilized by Pola to syn-
thesis the iDNA (Kuchta et al., 1990). Suboptimal cellular
levels of Pola—primase complex due to severely reduced
levels and/or defective Sppl protein in sppl-4 would have
lower efficiency to synthesize RNA primers that can be
utilized by Pola for initiation-DNA synthesis. A moderately
compromised Pola—primase complex in spp1-21 would have
relatively higher efficiency than spp1-4 in synthesizing opti-
mal length RNA primers, albeit with reduced efficiency in
comparison to wild-type cells. We have previously shown
that the catalytic function of Pola to synthesize an iDNA
structure is required for activation of the replication check-
point. Thus, cells with pola mutant alleles that fail to syn-
thesize an initiate DNA structure enter inappropriate mito-
sis and exhibit aberrant mitotic phenotype. Mutant alleles of
pola that cause a stalled replication structure induce Chkl
phosphorylation and displaying a cdc phenotype (Bhaumik
and Wang, 1998). At the restrictive temperature, a severely
compromised Pola—primase complex in sppl-4 may have
relatively low efficiency to synthesize an optimal size RNA
primer that is utilizable by Pola to synthesize an iDNA.
Thus, sppl-4 mutant cells fail to activate Chkl and have a
high percentage of the cells displaying aberrant mitotic phe-
notype (Figure 4B). The mildly comprised Pola—primase
complex of spp1-21 may be able to synthesize sufficient levels
of optimal size RNA primers to allow iDNA structure syn-
thesis by Pola. Therefore, the spp1-21 cells are able to acti-
vate Chkl and exhibit a cdc phenotype (Figure 4B). We thus
propose that the differential activation of Chk1 in sppl mu-
tants (Figure 7) is the consequential effect of each mutant’s
capability to efficiently synthesize RNA primers of an ap-
propriate length for Pola to utilize for synthesis of the iDNA
structure.

The molecular details of how the aberrant initiation of
DNA synthesis activates a checkpoint response are not yet
clear. Our systematic mutational analysis of the three critical
genes involved in initiation, pola™, spp2™, and spp1™, have
provided evidence suggesting the following: (i). The cata-
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lytic function of Pola to synthesize an iDNA structure is a
prerequisite for the activation of the S-M phase checkpoint
(Bhaumik and Wang, 1998). (ii). A normal Spp2 to properly
couple Sppl with Pola to form a stable initiation enzyme
complex is required for the activation of the Cds1-mediated,
intra—S-phase checkpoint response (Tan and Wang, 2000).
(iii). An optimal size RNA primer synthesized by Spp1 that
can be efficiently utilized by Pola to synthesize an iDNA
structure is required for the activation of Chkl response to
prevent inappropriate mitotic entry.
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