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Eukaryotic chromosomal DNA replication requires a two-step assembly of replication proteins on origins;
formation of the prereplicative complex (pre-RC) in late M and G1 phases of the cell cycle, and assembly of
other replication proteins in S phase to load DNA polymerases to initiate DNA synthesis. In budding yeast,
assembly of Dpb11 and the Sld3-Cdc45 complex on the pre-RC at origins is required for loading DNA
polymerases. Here we describe a novel replication complex, GINS (Go, Ichi, Nii, and San; five, one, two, and
three in Japanese), in budding yeast, consisting of SId5, Psf1 (partner of Sld five 1), Psf2, and Psf3 proteins, all
of which are highly conserved in eukaryotic cells. Since the conditional mutations of Sld5 and Psf1 confer
defect of DNA replication under nonpermissive conditions, GINS is suggested to function for chromosomal

DNA replication. Consistently, in S phase, GINS associates first with replication origins and then with
neighboring sequences. Without GINS, neither Dpb11 nor Cdc45 associates properly with chromatin DNA.
Conversely, without Dpb11 or Sld3, GINS does not associate with origins. Moreover, genetic and two-hybrid
interactions suggest that GINS interacts with Sld3 and Dpb11. Therefore, Dpb11, SId3, Cdc45, and GINS
assemble in a mutually dependent manner on replication origins to initiate DNA synthesis.
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The integrity of chromosomal DNA requires complete
and precise DNA replication. To achieve this, eukaryotic
DNA replication is highly governed by an ordered series
of steps in which multiple macromolecular protein com-
plexes are assembled and disassembled at replication ori-
gins. In Saccharomyces cerevisiae, chromosomal DNA
replication is initiated in a restricted region, the autono-
mously replicating sequence (ARS; for review, see Camp-
bell and Newlon 1991). The six-subunit origin recogni-
tion complex (Orc) binds to origins throughout the cell
cycle (Aparicio et al. 1997; Tanaka et al. 1997). Inactiva-
tion of cyclin-dependent kinases (Cdks) from late M
phase to G1 phase stimulates the recruitment of the
minichromosome maintenance (Mcm) complex (Mcm2-
7) onto origins by Cdc6 and Cdtl to form the prereplica-
tive complex (pre-RC). The S1d3-Cdc45 complex also as-
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sociates with origins, and its association depends on the
pre-RC (Aparicio et al. 1999; Zou and Stillman 2000;
Kamimura et al. 2001). At the onset of S phase, when
Cdk and Cdc7 protein kinases are activated, replication
origins are unwound and the three DNA polymerases,
Pols «, 3, and ¢, essential for chromosomal DNA repli-
cation, are recruited to origins to initiate DNA synthe-
sis.

For DNA polymerases to associate with origins, the
Dpbl11 protein is required. Dpbl1 has four copies of the
BRCT (Brcal C-terminal) domain (Araki et al. 1995),
which is important for protein—protein interactions
(Bork et al. 1997; Callebaut and Mornon 1997; Zhang et
al. 1998), and forms a complex with Pol & and SId2. The
Dpbl11-Pol & complex is detected predominantly in S
phase using cross-linking reagent, and its formation de-
pends on Dpb2, the second largest subunit of Pol . Be-
cause the associations between origins and Dpbl1 and
Pol & are mutually dependent, the latter seems to asso-
ciate with origins as a complex. Furthermore, the asso-
ciation of Dpb11 with origins is required for the loading
of Pol a (Masumoto et al. 2000). The S1d2-Dpb11 com-
plex is essential for DNA replication (Kamimura et al.
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1998). In contrast to the Dpb11-Pol & complex, the S1d2—
Dpbl1l complex is detected without cross-linking. We
recently showed that SId2 is phosphorylated by S-Cdk
and that this phosphorylation is necessary for the forma-
tion of the S1d2-Dpb11 complex, and we suggested that
the association of polymerase with replication origins is
regulated positively by S-Cdk activity via the complex
formed between S1d2 and Dpb11 (Masumoto et al. 2002).

In higher eukaryotes, the same scenario seems to take
place at replication origins, with some exceptions. Orcl
disappears in G2 and M phases, and counterparts of the
three proteins, Dpbl1, S1d2, and SId3, have not been
identified on the basis of amino acid sequence homolo-
gies, whereas homologs have been identified in fission
yeast. Nonetheless, Drosophila Mus101 (Yamamoto et
al. 2000) and human TopBP1 (Mikiniemi et al. 2001),
which have seven and eight BRCT domains, respec-
tively, and play roles in DNA replication and repair, are
thought to be functional homologs of Dpb11. Therefore,
we expect that functional homologs of S1d2 and S1d3 will
be found in higher eukaryotes in the near future.

We have isolated sId1-6 (synthetic lethality with
dpb11-1) mutations (Kamimura et al. 1998) to clarify the
function of Dpbl1. Sld1 is identical to Dpb3, the third
largest subunit of Pol & (Araki et al. 1991). S1d4 is iden-
tical to Cdc45, which is required for the initiation of and
elongation of chromosomal DNA replication (Hopwood
and Dalton 1996; Zou et al. 1997; Tercero et al. 2000).
S1dé6 is identical to Rad53, which is required for cell-
cycle checkpoints (Stern et al. 1991). The S1d2 and S1d3
proteins function for chromosomal DNA replication,
and their roles in replication have been described above.
In the present study, we analyzed one of the SLD genes
isolated by screening, SLD5, and we demonstrate that
the S1d5 protein is a component of GINS (Go, Ichi, Nii,
and San; five, one, two, and three in Japanese), a novel
protein complex. GINS consists of Psfl (partner of Sld
five 1), Psf2, Psf3, and S1d5, all of which are well con-
served in eukaryotic cells, and is essential for chromo-
somal DNA replication. We also show that GINS asso-
ciates with replication origins and then with neighboring
fragments during the S phase. Finally, from genetic and
two-hybrid interactions between the genes, we infer that
GINS mediates between the S1d3—Cdc45 and Dpb11-Pol
& complexes to facilitate proper association between ori-
gins and DNA polymerases at the initiation of DNA rep-
lication.

Results
Isolation of a novel protein complex

We previously described cloning the SLD5 gene (Ka-
mimura et al. 1998). The SLD5 gene corresponds to the
YDR489w open reading frame (ORF; Saccharomyces Ge-
nome Database) and encodes a 34-kD protein essential
for cell growth (Winzeler et al. 1999; M. Okawa, Y. Ka-
mimura, A. Sugino, and H. Araki, unpubl.). Because we
detected no obvious phenotype in the original sId5-1 mu-
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tation itself (Kamimura et al. 1998), four thermosensi-
tive mutations (sld5-2, sld5-8, sld5-12, and sld5-13) were
isolated using the plasmid-shuffling method (see Mate-
rials and Methods), and their mutation sites were deter-
mined (Fig. 1A).

To identify factors interacting with Sld5, we screened
for a multicopy suppressor of the sld5-12 mutation and
isolated PSF1 (Fig. 2A). The PSF1 gene corresponds to the
YDRO13w ORF, which encodes a 24-kD protein and is
essential for cell growth (Dardalhon et al. 2000, M.
Okawa, Y. Kamimura, A. Sugino, and H. Araki, unpubl.).
A psf1-1 thermosensitive mutant was isolated using the
plasmid-shuffling method (see Materials and Methods).
We then screened for a multicopy suppressor of the
psf1-1 mutation and found a new gene, PSF3 (Fig. 2A).
PSF3 corresponds to the YOL146w OREF and is also es-
sential for cell growth. Although we did not isolate it
during screening, high-copy SLD5 weakly suppressed the
psf1-1 mutation. Furthermore, we identified Psf2 by co-
immunoprecipitation with Psfl (see below), and the
PSF2 gene on a high-copy plasmid also suppressed the
sld5-12 mutation (Fig. 2A). These genetic interactions
between SLD5, PSF1, PSF2, and PSF3 suggest that their
products form a complex in the cell.

Therefore, we attempted to purify the complex con-
taining S1d5 and Psf proteins. To this end, we substituted
6FLAG-PSF1 for the wild-type PSF1 gene. The resultant
strain grew as well as the wild-type cells, suggesting that
the 6Flag tag does not interfere with the biological func-
tion of the Psfl protein. An anti-Flag immunoprecipita-
tion was performed on both wild-type and 6Flag-Psfl
cell extracts, and the eluates with 3xFlag peptide from
immunoprecipitates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
Fig. 3A, lanes 1,2). After the gel was stained with silver,
we identified four discrete protein bands (p35, p30, p25,
and p22) present specifically in the 6Flag-Psfl immuno-
precipitate (Fig. 3A, lane 2). We analyzed the same elu-
ates by 2-D gel electrophoresis and identified four dis-
crete spots corresponding to these bands (data not
shown). These results suggest that anti-Flag antibody
precipitated four distinct protein species. To ascertain
whether these proteins occur in the same complex, we
subjected the eluates to gel filtration column chromatog-
raphy and demonstrated that the four proteins coeluted
from the column in almost the same fraction as aldolase
(158 kD; Fig. 3B). This result strongly suggests that the
four proteins form a complex in the cell.

To prove that S1d5 and Psf3 occur in the complex, they
were tagged in 6Flag-Psf1 cells with glutathione S-trans-
ferase (GST) at the N terminus (SId5) or with 3-hemag-
glutinin (3HA) at the C terminus (Psf3), and cellular pro-
teins were immunoprecipitated with 6Flag-Psfl. The
Psf3 fused with the HA tag shifted from a 22-kD band
(Fig. 3A, lane 3) to a 27-kD band, which was detected by
Western blotting using anti-HA antibody (data not
shown). Therefore, we concluded that p22 is encoded by
PSF3. Cells in which GST-SLD5 was substituted for
SLD5 grew slowly, and the amount of immunoprecipi-
tate was reduced. Although the intensity of the discrete
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Figure 1. Sld5, Psfl, Psf2, and Psf3 are conserved among eukaryotes. Amino acid sequence alignment of S. cerevisiae S1d5 (Sc; A), Psfl
(Sc; B), Psf2 (Sc; C), and Psf3 (Sc; D) and their homologs from S. pombe (Sp), Caenorhabditis elegans (Ce), Drosophila melanogaster
(Dm), Homo sapiens (Hs). Amino acids conserved in all aligned sequences are shown with dark shadow, and those conserved in at least
two sequences but not all are shown with light shadow. sId5 mutation sites and psf1-1 mutation sites are shown by asterisks with the
amino acid changes in A and B. sld5-2, sld5-12, and sld5-13 mutations were identified at positions 448 (A to G), 199 (T to C), and 878
(T to C) in the nucleotide sequence (nucleotide 1 is A of the first ATG of the ORF). These mutations change the amino acids of Sld5
from conserved lysine, tryptophan, and leucine to glutamic acid, arginine, and proline, respectively. The sld5-8 allele has two
alterations occurring at nucleotides 61 (T to C) and 196 (T to C), which both result in the replacement of serine with proline (A).
However, we do not know whether two-site mutations are required for temperature sensitivity. The psfI-1 mutation site was
identified at position 250 (A to G) in the nucleotide sequence, which changes an arginine to glycine (B).
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Figure 2. The genetic and two-hybrid interactions be-
tween Dpb2, Dpbl1, S1d2, S1d3, Cdc45, Psfl, Psf2, and
Psf3. (A) Suppression of thermosensitive growth of sld5-
12 and psf1-1. YYK38 (sld5-12) cells and YYT1 (psf1-1)
cells carrying different plasmids were streaked onto
YPDA plates and incubated at the indicated tempera-
tures. The genes in the left half of the diagram were
cloned into YCplac22 (the low-copy vector), and the
genes in the right half were cloned into YEp195 (the
high-copy vector). (B) Two-hybrid interactions between
Psfl and Dpb2, Dpbll, SId3, or Sld5. “Vector” and
“Psfl” in pBTM116 denote plasmids that express Lex-
ABD and LexABD-Psf1, respectively. V, DPB2, DPBI11,
SLD3, and SLD5 in pACT2 denote plasmids that ex-
press Gal4AD and Gal4AD fusion with Dpb2, Dpbll,
S1d3, and S1d5, respectively. Transformants of L40 each
carrying a pair of plasmids were assayed for B-galacto-
sidase activity by colony color with X-Gal. (C) Sum-
mary of genetic and two-hybrid interactions among
Dpb2, Dpbl1, Sld2, SId3, Cdc45, Psfl, Psf2, and Psf3.
The blue line shows multicopy suppression; the red line
shows a positive signal in the two-hybrid assay.

bands was weak, we observed a novel 60-kD band in the
immunoprecipitates (Fig. 3A, lane 7). Moreover, Western
blots probed with anti-S1d5 antibodies reacted with p35
from cells expressing SLD5 but not from cells expressing
GST-SLD5, whereas both anti-Sld5 and anti-GST anti-
bodies reacted with p60 (Fig. 3A, lanes 8-11). This result
strongly suggests that p35 is encoded by SLD5. Because a
weak signal was observed in the same position as p35 in
wild-type cells (Fig. 3A, lane 1), the p35 signal remaining
in cells expressing GST-SLD5 might constitute nonspe-
cific background.

The other two discrete protein bands were subjected to
peptide mass fingerprinting analysis, and p30 was iden-
tified as Psfl. p25 was the product of a new essential
gene, PSF2, encoded by the YJLO72c ORF. Consistent
with this finding, the p30 band was detected using not
only anti-Flag but also anti-Psfl antibodies (data not
shown). Therefore, we concluded that p30 is 6Flag-Psf1.
Replacement of Psf2 by Psf2 tagged with 13-Myc at its C
terminus in 6Flag-Psfl cells shifted the p25 band to a
more slowly migrating band (Fig. 3A, lane 4). This
shifted band was detected using anti-myc antibody (data
not shown), indicating that PSF2 encodes p25. Together
with their genetic interactions, these results strongly
suggest that S1d5, Psfl, Psf2, and Psf3 form a complex.
We named this complex GINS. The abundance and com-
position of GINS were constantly maintained during the
cell cycle (data not shown).

The amino acid sequences of S1d5, Psfl, Psf2, and Psf3
are well conserved among eukaryotic organisms, and
some of their mutations occur at highly conserved
amino acid residues (Fig. 1), suggesting that a similar
complex exists in all eukaryotic cells. However, the N-
terminal portion of the predicted amino acid sequence of
Psf3 is absent in its homologs in other organisms. More-
over, the apparent molecular mass of Psf3 on SDS-PAGE
is smaller than the predicted molecular mass (Fig. 3).
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Therefore, we surmise that the fourth ATG in the pre-
dicted YOL146w OREF is used for translation.

Genetic interactions between SLD5, PSF1, and DPB11

Because sld5-1 was isolated as a synthetically lethal mu-
tation with dpb11-1 (Kamimura et al. 1998), we exam-
ined the synthetic lethality between psf1-1, sld5-12, and
dpb11-1. We crossed all possible combinations of these
mutants. The resultant diploids were allowed to sporu-
late and were then dissected. Of the 20 tetrads obtained
from each diploid, no spore clones carrying two of these
mutations were isolated. These results indicate that any
pair of psf1-1, sld5-12, and dpb11-1 is lethal, even at
permissive temperatures, and suggest that both Psfl and
S1d5 interact with Dpbl1. This is further supported by
the finding that high-copy DPB11 suppressed a psf1-1
mutation (data not shown). We also found that SLD5 on
a high-copy plasmid weakly suppressed the growth de-
fect of dpb11 mutant cells at the restrictive temperature.
Moreover, the growth defect of dpb11 mutant cells was
restored better by the simultaneous introduction of high-
copy SLD5, PSF1, and PSF3 than by SLD5 alone (data not
shown).

To confirm these genetic results, we examined
whether Psfl interacts with Dpb2, Dpb11, S1d3, and S1d5
in a two-hybrid assay. As shown in Figure 2B, Psfl in-
teracted with Dpb2, Dpbl1, Sld3, and SId5. These ge-
netic and two-hybrid data are summarized in Figure 2C
and will be discussed below.

GINS is required for essential function

Although the SLD5, PSF1, PSF2, and PSF3 genes are all
essential for cell growth, it was unclear whether the for-
mation of GINS is essential for cell growth. If its forma-



: A - anti-Sld5
g?f:i :;f;c - -: f : GST-Sld5 - + - + - 4 o
Psf3-3HA - - + - 6Flag-Psfl + + + + + o+ %
Tt s B —
M
250 = =
150 = — :
100 = — _
- — -
™ = ~ % BSA e
-— e .
50 == =— @55 (Psi2-13MYC) puum —
37 ™ i w. @ P35(SIdB) - - -
s == 8 p30 (6Flag-Pst) =l
@ p27 (Psf3-3HA) _
25 =N ® p25 (Psf2) o ——n 0
T e p22(Psiy) —_— 00
15 == -
——
lane 1 2 3 4 5 6 7 89 10 11
B 669k 440k 158k 63k 13k

Fraction + + + * *

M input 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
_~—— e

****** T

C 6Flag-Psfi IP BFlag-Psf1 IP
WT _sid5-12 WL 6572
V_ PSF2 SLD5

Temp 23 30 23 30 SIDs V. PSF2

WCE 6Flag-Psf1 IP

anti-GST

A novel replication complex in eukaryotes

Figure 3. Sld5, Psf1, Psf2, and Psf3 form a complex. (A)
Protein extracts were prepared from cells of the indi-
cated genotypes. +, an epitope-tagged gene; -, a wild-
type allele. Anti-Flag immunoprecipitations were per-
formed. The immunoprecipitated proteins were sepa-
rated by 4%-20% SDS-PAGE and subsequently silver-
stained (left and center panels). In the right panel,
immunoprecipitates from 6Flag-Psfl or 6Flag-Psfl
GST-S1d5 cell extracts were probed with anti-Sld5 or
anti-GST antibodies. (B) A gel filtration chromatogra-
phy of 6Flag-Psfl immunoprecipitates using Superdex
200 was performed as described in Materials and Meth-
ods. The proteins in each column fraction were identi-
fied by 5%-20% SDS-PAGE followed by silver staining.
The first lane contains protein molecular-weight stan-
dards (M), and the second lane contains the input
sample. The Superdex 200 column was calibrated with
tyroglobin (669 kD), ferritin (440 kD), aldolase (158 kD),
BSA (63 kD), and RNase A (13 kD). (C) YYK46 (6Flag—
Psfl, WT) and YYK50 (6Flag-Psf1 in sId5-12) cells were
cultured at 23°C to 1 x 107 cells/mL. Half of each cul-
ture was shifted to 30°C while the other half was main-
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tion is essential for cell growth, GINS may be impaired
by some mutations in these components, and might be
restored by the overproduction of other components.
This seems to be true, because high-copy SLD5 and PSF
genes each suppressed the sld5-12 and psf1-1 mutations
(Fig. 2A). Therefore, we examined the formation of GINS
in the sld5-12 mutant. We did not examine the forma-
tion of GINS in psfI-1 cells, because we have not yet
succeeded in constructing a tagged version of Psfl-1. We
found that the amount of GINS recovered from sId5-12
cells was reduced to less than 1/5 that from wild-type

amount of GINS was estimated by staining with silver
(Ieft and center panels). In the right panel, whole cell
extracts (WCE) and immunoprecipitates (IP) were im-
munoblotted with anti-Sld5 or anti-Flag antibodies.

cells, even at the permissive temperature (23°C; Fig. 3C,
lanes 4,5). As observed for the GST-SId5 protein (Fig. 3A,
lane 7), the amount of 6Flag-Psfl in the precipitates was
also reduced (to less than 1/5 that of wild-type cells; Fig.
3C, lanes 9,21). Moreover, Western blotting revealed that
the amounts of Psfl and S1d5-12 proteins in the crude
extract prepared from sld5-12 cells were also reduced
(Fig. 3C, lane 15), as observed in the precipitates. These
results suggest that the sld5-12 mutation impairs the
formation of GINS and that uncomplexed Psfl is de-
graded. Furthermore, sld5-12 cells carrying the high-
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copy PSF2 plasmid significantly restored the amount of
GINS (Fig. 3C, lanes 11,23). As a control, the amount of
GINS in wild-type cells carrying the vector, high-copy
SLD5, and PSF2, was apparently constant (Fig. 3C, lanes
7,8,19,20). These results strongly suggest that GINS is
required for cell growth and for chromosomal DNA rep-
lication (see below; Fig. 4).

SId5 and Psf1 are required for DNA replication

The results described above suggest that SId5 and
Psfl proteins function through GINS. Therefore, we
examined the phenotypes of the sid5 and psfI thermo-
sensitive mutants to clarify the biological function of
GINS.

With a temperature shift up, the growth of all of the
mutant sId5 and psfI-1 cells was arrested, and the cells

displayed the dumbbell shape and a single nucleus (data
not shown) that is the typical terminal morphology for
mutants defective in DNA replication. We measured
DNA synthesis in mutant cells at the restrictive tem-
perature by FACS analysis. When cells were arrested in
G1 phase with a-factor and released at 36°C, wild-type
cells accumulated a 2C DNA content in 80 min, then
entered a second cell cycle. Cells carrying the sld5-12
mutation, which is the tightest allele of the sld5 muta-
tions described above, reached a 2C DNA content gradu-
ally, entered the second cell cycle, and again gradually
reached a 2C DNA content (Fig. 4A). These kinetics sug-
gest that sId5-12 cells are partially defective in DNA
replication. Defective DNA replication was more
evident in the psfi-1 cells; their DNA content did not
increase for 120 min and then reached 2C gradually
(Fig. 4A). These are the typical kinetics of bulk DNA
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tent was measured by FACScan. 1C and 2C in-
dicate DNA contents of G1 and G2/M cells. (B)
Viability and cell morphology of sid5-12 and C
psf1-1 mutant cells. Portions of the same
samples incubated at 36°C and described in A
were used to determine cell number and cell
morphology. The cells were spread onto YPD
plates to measure viability. W, viable cells; A,

cells without bud; O, cells with small bud; O,

cells with large bud. (C) N/N 2-D gel analysis of

the chromosomal ARSI locus in wild-type (WT),
sld5-12, and psf1-1 cells. Cells were grown and
harvested at 23°C or shifted to 37°C for 3 h prior

to harvest. DNA was digested with Ncol and
probed with ARSI-containing fragment. The dia-
grams besides photographs show the bubble to Y

fork and Y fork arcs.
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synthesis in mutants defective in the early step of
DNA replication. On the other hand, when psf1-1 cells
were arrested in S phase by hydroxyurea (HU), and re-
leased at the restrictive temperature, they completed
bulk DNA synthesis and entered the subsequent G1
phase, although the S-phase progression was substan-
tially slowed relative to the wild-type control (data not
shown).

Cells carrying orc2-1 (Bell et al. 1993), cdc45-1 (Zou et
al. 1997), dpb11-1 (Kamimura et al. 1998), sId2-6 (Ka-
mimura et al. 1998), and sId3-5 (Kamimura et al. 2001)
are defective in the initiation of DNA replication and
begin to lose viability immediately after the cells start
budding at the restrictive temperature. To determine the
point at which the cells start losing viability, the viabil-
ity and cell morphology of synchronized cells were ex-
amined. Both sld5-12 and psf1-1 mutants started losing
viability when cells began to bud (Fig. 4B), like mutants
defective in the initiation of DNA replication.

To examine the DNA replication defect in sld5-12 and
psf1-1 cells in detail, an active origin, ARSI, was ana-
lyzed by neutral/neutral two-dimensional gel (N/N 2-D
gel; Brewer and Fangman 1987). Wild-type, sld5-12, and
psf1-1 cells were grown to log phase at 23°C and shifted
to 37°C for 3 h before harvest. At both 23°C and 37°C,
the wild-type cells gave a clear transition signal from
bubble to fork arcs, indicating that replication initiates
in the ARSI region. In contrast, a complete fork in addi-
tion to a bubble arc was observed in sld5-12 and psf1-1
cells at 23°C. Furthermore, the bubble arc signals were
completely absent after temperature shift-up (Fig. 4C),
suggesting the reduced frequency of initiation from
ARSI.

The results described above, together with reduced as-
sociations between origins and the initiation proteins
Cdc45 and Dpbl11 in psf1-1 cells (see below), suggest that
GINS participates in the initiation step of chromosomal
DNA replication, although its involvement in the elon-
gation step is ambiguous.

Cells lacking DNA replication proteins are arrested
with a dumbbell shape in the mitotic cell cycle, as well
as after germination from spores. After germination from
spores, deletion mutants for each of SLD5, PSF1, PSF2,
and PSF3 show the same morphologies, consistent with
the formation of a complex by these gene products. How-
ever, the morphologies of those deletion mutants during
germination are not typical for mutants defective in
DNA replication; they appear as swelling spherical cells
with small buds, split spheres, or lysed spheres, or dumb-
bell shapes, suggesting that these cells have a defect
other than in DNA replication. In contrast to germinated
cells, cells with a dumbbell shape that is typical for mu-
tants defective in DNA replication accumulated in the
mitotic cell cycle when the Psfl plasmid was lost from
YYK41 [Apsfl (YEpl195-PSF1)] cells during shuffling
(data not shown). Moreover, both psf1-1 and sId5-12 cells
are arrested in the cell cycle with a dumbbell shape.
Therefore, GINS seems to participate in biological pro-
cesses other than DNA replication in germination from
spores.

A novel replication complex in eukaryotes

Psf1 associates with origins in S phase

Because it had been suggested that Psfl is required for
the early step of DNA replication, we examined whether
the Psfl protein associates with the ARS region in vivo
using a chromatin immunoprecipitation (ChIP) assay
(Strahl-Bolsinger et al. 1997). We used PCR primers to
amplify ARS1, ARS305, ARS501, and their neighboring
regions (Fig. 5A; Tanaka and Nasmyth 1998). ARS1 and
ARS305 fire early in S phase, and ARS501 fires late in S
phase (Ferguson et al. 1991).

When we used cells carrying 6FLAG-PSF1 and anti-
Flag antibody, the ARSI1 fragment was specifically am-
plified (Fig. 5B). However, no significant amplification of
the ARSI fragment was observed when we used cells
without 6Flag-Psfl (Fig. 5B), suggesting that the ChIP
assay is Flag-tag-dependent. Moreover, the ARSI frag-
ment in cells bearing a mutation in ARSI was not am-
plified, whereas the ARS305 fragment was observed (Fig.
5C). This result indicates that Psfl associates with func-
tional origins.

Cells bearing 6FLAG-PSF1 were arrested in G1 phase
with a-factor and released at 16°C to slow replication
fork movement. The ChIP assay revealed that Psfl asso-
ciates with early origins, ARS1 and ARS305, from 60
min after cells are released from a-factor and with late
origin, ARS501, from 75 min after release (Fig. 5E). Later,
Psfl-association with non-ARS regions near the origins
was also observed. Therefore, it is suggested that GINS
associates with replication origins in S phase.

SId3 is required for the association of Psf1 with origins

SId3, which forms a complex with Cdc45, associates
with early-firing origins from G1 phase (Kamimura et al.
2001). Therefore, we examined whether S1d3 is required
for the association of Psfl with origins. To slow the
movement of replication fork and to prolong the period
during which Psfl might associate with origins, a-factor-
arrested cells were released in medium containing 0.15
M HU at 33°C. In wild-type cells, 6Flag-Psf1 associated
with ARS1 and ARS305 30 min after release from «-fac-
tor (Fig. 5F). In contrast, no significant association was
detected in sId3-5 cells at the restrictive temperature
(Fig. 5F). These results suggest that SId3 is required for
the association of Psfl with origins.

Cdc45 chromatin-binding step is impaired
in psf1-1 cells

The Cdc45 protein binds to chromatin in S phase. Be-
cause Psfl associates with origins in S phase (Fig. 5), we
examined whether the chromatin-binding of Cdc45 is
affected by the psfi-I mutation.

psfi1-1 and wild-type cells were released from the G1
block and further incubated at 37°C to start the cell
cycle. Budding occurred in these two strains with almost
the same timing (date not shown). At 75 min, chromatin-
bound Cdc45 in psf1-1 cells was less abundant than in
wild-type cells. Because it was reduced by DNase I treat-
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Figure 5. Association of Psfl with ARS re- A B WCE IP
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WT sld3-5 WT s/d3-5

precipitation. PCR was performed either on
immunoprecipitates (IP) derived from the
same number of cells at each time point or on
the 0-min chromatin fraction from whole
cells extracts (WCE). (F) Association of Psfl
with the origin depends on SId3. YYT2
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(6Flag-Psfl; WT) and YYT3 (6Flag-Psfl; sld3-5) cells were arrested in G1 phase by a-factor at 23°C for 3 h and released in YPAR
containing 0.15 M HU at 33°C. Cells were withdrawn from the culture every 30 min. 6Flag-Psfl was immunoprecipitated from each
extract with an anti-Flag antibody. PCR was performed on immunoprecipitates derived from the same number of cells at each time

point.

ment, Cde45 in the pellet (P) fraction from the wild-type
cells was associated with chromatin. In contrast, DNase
I treatment did not reduce the amount of Cdc45 in the P
fraction from psf1-1 cells (Fig. 6). Furthermore, we did
not detect chromatin-bound Cdc45 in psf1-1 cells for 105
min after their release from o-factor (data not shown).
Therefore, Psfl is required for the chromatin-binding of
Cdc45. Because the association of Psfl with origins de-
pends on S1d3, which is essential for Cdc45 to function
(Kamimura et al. 2001), the chromatin-binding of Cdc45
and the association of Psfl with origins are mutually
dependent.

Associations of Psf1 and Dpb11 with origins are
mutually dependent

Dpbl1, which is required for the association of DNA
polymerases a and e with origins, associates with repli-
cation origins at the same time as Psfl (Fig. 5E; Masu-
moto et al. 2000). Therefore, we examined whether the
association of Psfl with replication origins depends on
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Dpbl1. As shown in Figure 7A, the dpb11-26 mutation,
which is a tighter allele isolated recently, reduced the
specific signals for the association of 6Flag-Psfl with
ARSI and ARS305 in the ChIP assay, indicating that
Dpb11 is required for the proper association of Psfl with
origins.

Next, we examined whether Psfl is required for the
association of Dpb11 with replication origins. As shown
in Figure 7B, specific signals indicating the association of
Dpb11-9myc with ARSI and ARS305 in psf1-1 cells were
reduced significantly, implying that the association of
Dpb11 with origins depends on Psfl. Therefore, we con-
clude that the associations of Psfl and Dpbl1 with ori-
gins are mutually dependent.

Discussion

In this study, we identified a novel protein complex,
GINS, using genetic and biochemical methods. A similar
complex has been identified in Xenopus egg extracts, in
which anti-SId5 antibodies depleted Psfl, Psf2, and Psf3,
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Figure 6. Cdc45 association with chromatin is reduced in the
psf1-1 mutant cells. YYK20 (WT) and YYT4 (psf1-1) cells ex-
pressing Cdc45-3HA were synchronized in G1 phase by a-factor
and released at 37°C. The cells were collected at the a-factor
block or 75 min after release. Chromatin-binding assay was per-
formed as described (Kamimura et al. 2001). The proteins pres-
ent in the different fractions of the chromatin purification were
examined by immunoblotting of SDS-PAGE: W, whole cell ex-
tract; S, supernatant; P, pellet fraction. Extracts were incubated
on ice either without (-) or with (+) DNase I. The bottom panel
shows the DNA content of the samples used in the top panel.

suggesting that these proteins exist as a complex (Kubota
et al. 2003). This is also true for yeast GINS, because
almost all of SId5, Psf2, and Psf3 are depleted with 6Flag—
Psfl by anti-Flag antibody (Y. Kamimura and H. Araki,
unpubl.). Further, we suggest that each protein functions
through GINS, because high-copy PSF2 restored the
growth and complex formation in sId5-12 cells (Figs. 2A,
3C). We therefore discuss the biological roles of GINS
inferred from the results obtained using sId5 and psf1
mutants.

Assembly of replication proteins at replication origins

To initiate DNA replication, many replication proteins
assemble on replication origins (for review, see Bell and
Dutta 2002; Nishitani and Lygerou 2002). In S. cerevi-
siae, the pre-RC is formed on replication origins from
late M phase to G1 phase. The S1d3-Cdc45 complex also
associates with origins, and its association depends on
the pre-RC. When S-Cdk and Cdc7 protein kinases are
activated at the G1-S-phase boundary, DNA polymer-
ases are recruited to origins to initiate DNA synthesis,
and this step requires the function of Dpbll. Dpbll
forms a complex with both S1d2 and Pol ¢, and associates
with origins, which is required for further associations
between Pol a-primase and origins (Masumoto et al.
2000). In the present study, we showed that Psfl inter-
acts with Dpbll, Dpb2, and Sld3, using a two-hybrid
assay. It is therefore conceivable that GINS mediates the
interaction between the Cdc45-S1d3 and Dpbl1-Pol &

A novel replication complex in eukaryotes

complexes and thus promotes the association of the
DNA polymerases with origins.

Interestingly, Dpb11 and Psfl associate with origins
interdependently (Fig. 7). This result does not support
the idea that Psfl and Dpb11 are recruited in a sequential
manner, but rather suggests that they associate with ori-
gins concomitantly. Therefore, it is conceivable that
once the macromolecular complex containing Dpbll,
SId2, Pol e, and GINS is formed at the GI1-S-phase
boundary, this complex associates with origins. Because
the formation of the complex between Dpb11 and S1d2 is
required for the initiation of DNA replication and is
regulated positively by S-Cdk activity (Masumoto et al.
2002), the formation of the macromolecular complex
may be regulated by S-Cdk through Sld2 phosphoryla-
tion. In Xenopus egg extracts, Cut5, the counterpart of
Dpbll, associates with chromatin without GINS
(Kubota et al. 2003). This apparent discrepancy is pre-
sumably attributable to the detection procedures for
chromatin binding: the ChIP assay in yeast and chroma-
tin fractionation in Xenopus extracts. A possible expla-
nation that reconciles these data is that Dpb11/Cut5 as-
sociates with chromatin in the absence of GINS,
whereas it requires GINS to associate with replication
origins.

A 6Flag-Psf1 IP
WT dpb11-26
WCE O 30 60 90 O 30 60 90min.

ARS305—

B Dpb11-9myc IP

WT psf1-1
WCE 0 30 60 90 0 30 860 90min.

ARS1—

ARS305—

Figure 7. Associations of Psfl and Dpb11 with origins are mu-
tually dependent. (A) Association of Psfl with origins requires
Dpbll. YYT2 (6Flag-Psfl; WT) and YYK42 (6Flag-Psfl; dpb11-
26) cells were arrested in G1 phase by a-factor at 23°C for 3 h
and released in YPAR containing 0.15 M HU at 33°C. Cells were
withdrawn from the culture every 30 min. 6Flag-Psfl was im-
munoprecipitated from each extract with an anti-Flag antibody.
(B) Association of Dpb11 with origins requires Psfl. YHMO11
(Dpb11-9myc; WT) and YYK43 (Dpb11-9myc; psf1-1) cells were
arrested in G1 phase with a-factor at 23°C for 3 h and released
in YPAR containing 0.15 M HU at 34°C. Cells were withdrawn
from the culture every 30 min. PCR was performed on immu-
noprecipitates derived from the same number of cells at each
time point.
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Proteins associated with DNA replication forks

ChIP assays have shown that Mcm, Cdc45, S1d3, and Pol
& associate first with origins and then with their neigh-
boring fragments (Aparicio et al. 1997; Masumoto et al.
2000; Kamimura et al. 2001). These observations suggest
that these proteins move from origins to neighboring re-
gions together with replication fork progress. They fur-
ther suggest that these proteins participate in the elon-
gation step of DNA replication. It is consistent that, un-
der nonpermissive conditions after release from HU
block that stalls replication forks, mutations in these
proteins result in defective DNA replication. In the pres-
ent study, we also observed that Psfl associates with
both the ARS fragment and with fragments surrounding
the ARS [Figs. 5, 7A (WT)].

In contrast with the observation described above,
psfi-1 cells completed DNA synthesis and entered the
subsequent phase of the cell cycle after release from HU
block at the restrictive temperature, although S phase
progressed very slowly. This phenomenon might be ex-
plained in two ways. Firstly, psf1-1 cells are defective in
late-origin firing, and the consequent reduced number of
replication forks caused the slow progression of S phase.
Secondly, the elongation step may be partially defective
in psfl-1 cells. We cannot yet discriminate between
these two possibilities. In the case of Mcm and Cdc45,
conditional degron mutants revealed their essentiality
for the elongation step, whereas point mutations do not
give a clear defect (Labib et al. 2000; Tercero et al. 2000).
S1d5, Psfl, and Psf2 were recently found to be defective
in DNA replication by genome-wide degron screening in
which uncharacterized essential ORFs were fused to de-
grons. Moreover, the degron versions of S1d5 and Psf2 did
not progress through the cell cycle at the restrictive tem-
perature after release from HU block (the Psfl-degron is
not tight enough to use in this experiment; M. Kane-
maki, A. Sanchez-Diaz, and K. Labib, pers. comm.).
Therefore, the psfI-1 mutation may not be appropriate
for the analysis of Psfl function in the elongation step of
chromosomal DNA replication, and it is likely that
GINS also functions in the step(s) other than the initia-
tion of DNA replication.

GINS requires Dpbl1 for its association with origins.
However, although it associates with origins, Dpbl1
does not move with replication forks but dissociates
from origins soon after its function. Therefore, the inter-
action between Dpbl1 and GINS must be transient and
limited to the assembly process. This is consistent with
our failure to coimmunoprecipitate Dpb11 with Psfl or
Pol ¢. It should be noted that the Dpb11-Pol & complex is
only detected using cross-linking reagent.

GINS purified from Xenopus egg extract showed a
ring-like structure under electron microscope (Kubota et
al. 2003). The ring-like shape of GINS may allow it to
encircle the DNA as a clamp for the replication proteins
during the elongation step of DNA replication, like a
PCNA clamp. Considering the strong genetic interac-
tions between Pol & and Dpbll, and between Dpbll,
SId5, and Psfl, GINS may work as the clamp for Pol e.
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From the interactions between the genes encoding these
components (Fig. 2C), we may predict the arrangement
of these components in GINS. Because sld5-12 is sup-
pressed by high-copy PSF1 and PSF2 but not by PSF3, and
because psf1-1 is suppressed by SLD5 and PSF3 but not
by PSF2, S1d5 seems to be sandwiched between Psfl and
Psf2, and Psfl between Psf3 and Sld5. Therefore, we pro-
pose that they are arranged Psf2:S1d5:Psf1:Psf3. Consis-
tent with this, a genome-wide two-hybrid analysis using
SId5 as bait also identified Psfl and Psf2 but not Psf3
(Uetz et al. 2000; Ito et al. 2001). Furthermore, Psfl co-
immunoprecipitated with SId5 and Psf2 but not with
Psf3 under stringent conditions (Y. Kamimura and H.
Araki, unpubl.).

S1d5 interacts weakly with Pol §, because the deletion
of Pol 32, a nonessential subunit of Pol §, enhances the
growth defect of sIld5-12 (Ohya et al. 2002). This raises
the possibility that GINS also functions for Pol & as well
as Pol e. In Escherichia coli, the 7 subunit of the repli-
cative DNA polymerase, Pol III, connects two polymer-
ases at the replication fork to coordinate leading- and
lagging-strand synthesis (Kim et al. 1996). To date, no
counterpart of the 7 subunit has been found in eukary-
otic cells. Because Sld5 interacts with two replicative
polymerases, GINS may coordinate leading- and lagging-
strand synthesis, like the 7 subunit of Pol III.

Conservation of replication proteins in eukaryotes

Many replication proteins are conserved from yeast to
human cells. This suggests that the replication mecha-
nism of eukaryotes is well conserved. However, candi-
date homologs of Dpbl1, S1d2, and Sld3 have not yet
been identified in higher eukaryotes, whereas fission
yeast has counterparts to all these proteins. Therefore,
the amino acid sequences of these proteins may have
diversified from yeast to higher eukaryotes. TopBP1 in
human cells and Mus101 in Drosophila contain eight
and seven BRCT repeats, respectively, and are thought to
be functional homologs of Dpbll because they are in-
volved in DNA replication and repair (Yamamoto et al.
2000; Mikiniemi et al. 2001). Therefore, we expect that
the other two proteins, S1d2 and S1d3, have also diversi-
fied during the evolution from yeasts to higher eukary-
otes and that their functional homologs will soon be
found.

The diversity of these proteins probably reflects the
regulatory mechanisms of DNA replication. For ex-
ample, micro-organisms, including yeasts but not higher
eukaryotes, are very sensitive to nutrient conditions in
culture media, and regulate their cell cycle and conse-
quently their DNA replication by responding to nutrient
levels. In this context, these proteins act closely with the
regulatory machinery of the cell cycle. In fact, the inter-
action between Dpb11 and S1d2 is regulated by the phos-
phorylation of SId2 by Cdk (Masumoto et al. 2002).
Moreover, Schizosaccharomyces pombe S1d3 (SpS1ld3) is
also hyperphosphorylated in G2/M phase and hypophos-
phorylated in S phase, although the meaning of this
phosphorylation has not been elucidated (Nakajima and



Masukata 2002). In contrast with these proteins, highly
conserved proteins may work as the replication machin-
ery itself. The proteins reported here are also highly con-
served. We therefore anticipate that GINS works as one
of the components of highly conserved replication ma-
chinery, for example, together with the DNA polymer-
ases. Future biochemical studies will clarify this point.

Materials and Methods

Micro-organisms

Yeast strains used in this study are listed in Supplementary
Table 1. E. coli DH5a and BL21(DE3) were used for plasmid
propagation and recombinant protein production, respectively.

Plasmid construction

YCp22-SLD5 and YEp195-SLD5 were constructed by subclon-
ing the 1.8-kb Nhel-Ndel SLD5 DNA fragment into the Xbal-
Smal sites of YCplac22 and YEplacl195 (Gietz and Sugino 1988),
respectively. YCp22-SLD5 was used as a template to engineer
an Ndel site at the first methionine codon and an Xhol site after
the stop codon by PCR. The PCR product was cloned into the
Ndel-Xhol sites of pET15b. YIp211-GST-SLD5 was con-
structed as follows: first, YCp22-SLD5 was mutagenized by
PCR, with the resultant plasmid containing an EcoRI-BamHI
site before the first methionine of Sld5. The GST fragment was
cloned into the EcoRI-BamHI sites, and the Kpnl-HindIII frag-
ment of YCp22-SLD5 was cloned into Kpnl-HindIII of the re-
sultant plasmid. This plasmid was digested with Hpal before
transformation into yeast. YCp22-PSF1 and YEp195-PSF1 were
constructed by subcloning the 1.6-kb KpnI-EcoRI PSF1 DNA
fragment into the Kpnl-EcoRI sites of YCplac22 and YEplac195,
respectively. pET15b-PSF1 was constructed as follows: YCp22-
PSF1 was used as a template to engineer an Ndel site at the first
methionine codon and an Xhol site after the stop codon by PCR.
These PCR products were cloned into the Ndel-Xhol sites of
pET15b. YIp211-6FLAG-PSF1 was constructed by stepwise in-
sertion of FLAG and 5FLAG fragments into the translation ini-
tiation site and truncation of the C-terminal portion of PSF1 by
Hpall cleavage. This plasmid was digested with SnaBI before
transformation. To clone the PSF2 gene, YJLO72c was amplified
by PCR using oligonucleotides 5'-ACGGTCCTAGCTTCAAA
TGTGATATCTTTC-3' and 5-TAACATGTTCAGATATCCA
GGAAGTGGC-3'. This PCR product was digested with ECoORV
and cloned into the EcoRV site of pBlueScript KS* (pBS-PSF2).
YCp22-PSF2 and YEp195-PSF2 were constructed by subcloning
the 1.0-kbp PstI-Sall PSF2 fragment into the PstI-Sall sites of
YCplac22 and YEplac195, respectively. All of the DNA inserts
amplified by PCR were sequenced to confirm that there were no
mutations in the PCR products.

Disruption of the SLD5, PSF1, PSF2, and PSF3 genes

The Ndel-Pvull SLD5 fragment was cloned into the Xbal-Smal
sites of pBlueScript SK*. The Sall-Ndel fragment of SLD5 was
replaced with the LEU2 fragment isolated from YDp-L (Berben
et al. 1991). The resultant plasmid was cleaved with Pvull and
used to transform W303-1A/1B cells to disrupt the SLD5 gene.
The Stul-EcoRI PSF1 fragment was subcloned into the EcoRV-
EcoRI sites of pBlueScript SK*. The BgIII fragment of PSF1 was
replaced with the LEU2 fragment isolated from YDp-L (Berben
et al. 1991). The resultant plasmid was digested with
HindIIl and Pstl, and introduced into W303-1A/1B cells.
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BamHI sites were introduced just upstream and downstream
from the PSF2 ORF using PCR. The BamHI fragment of PSF2
was replaced by the LEU2 fragment isolated from YDp-L. The
resultant plasmid was digested with PstI and Sall and intro-
duced into W303-1A/1B cells.

To disrupt PSF3, the 600-bp upstream and 700-bp down-
stream fragments of PSF3 amplified by PCR were cloned into
pBlueScript SK*, and the LEU2 fragment was inserted between
them. The resultant plasmid was digested with BgIII and intro-
duced into W303-1A/1B cells.

Southern blot analysis was performed on the Leu* transfor-
mants to confirm that one copy of the endogenous gene was
successfully disrupted.

Isolation of thermosensitive mutants

SLD5 was amplified using PCR with Tag DNA polymerase, and
used to transform YYK35 [sld5A:: LEU2 (YEp195-SLD5)| cells
with Pstl- and Sall-cleaved YCplac22 (Muhlrad et al. 1992). Ap-
proximately 7400 transformants grown at 23°C on Ura Trp~
plates were replica-plated onto two plates containing 0.1%
5-fluoroorotic acid (5-FOA). One plate was incubated at 23°C
and the other at 37°C. Four clones showed temperature-sensi-
tive growth. Plasmid DNA was recovered from each of them,
and the DNA sequence of the SLD5 portion was determined
(Fig. 1A). The EcoRI-Pstl fragment of the plasmid was cloned
into YIplac211 and was used to transform the YYK9 (W303-1Ab)
strain after digestion with Hpal. Ura* transformants were grown
at 23°C, spread onto 5-FOA plates, and a temperature-sensitive
colony in which URA3 is popped out was selected.

The procedures were the same for PSF1 as those described for
SLD5, with slight modification (below). YYK41 [psf1A::LEU2
(YEp195-PSF1)] was used. Of about 1500 transformants, three
clones showed thermosensitive growth. One clone was found to
have a single point mutation, and was designated psf1-1. The
other two clones had two point mutations, one of which was the
same as that occurring in psfi-1; the other was a silent muta-
tion. The KpnI-EcoRI fragment encoding the psfI-1 mutation
was cloned into YIplac211 and was used to transform strain
YYK9 (W303-1Ab) after digestion with Tth1111. Ura* transfor-
mants were grown at 23°C, spread onto 5-FOA plates, and a
temperature-sensitive colony was selected in which URA3 is
popped out.

Multicopy suppressor screening

A YEp24-based genomic library was transformed into sld5-12
and psf1-1 mutants. Cells were incubated at 23°C for a day on
SD-Ura plates; incubation temperatures were shifted up to 30°C
for sld5-12 and 34°C for psf1-1. Of the sld5-12 cells, 15 trans-
formants grew at 30°C from about 20,000 Ura* transformants.
Plasmid DNA was recovered from each of them, and the DNA
sequences were determined. Twelve clones were found to carry
SLD5, and the remaining three clones carried PSF1. Of the
psf1-1 cells, three transformants grew at 34°C from 7680 Ura*
transformants. One clone was found to carry PSFI, and the
other two clones carried PSF3.

Immunoprecipitation

Cells (5 x 10°) were harvested, washed once with water, and
resuspended in 0.8 mL lysis buffer [50 mM HEPES-KOH at pH
7.5, 300 mM KCl, 0.05% Tween-20, 0.005% NP-40, 10% glyc-
erol, 1x Complete Protease Inhibitor Cocktail (Bochringer
Mannheim), 1% protease inhibitor (Sigma), 2 mM B-glycero-
phosphate, 2 mM NaF, 0.4 mM Na,;VO,, 0.5 mM Na-pyrophos-
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phate] containing 5 mg/mL bovine serum albumin (BSA). Cells
were disrupted with glass beads using a bead beater. Cell lysates
were clarified by centrifugation for 20 min at 4°C. Protein ex-
tracts were adsorbed onto 0.5 mL (75% vol/vol slurry) of sepha-
rose 4B Fast Flow (Pharmacia) for 30 min at 4°C. The beads were
then pelleted, and the supernatant was recovered and mixed
with 100 pL anti-Flag (M2) beads (Sigma) for 5 h at 4°C. The
beads were washed three times with lysis buffer containing
0.1 mg/mL BSA, then washed three times with 1 mL cold lysis
buffer. The immunocomplex was eluted by incubating the
beads with lysis buffer containing 100 ng/mL 3xFlag peptides
(Sigma).

Preparation of antibodies

S1d5 and Psfl proteins were expressed in E. coli BL21{DE3) cells
and were recovered in the insoluble fraction after disruption of
the cells. The proteins were either solubilized (S1d5) or sepa-
rated on SDS-PAGE (Psfl), and then used to immunize rabbits.

Other methods

Gel filtration of 6Flag-Psfl immunoprecipitates was performed
using a Superdex 200 column (Amersham Pharmacia Biotech)
equilibrated in lysis buffer (described above). The chromatin-
binding assay was performed as described (Kamimura et al.
2001), except that spheroplasts were lysed in 0.2 M sorbitol
buffer at the final step. Synchronization of yeast cells, N/N 2-D
gel analysis, the two-hybrid assay, and ChIP assay were per-
formed as described (Kamimura et al. 1998, 2001).
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