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Yph1p, an ORC-Interacting Protein: Potential
Links between Cell Proliferation Control,
DNA Replication, and Ribosome Biogenesis

Proliferating cells must increase their mass prior to
cell division. Cell proliferation is primarily regulated dur-
ing G1 before DNA replication (Norbury and Nurse, 1992).
Such a control mechanism ensures that a critical cell
size has been achieved to allow for the completion of
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cell division. The time in G1 at which cells decide to
undergo cell division is called START in yeast and theSummary
restriction point in animal cells. This is a critical regula-
tory mechanism in which a cell responds to its environ-Immunoprecipitation of the origin recognition com-
ment to control alternative cell fates such as cell division,plex (ORC) from yeast extracts identified Yph1p, an
quiescence, or differentiation. In an environment thatessential protein containing a BRCT domain. Two
allows rapid proliferation, cells must achieve a criticalYph1p complexes were characterized. Besides ORC,
size in order to commit to cell division, probably to en-MCM proteins, cell-cycle regulatory proteins, check-
sure that there are sufficient cellular components topoint proteins, 60S ribosomal proteins, and preribo-
ensure survival of the daughter cells. Likewise, cellssome particle proteins were found to be associated
reentering the cell division cycle from a period of quies-with Yph1p. Yph1p is predominantly nucleolar and is
cence must coordinate DNA replication with duplicationrequired for 60S ribosomal subunit biogenesis and
of other cellular machineries, such as the protein synthe-possibly for translation on polysomes. Proliferating
sis machinery, but how this is achieved is not known.cells depleted of Yph1p arrest in G1 or G2, with no cells

Because ORC is the platform for the assembly of dif-in S phase, or significantly delay S phase progression
ferent protein complexes at origins of DNA replication,after release from a hydroxyurea arrest. Yph1p levels
searching for proteins that interact with ORC has longdecline as cells commit to exit the cell cycle, and levels
been hypothesized to be an effective approach to iden-vary depending on energy source. Yph1p may link cell
tify other protein components involved in DNA replica-proliferation control to DNA replication, ribosome bio-
tion and associated regulatory pathways. In this study,genesis, and translation on polysomes.
we performed ORC immunoprecipitation (IP) to identify
its interacting proteins in S. cerevisiae. One of theseIntroduction
proteins, Yph1p (YGR103W), is a conserved protein con-
taining a BRCT domain. Recent evidence showed thatDNA replication is a critical event during the cell cycle
the mammalian ortholog of Yph1p is upregulated in met-of proliferating cells. Faithful inheritance of genetic infor-
astatic cancer tissues (Charpentier et al., 2000; Kino-mation requires DNA to be accurately copied once dur-
shita et al., 2001). We demonstrate Yph1p is present ining the S phase of each cell cycle. The mechanism and
two multiprotein complexes. Mass spectrometric analy-cell cycle control of the initiation of eukaryotic DNA
sis of the Yph1p complexes reveals that Yph1p associ-replication have been extensively studied in the budding
ates with proteins involved in ribosome biogenesis, DNAyeast Saccharomyces cerevisiae (Kelly and Brown,
replication, regulation of chromatin structure, and cell2000). The origin recognition complex (ORC) was first
cycle regulation, as well as checkpoint control. Geneticidentified from S. cerevisiae as the initiator protein that
analyses show that Yph1p is critical for cell proliferation,directly binds to autonomously replicating sequences
DNA replication, and 60S ribosomal subunit biogenesis,(ARS) that function as origins in chromosomes. ORC
and possibly translation on polysomes. The ORC-Yph1pcontains six subunits (Orc1p–Orc6p) that bind to the
interaction is increased in sir2� cells. The results sug-ARS elements in the genome throughout the entire cell
gest insights into the coordination of cell proliferationcycle. ORC serves as a landing pad for the assembly of
control with many cellular processes such as DNA repli-a series of different protein complexes on origins of
cation and ribosome biogenesis.DNA replication at different times during the cell division

cycle, including the MCM (mini-chromosome mainte-
Resultsnance) proteins.

In addition to its role in DNA replication, ORC is in-
Identification of ORC-Interacting Proteinsvolved in transcriptional silencing at the silent mating-
To identify ORC-interacting proteins, IP experimentstype loci in S. cerevisiae (Haber, 1998), heterochromatin
were performed from yeast whole-cell extracts using abinding in Drosophila (Pak et al., 1997), and possibly for
monoclonal antibody against the largest ORC subunit,G2 to M phase transition (Dillin and Rine, 1998) and
Orc1p (Figure 1). Wild-type and orc2-1 mutant cells werecheckpoint regulation (Weinberger et al., 1999). There-
grown at the permissive temperature of 25�C overnightfore, ORC-interacting proteins may well have many func-
and then shifted to a semipermissive temperature oftions.
30�C for 3 hr. The cells were harvested and whole-cell
extracts were prepared by bead beating using a lysis1Correspondence: stillman@cshl.org
buffer containing ethidium bromide, which helps to ex-2 Y.-C. N. Du is a student in the Graduate Program in Cellular and
tract proteins from DNA, as ORC is a chromatin-bindingDevelopmental Biology, State University of New York at Stony

Brook, Stony Brook, New York 11794. protein. IP was performed using an anti-Orc1p antibody.
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Figure 1. An Anti-Orc1 Antibody Precipitates
Yph1p from Wild-Type, but Not from orc2-1
Cell Extracts

(A and B) An anti-Orc1p antibody (SB35) was
used to perform IP from W303-1A or orc2-1
cell extracts. The immunoprecipitates were
boiled in Laemmli buffer and resolved on 10%
SDS-PAGE. The gels were subjected to silver
staining (A) or Western blotting using a mix-
ture of anti-Orc1p to -Orc6p antibodies as
probes (B). bORC, baculovirus-expressed
and purified ORC; M, molecular weight mark-
ers. The band between Orc2p and Orc3p is
the 65 kDa degradation product of Orc1p.
(C) List of the putative ORC-interacting pro-
tein bands in (A) identified by peptide mi-
crosequencing analysis. Superscript dagger
indicates Yph1p-interacting proteins in Fig-
ure 4C.
(D) Diagram of Yph1p. Two coiled-coil do-
mains are marked with slanted lines. The re-
gions corresponding to the synthetic pep-
tides used to raise polyclonal antibodies are
marked on the bottom.

After the IP, the antibody bound complexes were boiled among species with highly related orthologs found in S.
pombe, C. elegans, Drosophila, zebrafish, mouse, andoff from the beads, separated by sodium dodecyl sul-

fate-polyacrylamide gel electrophoresis (SDS-PAGE), human. Motif analysis revealed that Yph1p contains two
coiled-coil domains, one BRCT domain, and a putativeand visualized by silver staining (Figure 1A). Many bands

besides the ORC subunits were present in the IP. ORC bipartite nuclear localization signal (Figure 1D). The
BRCT domain was first described at the C terminus ofis unstable even in extracts prepared at the permissive

temperature from orc2-1 cells (Bell et al., 1993), so little the breast cancer protein BRCA1 and has been found
in many proteins involved in DNA damage repair andor no ORC subunits were detected in the IP from these

cells (Figures 1A and 1B). Therefore, we expected that cell cycle checkpoint control. Because of the BRCT do-
main and the observation that the zebrafish pescadilloORC-interacting proteins would also be absent or much

less prominent in the ORC IP from the orc2-1 extracts. was essential for cell proliferation, we studied Yph1p
further.Indeed, seven bands were specifically precipitated with

ORC from the wild-type extracts, but not from the mutant
extracts (Figure 1A, lane 2). The identities of these seven ORC and Yph1p Interact with Each Other
putative ORC-interacting proteins were obtained by In Vivo and In Vitro
peptide microsequencing analysis (Figure 1C). We ini- To further demonstrate that Yph1p interacts with ORC,
tially focused our effort on one novel protein with an reciprocal IP experiments were carried out (Figures 2A–
apparent molecular weight of 88 kDa because of its 2D). Polyclonal antibodies against Yph1p were raised
potentially interesting properties. using synthetic peptides from the N and C terminus

of the protein (indicated in Figure 1D). All generated
antibodies recognized Yph1p in Western blot analysis.Features of Yph1p

The 88 kDa protein shared 40% amino acid identity to The antibodies, CS965 and CS967, against the C termi-
nus of Yph1p were able to precipitate Yph1p and ORCan essential zebrafish protein, pescadillo (Allende et al.,

1996), and is identical to the yeast pescadillo homolog (Figures 2A and 2B). About 3% of ORC from yeast whole-
cell extracts was coprecipitated with Yph1p. The anti-Yph1p (Kinoshita et al., 2001). Yph1p is highly conserved
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Figure 2. Yph1p Interacts with ORC In Vivo
and In Vitro

(A and B) Two anti-Yph1p antibodies (CS965
and CS967) and their preimmune sera were
used to perform IP from W303-1A cell ex-
tracts. The precipitates were subjected to
Western blotting using a mixture of anti-ORC
antibodies (A) or an anti-N terminus-Yph1p
antibody (CS959) (B). WCE, whole-cell ex-
tracts; X, a crossreacting protein detected by
the anti-Orc3p antibody.
(C and D) Anti-Orc1p, anti-Orc2p, and control
anti-CAF1 IP from W303-1A extracts was an-
alyzed by Western blotting using an anti-N
terminus-Yph1p antibody (CS959) (C) or a
mixture of anti-ORC antibodies (D).
(E) HA-Yph1p and HA-SNAP50 were in vitro
transcribed/translated and mixed with purified
ORC. An anti-HA IP and a control anti-CAF1
IP were performed. The immunoprecipitates
were subjected to Western blotting using a
mixture of anti-ORC antibodies.

body CS959 against the N terminus of Yph1p sometimes though its calculated molecular weight is closer to 68
kDa (data not shown). Thus, the 68 kDa form of yeastrecognized an additional band corresponding to a mo-

lecular weight of �68 kDa in both yeast whole-cell ex- Yph1p may be the cleavage or modified product (see
below).tracts and the anti-Yph1p IP. Although it has been shown

that some human pescadillo proteins have a covalent The anti-Orc1p and anti-Orc2p antibodies precipi-
tated Yph1p and ORC, but the control anti-CAF1 anti-attachment of the ubiquitin-like protein, SUMO-1, which

causes an increase of �20 kDa (Kinoshita et al., 2001), body did not (Figures 2C and 2D). The anti-Orc2p anti-
body, which precipitated slightly more ORC than didwe did not detect SUMOlation of Yph1p using an anti-

Smt3p (yeast SUMO-1) antibody in Western blot analysis the anti-Orc1p antibody, precipitated less Yph1p. It is
possible that the anti-Orc2p antibody affects the inter-against whole-cell extracts (data not shown). In addition,

no modification of ubiquitin, or another ubiquitin-like action between ORC and Yph1p.
We then tested whether ORC and Yph1p interactedprotein, Rub1p, on Yph1p was detected in Western blot

analysis (data not shown). More importantly, in vitro with each other without the assistance of any other yeast
proteins. YPH1 was cloned into an in vitro transcription/expressed Yph1p ran at 88 kDa on SDS gels, even
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Figure 3. Yph1p Specifically Associates with
a Group of Proteins

The anti-Yph1p IP was performed from
W303-1A cell extracts in the absence of any
additional peptide or in the presence of the
HA peptide or the Yph1p-specific peptide.
The immunoprecipitates were subjected to
silver staining (A) or Western blotting using
an anti-Orc3p antibody (B) or anti-Yph1p anti-
body (CS959) (C). WCE, whole-cell extracts;
X, a crossreacting protein detected by the
anti-Orc3p antibody.

translation vector with one copy of the hemagglutinin from the antibody beads with an excess of the Yph1p-
specific peptide antigen and fractionated by sedimenta-(HA) epitope at the N terminus. HA-Yph1p was ex-
tion through a glycerol gradient. Western blot analysispressed in a rabbit reticulocyte lysate system and mixed
with anti-Yph1p antibodies of the fractions from thewith yeast ORC purified from recombinant baculovirus-
glycerol gradient revealed the existence of two majorinfected Sf9 cells. An in vitro transcribed/translated HA-
Yph1p complexes (Figure 4A). One complex had a sedi-SNAP50 protein was used as a negative control. An anti-
mentation rate slightly slower than that of catalase (200HA IP and a control anti-CAF1 IP were performed (Figure
kDa), while the other containing Yph1p, Orc3p, and2E). ORC was precipitated only in the presence of HA-
MCM6 (Figure 4A) was larger than 2 MDa. Proteins pres-Yph1p by the anti-HA antibody, but not with HA-
ent in the small and large complexes are shown in Fig-SNAP50. Furthermore, ORC was absent in the anti-CAF1
ures 4B and 4C, respectively.IP. Therefore, ORC specifically interacted with Yph1p in

To understand the possible functions of Yph1pvitro, although it remains possible that the interaction
through its interacting partners, major bands in the twoinvolved rabbit reticulocyte proteins. Altogether, both in
Yph1p complexes were excised from the gels and werevivo and in vitro IP results suggest that ORC and Yph1p
analyzed by mass spectrometry. The small Yph1p com-interact with each other.
plex contained three proteins, Erb1p, Yph1p, and Ytm1p
(Figure 4B), whereas the large complex contained many

Proliferating Cells Contain Two Yph1p Complexes more proteins, as expected (Figure 4C). ERB1 is an es-
The anti-Yph1p antibody directed against the Yph1p sential gene required for 60S ribosome biosynthesis
C-terminal peptide (Figure 1D) immunoprecipitated a (Pestov et al., 2001a). Ytm1p, cited as a microtubule-
group of proteins from yeast whole-cell extracts (Figure associated protein essential for the G1/S transition
3A). To test if all these proteins precipitated specifically (Hodges et al., 1999), is also involved in 60S ribosomal
with Yph1p, a peptide competition experiment was per- subunit biogenesis (Harnpicharnchai et al., 2001). Both
formed. Nonspecific HA peptide or the Yph1p C-terminal of these proteins were also found in the large Yph1p
peptide antigen was mixed with the anti-Yph1p antibody complex. In addition, proteins in the large complex in-
before the addition of yeast whole-cell extracts. The clude nucleolar proteins, proteins involved in 60S ribo-
same group of proteins was brought down in the pres- some biosynthesis, and the 60S ribosomal proteins
ence or absence of the HA peptide, and these proteins (Supplemental Table S1 available at http://www.cell.
in the IP were not abundant yeast proteins compared com/cgi/content/full/109/7/835/DC1; Bassler et al.,
to those in the whole-cell extracts (Figure 3A). In con- 2001; Harnpicharnchai et al., 2001; Saveanu et al., 2001).
trast, the IP was blocked by preincubation with the Therefore, Yph1p may have a role in ribosome biogene-
Yph1p-specific peptide antigen. Only the background sis. Altogether, these results suggest that two Yph1p
pattern of the boiled-off antibodies was detected. Fur- complexes exist in yeast, and the smaller complex may
thermore, Figures 3B and 3C show that (1) a crossreact- be the core of the larger one, since they share the three
ing 70 kDa protein detected by the anti-Orc3p antibody proteins.
was not coprecipitated with Yph1p, and (2) the precipita- In addition to the major proteins potentially stoichio-
tion of Orc3p and Yph1p was blocked by the specific metric with Yph1p, many other proteins were associated
peptide, but not by the HA peptide. Therefore, this group with Yph1p. Direct mass spectrometric analysis of
of proteins specifically associates with Yph1p. Yph1p complexes was performed to identify these sub-

To distinguish further whether the proteins associated stoichiometric proteins (Supplemental Table available
with Yph1p constitute one or multiple Yph1p-containing at above website, group 2). Orc6p, MCM6, cell-cycle

regulatory proteins, checkpoint proteins, and proteinscomplexes, Yph1p immunoprecipitates were eluted
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Figure 4. The Existence of Two Yph1p Complexes

(A) Yph1p immunoprecipitates were eluted from the antibody beads using the Yph1p-specific peptide and were fractionated in a 25%–50%
glycerol gradient. Yph1p, Orc3p, and MCM6-HA3 across the gradient were analyzed by Western blotting.
(B) Coomassie blue-stained gel of the small Yph1p complex (fraction 22 in a 15%–35% glycerol gradient).
(C) Silver-stained gels of the large Yph1p complex. Right, 10% gel; left, 17% gel. Labeled bands were identified by mass spectrometry.
Superscript dagger indicates putative ORC-interacting proteins in Figures 1A and 1C.

involved in chromatin remodeling were also present in somes in the mutant suggests a reduction in the rate of
protein synthesis. The position of Yph1p in a sucrosethe Yph1p immunoprecipitates. The presence of Erb1p,

Rpl3p, MCM6, Cdc28p, Mec1p, Dun1p, and Rad23p in gradient of the wild-type cell extracts (shown in Figure
5A) was examined and interestingly, the 88 kDa form ofYph1p complexes was confirmed by IP with the anti-

Yph1p antibody and Western blot analysis (Figure 4A Yph1p cosedimented with 80S ribosomes, but the 68
kDa form cosedimented with polysomes (Figure 5C). Itand data not shown). In addition to MCM6, we also

detected MCM4, 5, and 7 in the Yph1p IP by Western is possible that Yph1p is a component of preribosomal
particles, then remains associated with 80S ribosomes,blot analysis (data not shown). The association of Yph1p

with replication and checkpoint proteins suggests a po- but is modified into the 68 kDa form in polysomes. In
this experiment, cosedimentation of Yph1p with 60Stential role of Yph1p in DNA replication and checkpoint

control. ribosomal subunits was not observed, but it is probably
because of the relatively low amount of material in
the 60S.yph1-td Is Defective for 60S Ribosomal

Subunit Biogenesis
The presence of many ribosomal proteins in the large Yph1p Is an Essential Protein Located

Predominantly in the NucleolusYph1p complex prompted us to examine the ribosome
profile in yph1-td, a temperature-inducible degron mu- To investigate the phenotype of a YPH1 null mutant, the

entire coding sequence of one YPH1 gene in a diploidtant strain. The yph1-td mutant cell had a relatively
smaller size and grew more slowly than its isogenic wild- strain was replaced with a selectable kanMX6. Tetrad

analysis of the heterozygous knockout demonstratedtype cell at the permissive temperature of 25�C. Extracts
prepared from the yph1-td and isogenic wild-type cells that YPH1 is essential, consistent with previous findings

(Kinoshita et al., 2001). Microscopic examination of thegrown to log phase at 25�C and shifted to the nonpermis-
sive temperature of 37�C for 3 hr before harvest were meiotic segregants revealed that none of the nonviable

spores divided, and 8 of the 54 spores had a dumbbell-fractionated by sucrose velocity gradient centrifugation.
At the nonpermissive temperature, Yph1p protein was shaped terminal morphology while the rest remained

as single unbudded cells. A complementation analysisdegraded in mutant cells (data not shown). Compared
to the profile of wild-type cells (Figure 5A), in the Yph1p- revealed that the lethal phenotype could be rescued by

an additional copy of YPH1 on a plasmid (data notdepleted cells free 60S ribosomal subunits were not
detected, polysomes were reduced substantially, and shown). In a separate genetic analysis, when one of two

separate, plasmid-borne mutations (W431R and I380R)80S ribosome levels were increased (Figure 5B). This
result suggests that Yph1p is required for 60S ribosomal within the BRCT domain of Yph1p was used to replace

the wild-type gene in a haploid strain, both strains,subunit synthesis or stability, and the absence of poly-
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possibility, the protein synthesis inhibitor cycloheximide
and a nop1-7 mutant strain with a defect in 60S ribo-
somal subunit assembly (Tollervey et al., 1993) were
used. Cells that were released from HU block progresses
through S phase normally in the presence of cyclohexi-
mide or nop1-7 at the nonpermissive temperature (Fig-
ure 6B). Therefore, Yph1p was required for normal S
phase progression and the S phase delay in the yph1-
td mutant was not an indirect effect of impaired protein
synthesis or ribosome biogenesis.

The BRCT domain has been found in many nuclear
proteins involved in DNA damage checkpoint and cell
cycle control. The presence of a BRCT domain and a
bipartite nuclear localization signal within Yph1p raised
the possibility that Yph1p was a nuclear protein. To
address the subcellular localization of Yph1p, a C-ter-
minal GFP- tagged endogenous YPH1 diploid strain was
generated. Figure 6C shows that Yph1p is located pre-
dominantly in or near the crescent-shaped nucleolus
and, to a lesser extent, in the nucleoplasm.

Yph1p Levels Are Downregulated before the
Diauxic Shift and Respond to Energy Source
We noticed that the protein levels of Yph1p varied in
cells grown under different conditions and it was traced
to the carbon source used for growth. Cells grown in
glucose and that do not respire had higher levels of
Yph1p than cells grown in glycerol or acetate where
respiration is required for growth (data not shown).
Eventually, cells grown in glucose accumulate ethanol
and undergo a diauxic shift. We followed Yph1p levelsFigure 5. Yph1p Is Required for Biogenesis of 60S Ribosomal

Subunit during the diauxic shift by growing a wild-type yeast
culture at 30�C for 26 hr (Figure 7A). After an initial 12The isogenic wild-type (A) and yph1-td (B) strains growing at 25�C

in YPRaf were shifted to 37�C in YPGal for 3 hr. Extracts were hr proliferation, cells were harvested for eight succes-
resolved in a 7%–47% sucrose gradient. The peaks of free 40S and sive 2 hr intervals, and whole-cell extracts were pre-
60S ribosomal subunits and 80S ribosomes are indicated. pared. The expression levels of Yph1p, Nop1p, Nop5p,
(C) Yph1p across the gradient from (A) was analyzed by Western

Rpl3p, Orc3p, and �-tubulin were analyzed by Westernblotting using anti-N terminus antibody (CS959).
blotting (Figure 7B). During the exponential growth
phase, Yph1p levels were roughly constant; however,
Yph1p levels dropped as cells committed to exit theyph1-1 and yph1-2, were temperature sensitive at 37�C
proliferation phase as indicated by the DNA content(data not shown). W431 is the most conserved residue of
profiles and the increased doubling time (Figure 7C).the BRCT domain, and W431R corresponds to a cancer-
Interestingly, Yph1p disappeared at exactly at the samepredisposing mutation (W1837R) in BRCA1. These re-
time as cells with a 1C DNA content and reduced Ssults demonstrate that YPH1 is an essential gene and
phase began accumulating (compare 20 hr with 22 hr,the BRCT domain is crucial.
Figure 7C). Nop1p, required for 35S rRNA processing,Since Yph1p is an ORC-interacting protein, we were
and Nop5p, required for pre-18S rRNA processing, dis-interested in studying its role in DNA replication. The
appeared in the stationary culture after Yph1p. In con-temperature-sensitive mutant, yph1-td, and isogenic
trast, Rpl3p, a 60S ribosomal protein, Orc3p, and �-tubu-wild-type cells were inoculated into media, producing
lin levels slightly decreased in the stationary culture.separate log phase cultures at 25�C, and then shifted
Note that although the RPL3 mRNA level was signifi-to 37�C for 3 hr. The DNA content was analyzed by
cantly repressed during the diauxic shift (DeRisi et al.,flow cytometry. The yph1-td mutant yeast arrested with
1997), its protein levels did not decline much. Like cellseither a 1C or 2C DNA content at 37�C, with no cells
exiting cell division, cells grew more slowly when Yph1pin S phase (Figure 6A), similar to other temperature-
was overexpressed (data not shown). The protein datasensitive alleles (Kinoshita et al., 2001). Furthermore,
combined with microarray data showing Yph1p mRNAinactivation of yph1-td caused very slow S phase pro-
levels declining during a diauxic shift (DeRisi et al., 1997)gression after cells were released from a hydroxyurea
demonstrate that Yph1p levels correlate with the rate(HU) block, whereas the isogenic wild-type cells com-
of proliferation in response to energy source.pleted the S phase normally (Figure 6B). Because Yph1p

was required for 60S ribosomal subunit biogenesis, it
was possible that the S phase delay of yph1-td mutant Yph1p Is Required to Initiate Proliferation

after Exit from G0yeast was merely an indirect effect due to a defect in
protein synthesis or ribosome biogenesis, rather than a The demonstration that Yph1p disappears upon com-

mitment to reduced proliferation raised the issue ofdirect effect of Yph1p on DNA replication. To test this
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Figure 6. Yph1p Is an Essential Nucleolar
Protein Required for Normal S Phase Pro-
gression

(A) yph1-td mutant arrests at G1 or G2 with no
S phase. The yph1-td and isogenic wild-type
strains growing at 25�C in YPRaf were shifted
to 37�C in YPGal for 3 hr. Aliquots of cultures
were analyzed by FACS.
(B) The indicated strains were arrested in
early S phase with HU at 25�C in YPRaf for 2
hr and shifted to 37�C in YPGal for 1 hr. Then,
they were released into fresh YPGal at 37�C.
For the cycloheximide treatment, 10 �g/ml of
cycloheximide was added 1 hr prior to release
and was present in the fresh YPGal medium.
Aliquots of the culture were analyzed by
FACS.
(C) Yph1p is located predominantly in or near
the nucleolus. GFP signal from exponentially
growing YPH1-GFP diploid cells was visual-
ized by fluorescence microscopy. The DNA
staining by DAPI was represented by the red
color to identify the overlapping regions with
the green signal from YPH1-GFP.

whether Yph1p was required for entry into the cell cycle in the stationary cells (Rpl3p in Figure 7B). To address
this question, nop1-7, the mutant strain with a defect infrom G0. To this end, an exponentially proliferating yph1-

td mutant and its isogenic wild-type cells were shifted 60S ribosomal subunit assembly, was used. A stationary
phase culture of nop1-7 mutant or isogenic wild-typefrom YP-raffinose to nitrogen-free medium (YN�) to in-

duce cells to enter stationary phase. The cultures were cells was released into rich medium at permissive (25�C)
or nonpermissive (37�C) temperatures. Because Nop1psplit in two and then released into rich medium (YP) in

the presence (raffinose, 25�C) or absence (galactose, protein has already disappeared in the stationary culture
(Figure 7B), any newly synthesized Nop1p will be the37�C) of newly synthesized Yph1p. Without newly syn-

thesized Yph1p, the mutant cells remained unbudded mutant form in nop1-7 cells. However, nop1-7 cells were
still able to exit from G0 to enter the cell division cyclewith a 1C DNA content and were unable to enter the

cell division cycle even after 12 hr in rich medium at at 37�C. These results indicate that Yph1p, but not new
ribosome biogenesis, is crucial for cells to exit from the37�C (Figure 7D). These cells were viable when plated

onto YPRaf plates at 25�C (data not shown). Therefore, G0 state and initiate cell proliferation.
the proliferation inhibition was reversible.

An important consideration was whether the require- Increased Interaction of Yph1p and ORC
in sir2� Strainment of Yph1p to initiate cell proliferation from G0 was

only an indirect effect due to a defect in ribosome bio- Each rDNA repeat in the S. cerevisiae genome contains
an origin of DNA replication and hence an ORC bindinggenesis. Note that a population of ribosomes still exists
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Figure 7. Yph1p Is Linked to Cell Proliferation Stages

(A–C) Yph1p is downregulated during the diauxic shift.
(A) W303-1A cells were grown at 30�C in YPD and were harvested at eight successive 2 hr intervals. Cell density was measured by OD at 600
nm wavelength. The glucose concentration of the media was measured with a UV test kit (Boehringer Mannheim, #716251).
(B) Western blot analysis of Yph1p, Nop1p, Nop5p, Rp13p, Orc3p, and �-tubulin during the course of the experiment.
(C) Aliquots of the culture were analyzed by FACS. The doubling time of the culture between each 2 hr interval is indicated on the side.
(D) Yph1p is required to initiate growth after G0. Indicated strains in YPRaf were washed three times by nitrogen-free medium (YN�) and were
resuspended in YN� followed by incubation at 25�C for 39 hr. Resulting G0 cells were released from YN� to YPRaf at 25�C or to YPGal at 37�C.
Samples were taken every 3 hr after the release. Aliquots of cultures were analyzed by FACS, and the percentage of unbudded cells in these
cultures was determined by light microscopy.
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antibody precipitated the same amount of Orc3p in both
extracts, but 3-fold more Yph1p was precipitated from
sir2� extracts than from wild-type extracts. Similarly,
the anti-Yph1p antibody precipitated 3-fold more Orc3p
from sir2� extracts than from wild-type cell extracts.
Thus, the interaction between Yph1p and ORC is in-
creased when the rDNA locus is derepressed in the
absence of Sir2p.

Discussion

Possible Links between Ribosome Biogenesis,
DNA Replication, and Cell Proliferation Control
The search for ORC-interacting proteins led to the sur-
prising discovery that ORC links to a large protein com-
plex through an interaction with Yph1p. Characterization
of Yph1p also suggested links between cell proliferation
control in response to energy sources and DNA replica-
tion, ribosome biosynthesis, and efficient translation on
polysomes. Two Yph1p interdependent complexes exist
and share the common proteins Yph1p, Erb1p, and
Ytm1p, suggesting that the smaller complex forms a
core for assembly of the larger one. The observation
that Yph1p mutants arrest at G1 and G2 phases without
any cells in S phase (Figure 6 and Kinoshita et al., 2001)
and the observation that Yph1p mutants cells remain
viable but do not enter the cell division cycle from a G0

state suggests that Yph1p may be involved in sensing
pathways that coordinate cell proliferation control with
many important cellular processes.

We define cell proliferation control as mechanisms
that determine whether cells are quiescent or are prog-
ressing through the cell cycle. In yeast, proliferation is
primarily regulated by available energy sources and it
makes sense to link high energy-requiring processes
such as DNA replication, ribosome biosynthesis, and
rapid protein synthesis to a regulatory mechanism that
senses energy levels. Yph1p levels were sensitive to
carbon source, being high in glucose when respiration
is suppressed and low or absent when slow proliferation
is triggered by poor energy sources. The levels of Yph1p
in a cell affect cell proliferation since we found that
overexpression of Yph1p causes slow proliferation. As
cells undergo the diauxic shift, converting from fermen-
tation to gluconeogenesis and respiration, Yph1p levels

Figure 8. The Interaction of Yph1p and ORC Is Increased in sir2� dramatically fall and concomitantly the rate of prolifera-
Strain tion slows. Previous studies of global gene expression
An anti-Orc1p antibody (A) or an anti-Yph1p antibody (B) was used during the diauxic shift using DNA microarrays revealed
to perform IP from W303-1B or sir2� cell extracts. The immunopre- that the YPH1 mRNA level was repressed before the
cipitates were boiled in Laemmli buffer and resolved on 10% SDS-

diauxic shift and continued to be repressed upon entryPAGE. The gels were subjected to Western blotting using anti-Yph1p
into stationary phase (DeRisi et al., 1997). Other genesor anti-Orc3p antibody as probes. WCE, whole-cell extracts; X, a
encoding proteins in the small and large Yph1p com-crossreacting protein detected by the anti-Orc3p antibody.

(C) The ratio of the indicated proteins from sir2� versus wild-type plexes we have identified are transcriptionally coregu-
was quantified. The figure shows the mean of three determina- lated (Wade et al., 2001). Genes that have a similar tem-
tions � SD. poral pattern as YPH1 are mostly of unknown function,

but genes encoding ribosomal proteins are repressed at
a later time (Supplemental Figure S1 available at http://site, a feature conserved in all rDNA repeats in every

eukaryote examined. Since the NAD-dependent histone www.cell.com/cgi/content/full/109/7/835/DC1).
During the diauxic shift, cells respond to the stressdeacetylase Sir2p regulates the rDNA locus, we tested

whether Sir2p influenced the interaction between Yph1p of energy reduction. Yph1p may be responsive to energy
source stress, since Yph1p levels are reduced as prolif-and ORC. Whole-cell extracts of sir2� and wild-type

strains were prepared and an anti-Orc1p IP or an anti- erating cells begin to run out of glucose and are also
low in cells grown on poor energy sources such asYph1p IP were performed (Figure 8). The anti-Orc1p
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acetate and glycerol. One of the proteins we found linked bind to DNA sequences near replication origins in the
ribosome gene cluster (RGC; Kern et al., 1991). Interest-to the Yph1p complex was Sok1p. Mutations in SOK1

suppress depletion of cyclic-AMP protein kinase (Ward ingly, p53 inhibits DNA replication of plasmids con-
taining the RGC DNA sequences (Miller et al., 1995),and Garrett, 1994), possibly linking cAMP signaling to

the function of the Yph1p complex. In addition, Yvh1p, suggesting that p53 may regulate DNA replication via
specific sequences. Furthermore, p53 is negatively reg-which interacts with the BRCT domain of Yph1p (Saku-

moto et al., 2001), may also participate in the cAMP- ulated by Sir2�, the mammalian homolog of Sir2p (Luo
et al., 2001). Since deletion of SIR2 in yeast causes anPKA pathway regulation of Yph1p functions (Beeser and

Cooper, 2000). increase in the interaction between ORC and Yph1p
(Figure 8), we suggest that mammalian Yph1p and ORC
might be linked to p53 and Sir2� control of DNA replica-Yph1p and Ribosome Biogenesis
tion or ribosome biosynthesis.A flurry of recent reports describe overlapping, but dif-

There are other intriguing links to unregulated prolifer-ferent large protein complexes containing Yph1p (also
ation among the group of proteins in the large Yph1pcalled Nop7p) and other proteins found in the Yph1p
complex. Nog2p/Nug2p is the yeast ortholog of a humancomplexes described herein, including Erb1p, Ytm1p,
breast tumor-associated autoantigen (Racevskis et al.,Nog1p, Nog2p/Nug2p, Nug1p, Cic1p/Nsa3p, Rlp24p,
1996). The human Yph1/pescadillo protein, also local-and Cdc95p/Tif6p (Bassler et al., 2001; Basu et al., 2001;
ized in the nucleolus, is upregulated in malignant mouseHarnpicharnchai et al., 2001; Saveanu et al., 2001;
astrocytes following the loss of the tumor suppressorSenger et al., 2001; Warner, 2001; Wood et al., 1999). A
protein p53 (Kinoshita et al., 2001). We suggest thattagged version of Yph1p/Nop7p was shown to be a
pathways involving Yph1p and its associated proteinsnucleolar protein that coprecipitated with many pro-
are controlled by cell proliferation signals that are dis-teins, including all 40S and 60S ribosomal proteins,
rupted in tumor cells. Yph1p itself may be a key regulatorsome of the proteins we identified, but also many that
or sensor of this pathway since cells lacking this protein,were not identified herein (Adams et al., 2002; Harnpi-
but not those lacking functional Nop1p, fail to enter thecharnchai et al., 2001). Yph1p was present in 60S-66S
cell division cycle when released from a G0 arrest.preribosome particles that were involved in the pro-

cessing of rRNA from its precursor forms in the nucleo-
lus and transport of the assembled preribosomes to the DNA Replication

The role of Yph1p in DNA replication was suggestedcytoplasm. However, many proteins that were found in
the 60S or 66S preribosomal particles were not present because Yph1p directly associates with ORC and exists

in a complex containing at least four of the MCM pro-in our large Yph1p complex, for example, the 40S ribo-
somal proteins found in the 66S particle and many nonri- teins, as well as proteins having roles in DNA metabo-

lism, cell cycle control, and checkpoint pathways (Sup-bosomal proteins (e.g., Loc1p, Mrt4p, etc.). Note that a
glycerol gradient step and different buffer compositions plemental Table S1 available at http://www.cell.com/

cgi/content/full/109/7/835/DC1). Whether the putativewere employed in our purification of Yph1p complexes;
thus, it is not surprising that the 66S particle, identified nonstoichiometric group of proteins exists in a single

complex or in many different dynamic complexes re-by purifying a tagged version of Yph1p/Nop7p (Harnpi-
charnchai et al., 2001), yielded a different complex to mains to be determined. In proliferating cells, depletion

of Yph1p arrests cells specifically either in G1 or G2.that described herein. Since we found many nuclear
proteins associated with Yph1p, it is possible that under Similar results were obtained when two different temper-

ature-sensitive alleles of YPH1 were shifted to the non-our conditions, only a subset of the potential Yph1p
complexes was identified. Furthermore, Yph1p has been permissive temperature (Kinoshita et al., 2001). In the

absence of Yph1p, cells failed to progress normallyfound in a fraction enriched for nuclear pore complexes,
probably trapped during transport to the cytoplasm with though S phase following release from a HU block, even

though ribosome biosynthesis and protein synthesisthe rDNA (Rout et al., 2000). A role for Yph1p in 60S
ribosome particle biogenesis is consistent with these were not required for S phase progression. Therefore,

we suggest that Yph1p plays a role in ensuring efficientobservations. What emerges from all these results, how-
ever, is that Yph1p may exist in a series of dynamic, DNA replication in proliferating cells.

Nog1p and Cic1p/Nsa3p were not only present in thepartially related complexes.
Erb1p, a component of the small and large Yph1p large Yph1p complex, but they were also identified as

ORC-interacting proteins in the original anti-Orc1p IPcomplexes identified herein, is the yeast ortholog of
mouse Bop1 (Pestov et al., 2001a). Expression of an (Figure 1). The association of Nog1p and Cic1p/Nsa3p

with both complexes provides further evidence for theN-terminally truncated form of Bop1 causes G1 arrest
of mouse cells and a deficit in 60S ribosomal subunit existence of a common complex containing ORC,

Yph1p, Nog1p, and Cic1p/Nsa3p in vivo. Two facts havebiogenesis (Pestov et al., 2001b; Strezoska et al., 2000).
Interestingly, the G1 arrest only occurs in cells with intact recently been shown (1) Cic1p/Nsa3p associates with

the 26S proteasome and links Cdc4p and Grr1p, two Fp53 tumor suppressor protein. Components of the p53
pathway, p53, Mdm2, and p19Arf have been shown to be box proteins, to ubiquitin-mediated protein degradation

(Jager et al., 2001). Cdc4p and Grr1p are important forlocated in the nucleolus (Tao and Levine, 1999). Previous
studies have shown that p53 associates with some com- cell proliferation since Cdc4p is involved in controlling

the levels of two key DNA replication proteins Cdc6pponents of ribosomes. For example, the p53-Mdm2
complex interacts with ribosomal protein L5 and 5S and Sic1p, and Grr1p is required for glucose signaling

(Dutta and Bell, 1997; Hodges et al., 1999; Kelly andrRNA (Marechal et al., 1994), and p53 was shown to
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Brown, 2000). (2) Nog1p interacts with the Nog2p-TAP proliferating cells when Yph1p was depleted. We also
found that Yph1p was modified to a lower molecularcomplex and also interacts with MCM6 in a two-hybrid

assay (Schwikowski et al., 2000). In fact, we detected mass form on polysomes in wild-type cells compared
to the Yph1p present on 80S ribosomes or preribosomalsubstoichiometric amounts of MCM6 in the Yph1p com-

plex. MCM6 also has a two-hybrid interaction with Krr1p particles. It is possible that Yph1p modification (cleav-
age) may occur only when efficient translation of mRNA(Uetz et al., 2000), whose ortholog Mis3, the S. pombe

mini-chromosome instability protein, is essential for ri- occurs on polysomes, perhaps linking efficient transla-
tion to other cells processes and cell proliferation. Butbosome biogenesis and S phase checkpoint regulation

(Kondoh et al., 2000). How all these proteins actually clearly more needs to be done to determine if this is the
case.coordinate together remains to be determined, but they

potentially link many cellular processes.
The rDNA repeats in all eukaryotic cells that have been Perspective

characterized contain an origin of DNA replication within The primary function of the nucleolus is a factory for
each repeat, and the direction of transcription and DNA ribosome assembly, but recent studies have attributed
replication is coincident. In S. cerevisiae, Fob1p func- additional functions to the nucleolus, including regula-
tions as a DNA replication fork arrest protein that en- tion of the cell cycle, telomerase activity, p53 activity,
sures that DNA replication does not conflict with rDNA signal recognition particle biogenesis, small RNA pro-
transcription (Kobayashi and Horiuchi, 1996). Interest- cessing, and mRNA transport (Olson et al., 2000). Al-
ingly, Nog1p, a putative GTP binding protein that is pres- though we have favored the view that ORC and Yph1p
ent in the large Yph1p complex and the anti-Orc1p IP, may serve a critical role in coordinating the processes
has a two-hybrid interaction with Fob1p (Schwikowski of ribosome biosynthesis and DNA replication with cell
et al., 2000). We suggest that in rapidly proliferating proliferation control, it is possible that Yph1p could be
cells, the ORC-Yph1p interaction may link rDNA tran- involved in these processes independently. Further
scription to replication of the locus. In fact, coincident studies will be required to distinguish these possibilities.
replication and transcription of rDNA genes in yeast The Yph1p family is highly conserved in eukaryotes.
has been observed by electron microscopy (Saffer and The high degree of sequence identity among species
Miller, 1986). We suggest that one reason why DNA suggests that the functions of the homologs may be
replication and transcription of rDNA may be linked is also evolutionarily conserved. The zebrafish homolog,
that proliferating cells require a large amount of new pescadillo, has been shown to be required for cell prolif-
ribosome synthesis so that the daughter cells inherit eration during embryonic development (Allende et al.,
sufficient ribosomes. In contrast, in nonproliferating 1996). Some regions of the embryo express pescadillo
cells where only maintenance of ribosome levels is nec- strongly, and in the mutant, these particular regions fail
essary, rDNA transcription would be significantly down- to proliferate and the embryo dies on the sixth day of
regulated, similar to the transcription of ribosomal pro- development. Mammalian homologs of Yph1p were
tein genes (DeRisi et al., 1997). found to be upregulated in metastatic cancer tissues.

In many species, such as Xenopus and Tetrahymena, For instance, mouse pescadillo is upregulated in malig-
rDNA is amplified when more ribosomes are needed nant p53�/� astrocytes, and human pescadillo is overex-
(Engberg, 1985; Stark and Wahl, 1984). Interestingly, the pressed in various cancer cell lines (Kinoshita et al.,
direction of transcription and replication are coordi- 2001). In fact, out of 12,550 transcripts examined in
nated, even though the position of the origins of rDNA breast cancer cells, human pescadillo was one of only
replication is different in the various amplicons. It is nine transcripts induced more than 10-fold at 3 hr post-
therefore possible that Yph1p orthologs coordinate estrogen treatment (Charpentier et al., 2000). None of
rDNA amplification with ribosome biosynthesis. In mam- these nine transcripts is related to protein synthesis or
malian cells, where amplification does not normally oc- ribosome biogenesis except for human pescadillo. We
cur, DNA replication initiates in distinct foci that sur- suggest that this unusual regulation reflects the above
round the nucleolus in primary mammalian cells, but mentioned coupling of Yph1p with ribosome biogenesis,
interestingly, not in tumor or immortal cells (Kennedy et DNA replication, and unchecked cell proliferation.
al., 2000). Each focus may represent a large number of
clustered origins that contain sites of rDNA transcription

Experimental Procedures
since the nucleolar UBF transcription factor colocalized
with the replication foci. We suggest that mammalian Strains and Media

The strains used here were W303-1A (MATa ade2-1 ura3-1 his3-tumor and immortal cells, which continually proliferate,
11,15 trp1-1 leu2-3,112 can1-100), W303-1 (MATa/�), or their deriva-may have lost a fundamental regulatory system that
tives. To generate a heterozygous YPH1 knockout diploid strainlinks DNA replication and rDNA transcription. In normal
(YND001), a deletion cassette was generated by fusion PCR ascells that can cease proliferation, the processes may be
described previously (Amberg et al., 1995). The deletion cassette

linked to cell signaling pathways that are disrupted in consists of 200 bp of YPH1 upstream region followed by the kanMX
tumor cells. As stated above, the p53 tumor suppressor module and then 200 bp of YPH1 3�-UTR. To generate mutations

within the BRCT domain, a QuikChange Site-Directed Mutagenesispathway may be a critical component of this regulatory
Kit (Stratagene) was used, and the resulting strains, yph1-1system.
(YND006) and yph1-2 (YND007), are yph1� in W303-1A containing
pRS415-YPH1W431R and I380R, respectively. To generate YPH1-GFP

Translation on Polysomes haploid strains, a PCR-based gene modification method was per-
Although not studied extensively here, we did observe formed as described previously (Longtine et al., 1998), except that

the gene-specific sequences included in the primers were 70 nucle-a dramatic reduction in the number of polysomes in
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otides in length. A YPH1-GFP diploid strain (YND010) was generated In Vitro Expression of HA-Yph1p and ORC Purification
YPH1 ORF was PCR amplified and cloned into pNcite vector, whichby crossing YPH1-GFP haploid cells. The yph1-td mutant and iso-

genic wild-type strains (YND005 and YND003) were constructed by contained a single HA epitope at the N-terminal fusion sequence.
The resulting plasmid (PND001) was used to express HA-Yph1pa heat-inducible degron method (Labib et al., 2000). YP medium

contained 1% yeast extract, 2% bacto peptone, and was supple- in TNT Quick Coupled systems (Promega). ORC complexes were
expressed and purified using recombinant baculoviruses as de-mented with glucose (YPD), raffinose (YPRaf), or galactose (YPGal)

to a final concentration of 2%. Nitrogen-free medium (YN�) was a scribed previously (Bell et al., 1995) except that MgOAc was omitted
from all chromatography buffers, the double-stranded DNA-cellu-modification of Y-N medium (Rivin and Fangman, 1980), and con-

tained per liter, 1.45 g Difco yeast nitrogen base (Difco Laboratories) lose column was omitted, and a Superdex 200 16/60 column (Phar-
macia) replaced glycerol gradient separation.without amino acids and without ammonium sulfate, 10 g succinic

acid, 6 g NaOH, 20 mg adenine, 20 mg uracil, 40 mg tryptophan,
100 mg leucine, and 20 g glucose. Sucrose Gradient Fractionation of Ribosomes

The yph1-td mutant and isogenic wild-type stains growing in YPRaf
at 25�C were shifted to YPGal at 37�C for 3 hr before harvest. Ribo-

Protein Identification somes were prepared and fractionated as described previously
The putative ORC-interacting proteins were excised from a Coomas- (Baim et al., 1985) with minor modifications: they were centrifuged
sie blue-stained gel and in-gel digested by lysylendopeptidase. The on a 16 ml, 7%–47% sucrose gradient at 4�C for 5.2 hr at 27,000
resulting peptides were separated by reverse-phase chromatogra- rpm in an SW28 rotor. Gradients were fractionated from the top in
phy and sequenced by automated Edman degradation. The Coo- an ISCO gradient collector while scanning at 254 nm.
massie blue- or silver-stained protein bands of Yph1p IP were di-
gested with modified trypsin (Roche) and analyzed by the following Other Techniques
two methods. (1) Liquid chromatography-mass spectrometry (LCQ For fluorescence microscopy, exponentially growing YPH1-GFP
MS/MS; Hewlett-Packard HP1100 connected to a Thermo-Finnigan cells in YPD were collected, sonicated, and washed in phosphate-
LCQdeca electrospray ionization ion trap mass spectrometer), buffered saline (PBS). The cells were resuspended in PBS containing
wherein the acquired MS data were analyzed by SEQUEST software 1% Triton X-100 and incubated for 10 min. Then, cells were resus-
(Thermo-Finnigan) against the National Center for Biotechnology pended in PBS and mixed with equal volume of mounting medium
Information (NCBI) database. (2) Matrix-assisted laser desorption containing 0.045 mg/ml 4�,6-diamidine-2-phenylinodole-dihydro-
ionization—time of flight (MALDI-TOF). The program PROWL (http:// chloride (DAPI), 1 mg/ml p-phenylenediamine, and 90% glycerol.
prowl.rockefeller.edu) was used to identify the proteins. YPH1-GFP and DNA staining were examined with fluorescence mi-

croscopy. FACS was performed as described previously (Liang and
Stillman, 1997).

Generation of Anti-Yph1p Antibodies
Two synthetic peptides with extra cysteine on the terminus (MRIKK
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