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Theminichromosomemaintenance (MCM) complex, a repli-
cative helicase, is a heterohexamer essential for DNA duplica-
tion and genome stability. We identified Schizosaccharomyces
pombe mcb1� (Mcm-binding protein 1), an apparent ortho-
logue of the humanMCM-binding protein that associates with a
subset of MCM complex proteins. mcb1� is an essential gene.
Deletion ofmcb1� caused cell cycle arrest after several genera-
tions with a cdc phenotype and disrupted nuclear structure.
Mcb1 is an abundant protein, constitutively present across the
cell cycle. It is widely distributed in cytoplasm and nucleoplasm
and bound to chromatin. Co-immunoprecipitation suggested
that Mcb1 interacts robustly with Mcm3–7 but not Mcm2.
Overproduction of Mcb1 disrupted the association of Mcm2
with other MCM proteins, resulting in inhibition of DNA repli-
cation, DNA damage, and activation of the checkpoint kinase
Chk1. Thus, Mcb1 appears to antagonize the function of MCM
helicase.

DNA replication requires a series of tightly coordinated
events to ensure that each daughter cell receives one complete
copy of genetic information (1, 2). In response to damage gen-
erated by mutations in the replication machinery or by exoge-
nous damaging agents, eukaryotic cells activate checkpoint
responses that arrest S phase progression and activate DNA
repair (3, 4). Defects either in replication or checkpoint
responses generate genome instability and increase cancer sus-
ceptibility (5, 6).
The minichromosome maintenance (MCM)3 complex is a

replicative helicase conserved in eukaryotes and archaea (for
reviews, see Refs. 7 and 8). The complex consists of six distinct
yet structurally related subunits, Mcm2–7, assembled into a
heterohexameric ring.MCMproteins aremembers of the AAA

ATPase family sharing several distinctive protein sequences
that define the family. In metazoa and plants, there are several
additionalMCM familymembers,Mcm8 andMcm9 (9–12), as
well as developmentally specific versions of the MCMs (13), all
of which contain the characteristic MCM-specific protein
sequence motifs. The fission yeast genome encodes just the six
core MCMs, which assemble into a complex that is constitu-
tively located in the nucleus throughout the cell cycle (14–17).
In late M and early G1 phases, the MCM complex is recruited
onto chromatin as part of the prereplication complex and onto
unreplicated DNA; this chromatin localization is dislodged as
replication proceeds (18). MCM proteins are abundant and
exceed the number of replication origins (19–21). Each of the
six MCM proteins is essential for viability with a similar dele-
tion phenotype (16, 22–27). Reduction of MCM protein levels
causes genome instability in fission yeast due to replication fork
collapse and DNA damage (25, 28).
A novel component of the human MCM complex was dis-

covered in human cells using tandem affinity purification (29).
Human MCM-binding protein (hMCM-BP) shares no homol-
ogy to MCM proteins or AAA ATPases. Biochemical analysis
suggests that MCM-BP replaces Mcm2 and forms an “alterna-
tive” MCM complex with Mcm3–7. Similar to the MCM pro-
teins, hMCM-BP localizes primarily in the nucleus and associ-
ates with chromatin in most of the cell cycle except early M
phase. Recently, an hMCM-BP orthologue, ETG1, was isolated
from plants (30, 31). Depletion of ETG1 activates a G2 cell cycle
checkpoint, resulting in a lateG2 cell arrest, and also plays a role
in establishing cohesion. Interestingly, hMCM-BP orthologues
have been found in fruit flies, frogs, zebrafish, and two fission
yeasts but not in budding yeast.
Here, we report the identification and characterization of the

hMCM-BP orthologue in Schizosaccharomyces pombe,mcb1�

(Mcm-binding protein 1). We show that mcb1� encodes an
essential gene. Spores lacking mcb1� arrest after several divi-
sions with a G2 DNA content and a cdc phenotype similar to
MCMdeletion mutants. We epitope-taggedMcb1 and showed
that Mcb1 is an abundant protein constitutively expressed
through the cell cycle. Mcb1 is distributed in all cellular com-
partments, including a substantial chromatin-bound fraction.
Mcb1 associated robustly with Mcm3–7 but not Mcm2. Over-
production (OP) of Mcb1 was toxic to cells, creating a domi-
nant negative phenotype that resembles the initiation defect
observed in cdc18-shutoff cells. In OP-Mcb1 cells, Rad22 foci
accumulated, and Chk1 kinase was activated, indicating that
DNA damage had occurred. Mutant analysis indicated that
only full-length Mcb1 and a truncated form lacking the N ter-
minus are capable of dissociating Mcm2 from other MCMs.
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Our data suggest that high levels of Mcb1 inhibit Mcm2 from
interacting with other MCM proteins and disrupt normal
MCM function during replication initiation. We propose that
Mcb1 contributes to MCM regulation possibly by controlling
the accessibility of MCM complex to chromatin.

EXPERIMENTAL PROCEDURES

Fission Yeast Strains, Plasmids, and Manipulation—All S.
pombe strains (supplemental Table 1) were constructed and
maintained in yeast extract plus supplement medium or under
selection in Edinburgh minimal medium (EMM) with appro-
priate supplements using standard techniques (32–34). Trans-
formation was performed by electroporation. Unless noted,
asynchronous cultures were grown at 32 °C. In cell cycle block
and release experiment, cells were grown at 25 °C (permissive
temperature) to early exponential phase and shifted to 36 °C for
4 h (restrictive temperature).HA-taggedMcb1 from the endog-
enous locus was generated by using the pFA6a series of
plasmids with primers 5�-CGAAGAGTTTCGGTCGTCAAC-
TGGTTTCAAGAATTGATTTTGAGGCTGCCCGTAGTC-
TAATCAATCATTGGACTGTCAACCGGATCCCCGGGT-
TAATTAA-3� and 5�-CTTGGAAATTCCAAAAAGACATG-
AAAAGTAATTTCTAACATTGGTTAAATGATGTTGAT-
TATAAGAAAATATGCGATCAAGAATTCGAGCTCGTT-
TAAAC-3� (35). Doubly tagged strains were isolated by mating
and from tetrad analysis. The mcb1� gene was cloned using
cDNA as template and was inserted into pREP-based expres-
sion plasmids to generate pLD10 (nmt1-mcb1HA) and pLD18
(nmt1-mcb1V5), which were used for ectopic expression (36).
Themcb1g gene was amplified using genomic DNA. To gener-
ate stable Mcb1HA-overproducing cells (OP-Mcb1), we made
pLD14 by inserting the nmt1-mcb1HA fragment from pLD10
into pJK210. NruI-linearized pLD14 was integrated at leu1-32
locus as described (37). The strains for the mutation analysis
were generated with the same approach. The nmt1 promoter-
containing strains were maintained on yeast extract plus sup-
plement agar (for integrants) or EMM with supplements and
thiamine. To perform overproduction/induction experiments,
liquid cultures grown in the presence of 2.5 �g/ml thiamine to
early exponential phase were washed twice with an equal vol-
ume of EMM before inoculating in the absence of thiamine
(overproduction state) or in the presence of 5 �g/ml thiamine
(strong repression state) (38, 39).
Construction of mcb1� Deletion—To delete the mcb1�

gene (SPAC1687.04), we removed the entire coding sequence
according to a gene deletion protocol using upstream prim
ers 5�-GAGATCTAGACAGGACGATTGGACGATACT-3�
and 5�-GAGACTCGAGATTATAAATATATAATTTTAT-
CCTTTAAACC-3� and downstream primers 5�-GAGAG-
CGGCCGCTTGATCGCATATTTTCTTATAATC-3� and
5�-GAGATCTAGAGTCGCTTTAGTACATTCTAAAC-3�.
The resulting plasmid (pLD21) was amplified, linearized at
XbaI, and transformed into a fresh mated wild-type diploid
strain. Stable Ura� integrated diploids were selected and con-
firmed by PCR. The deletion was also confirmed by tetrad anal-
ysis and complementation. Bulk spore germination was per-
formed as described previously (23).

Complementation—A heterozygous diploid strain (mcb1�/
�mcb1::ura4�) was transformed with linearized leu1� integra-
tion plasmids that express HA-tagged mcb1 deletion mutants
cloned from cDNA and plated on thiamine-containing selec-
tive medium. Random spore analysis (34) was used to recover
haploids that were Ura� and Leu�. The resulting haploids
were confirmed by PCR and Western blot.
Flow Cytometry—Flow cytometry was performed as

described (40, 41) with minor modifications. Briefly, cells were
fixed in 70% ice-cold ethanol, rehydrated with 50 mM sodium
citrate, and treated with 0.1 mg/ml RNase A. Cells were stained
with 1 �M SYTOXGreen (Invitrogen) in 50mM sodium citrate.
Macintosh BD CellQuestTM Pro 5.2.1 software (BD Biosci-
ences) was used to analyze and organize the data acquired by
the FACScan cytometer (BD Biosciences).
Cell Fractionation Assay—The cell fractionation protocol

was derived from Refs. 42 and 43. Cells were washed with ice-
cold stop buffer (0.9% NaCl, 10 mM EDTA, 0.2% NaN3). The
pellet was incubated at 36 °C for 15 min in CSE buffer (20 mM

citric acid, 20 mM Na2HPO4, 40 mM EDTA, 1.2 M sorbitol, pH
5.6) with the addition of 7.2 mM �-mercaptoethanol and 12.5
mg/ml zymolyase-20T. The protoplast cells were washed twice
with ice-cold CSE buffer with 1:100 (v/v) protease inhibitor
mixture (P-8215, Sigma) and resuspended in ice-cold nucleus
buffer (20 mM Tris, pH 7.0, 20 mM potassium acetate, 1 mM

magnesium chloride) with the addition of 18% Ficoll, 1 mM

ATP, 0.05% Nonidet P-40, and 1:100 (v/v) protease inhibitor
mixture. Glass bead lysates were cleared twice by spinning at
2,700 � g for 3 min at 4 °C. The cytoplasm fraction and the
whole nucleus fraction were separated by spinning at 21,000 �
g for 20min. To permeabilize the nuclear envelope, the pelleted
whole nucleus fraction was resuspended in ice-cold nucleus
buffer with the addition of 0.2 M sorbitol, 1 mM ATP, 1 mM

dithiothreitol (DTT), 0.5% Nonidet P-40, and 1:100 (v/v) pro-
tease inhibitormixture. The nucleoplasm fraction and chroma-
tin-bound fractionwere separated by spinning at 21,000� g for
20 min. The chromatin-bound fraction was resuspend in ice-
cold nucleus buffer with the addition of 0.2 M sorbitol, 1 mM

ATP, 1 mM DTT, 0.5% Nonidet P-40, and 1:100 (v/v) protease
inhibitor mixture. An equal volume of each fraction was boiled
in 2� sample buffer (100 mM Tris, pH 6.8, 20% glycerol, 4%
SDS, 200mMDTT, 0.02% bromphenol blue) and loaded on 8 or
15% SDS-polyacrylamide gels for separation.
Protein Extracts, Immunoprecipitation, and Immunoblotting—

Total protein extracts were prepared either by glass bead lysis
using trichloroacetic acid (TCA) extraction as described (44) or
alkaline (NaOH) lysis protein extraction (45). The concentra-
tions of TCA-extracted protein samples were quantified by
BCA protein assay (Pierce). Twenty micrograms of total pro-
tein were separated by 8% SDS-PAGE. For alkaline lysis protein
extraction, equal numbers of cells were collected, resuspended
in 0.3 MNaOH, and incubated at room temperature for 10min.
Permeabilized cells were centrifuged at 1,700� g for 3min. The
cells pellets were resuspended in 30 �l of 2� sample buffer and
boiled for 10 min. Ten microliters were loaded on an SDS-
polyacrylamide gel for separation.
Soluble lysates and immunoprecipitates were prepared as

described (17). Cell cultures were grown to midlog phase, col-
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lected by centrifugation, and lysed in cell lysis (B88) buffer (50
mMHEPES, pH7.0, 50mMpotassiumacetate, 5mMmagnesium
acetate, 100 mM sorbitol with freshly added 1 mM ATP, 1 mM

DTT, 1:100 (v/v) protease inhibitor mixture (P-8215, Sigma),
1:100 (v/v) phosphatase inhibitor mixture set II (524625, Calbi-
ochem)). The soluble protein concentrationwas determined by
Bradford protein assay (Bio-Rad).
Immunoprecipitations were performed with 750 �g of pre-

cleared soluble protein overnight at 4 °C. Fifty microliters of
immobilized rProtein A (IPA300, RepliGen; 1:1 in lysis buffer)
were added and incubated for 2 h at 4 °C. Beadswere spundown
and washed four times with 1 ml of cold lysis buffer. After the
final wash, beads were resuspended in 2� sample buffer and
boiled for 5 min. An equal volume was loaded on an 8% SDS-
polyacrylamide gel for separation.
For immunoblotting, samples separated by SDS-PAGE were

transferred to Immobilon-Pmembrane (Millipore). ECLWest-
ern blotting substrate (Pierce) and Blue Ultra autoradiography
film (BioExpress) were used to detect signals.
Antibodies—Mcm-specific antibodies were purified from

rabbit antisera using the methods described previously (16, 17,
24): Mcm3 from serum 6178,Mcm4 (Cdc21) from serum 5898,
Mcm5 (Nda4) from serum 5897, Mcm6 (Mis5) from serum
5899, and Mcm7 from serum 6184. We also used the following
commercially available primary antibodies: anti-HA (16B12,
Covance), anti-GFP (abcam290, Abcam), mouse anti-V5
(R960-25, Invitrogen), rabbit anti-V5 (abcam15828, Abcam),
anti-Nop1 (28F2, EnCor Biotech), anti-�-tubulin (T5168,
Sigma), anti-proliferating cell nuclear antigen (PC10,Delta Bio-
labs).We used the following secondary antibodies: anti-mouse-
HRP (Millipore) and anti-rabbit-HRP (BD Biosciences). Most
primary and secondary antibodies were diluted 1:2,000. Mouse
anti-V5 and anti-Nop1 antibodies were diluted 1:1,000.
Viability Assays—Cells (FY11, FY838, FY4594, and FY4596)

were grown overnight at 32 °C to early exponential phase (A595 �
0.2–0.3) in EMM lacking leucine (EMM-L) with 2.5 �g/ml thi-
amine. Cells were washed twice with EMM-L and inoculated
into EMM-L. At each time point, cultures were serially diluted
in yeast extract plus supplement (1:100, 1:1,000, and 1:10,000).
Equal volumes of each dilutionwere plated on yeast extract plus
supplement plates for viability testing and incubated at 30 °C
for 4 days. The number of colonies was averaged from different
dilutions. Relative viability at time T was calculated as follows:
(averaged number of colonies at time T)/(averaged number of
colonies at time 0). At each time point, cells were also fixed in
70% ethanol. Cellular DNA content was analyzed by flow
cytometry. Rehydrated cells were counted twice for cell growth
analysis. Relative growth at timeTwas defined as follows: (aver-
aged number of cells at time T)/(averaged number of cells at
time 0).
In Situ Chromatin Binding Assay and Fluorescence Mi-

croscopy—An in situ chromatin binding assaywas performed as
described (18) with modifications as described (46). Proteins
were detected using rabbit anti-V5 (1:300 volume) or rabbit
anti-GFP (1:200 volume) and chicken anti-rabbit Alexa Fluor
488 (Invitrogen). Cells were mixed with poly-L-lysine (Sigma),
heat-fixed on microscope slides, and mounted in 50% glycerol,
phosphate-buffered saline (PBS) for visualization.

DAPI staining for rehydrated cells was performed bymount-
ing the heat-fixed cells with 1 �g/ml DAPI containing antifade
mounting solution (50% glycerol in water with 0.1% p-phe-
nylenediamine dihydrochloride).
To examine Rad22-YFP foci in live cells, cells were washed

twice in EMM containing 10 �g/ml DAPI, air-dried on Color-
Frost Plus Microscope slides (Fisher Scientific), and mounted
in 50% glycerol, PBS. All pictures were taken on a Leica DMR
florescence microscope using a 63� oil immersion objective
(Leica Plan Apochromat; numerical aperture, 1.32) and
recorded with OpenLab software (Improvision).
Digital Image Manipulation—All the plates and films were

electronically scanned using a ScanJet IIcx scanner (Hewlett-
Packard). Digitized pictures/photos were analyzed and con-
trast-enhanced by NIH ImageJ software and assembled in Can-
vas software (ACD Systems).
Sequence Alignments—Sequence alignments were done in

BioEdit version 7.0.9.0 software with the ClustalW function.

RESULTS

Identification and Deletion of S. pombe mcb1�—hMCM-BP
was first identified as a novel component of MCM (29).
Although there is no obvious Saccharomyces cerevisiae ortho-
logue (see yeast orthology table version 2.15 (Sanger)), we
found a putative orthologue of hMCM-BP gene in S. pombe,
SPAC1687.04, and named itmcb1� (supplemental Fig. S1). The
mcb1� gene is highly conserved in eukaryotes. It has two exons
and one intron and encodes a protein with 501 amino acids and
a predicted molecular mass of 56.6 kDa. Similar to the
hMCM-BP protein, Mcb1 has no obvious sequence motifs and
shares no obvious homology with S. pombe MCMs or AAA
ATPases (supplemental Fig. S2).

We created a heterozygous diploid mcb1�/�mcb1::ura4�

for tetrad analysis. All tetrads displayed a 2:2 segregation of
viable:inviable spores, and all viable colonies were Ura� (sup-
plemental Fig. S3A). The inviable colonies were �mcb1::ura4�

spores, which managed to complete a few cell divisions and
form microcolonies of 8–16 cells (supplemental Fig. S3B).
Ectopic expression of mcb1� under its own promoter from a
plasmid was able to rescue the lethality in the spores, confirm-
ing that the phenotype arises from disruption of this gene (data
not shown).
We analyzed a population of �mcb1 spores by a bulk spore

germination assay using �mcb1::ura4�/mcb1� diploid cells
and wild-type ura4�/ura4-D18 diploid cells as a control. The
spores were inoculated into liquid medium lacking uracil,
which ensures that only the�mcb1::ura4� or ura4� spores can
germinate. In contrast to �mcm spores (23, 24), �mcb1::ura4�

spores showednoobvious delays in their first S phase compared
with the wild type (Fig. 1A). However, similar to �mcm spores,
the terminal phenotype of germinated �mcb1::ura4� spores
was an elongated cdc morphology and in most cases a single
nucleus. About 10% of cells had an abnormally shaped nucleus,
either teardrop-shaped or cut (Fig. 1B, 16 h). Thus,mcb1� is an
essential gene.
Characterization of Mcb1 Protein—In fission yeast, MCM

proteins are localized in the nucleus throughout the cell cycle
by nuclear localization sequences on Mcm2 and Mcm3 (15).
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Human MCM-BP is also a nuclear protein (29). We con-
structed a C-terminally HA-taggedMcb1 (mcb1HA) to replace
the wild-type copy in the genome. Mcb1HA cells showed nor-
mal growth, indicating that the tagged copy is functional.When
compared with a strain expressingMcm2HA, we observed that
Mcb1HA is expressed at a higher level, indicating that it is a
very abundant protein (supplemental Fig. S4).
Because human MCM-BP is chromatin-associated (29), we

examinedMcb1HA localization by immunofluorescence using
an mcb1HA mcm2V5 strain for an in situ chromatin binding
assay (supplemental Fig. S5). Consistent with previous studies
(15, 47), Mcm2V5 stayed in the nucleus (supplemental Fig.
S5A) and remained chromatin-bound in binucleated (S phase)
cells (supplemental Fig. S5B). However, we were unable to
detect Mcb1HA cytologically (supplemental Fig. S5), suggest-
ing that the epitope tag is inaccessible or occluded. Similar
results were observed for N-terminally HA-tagged Mcb1
(HAmcb1; data not shown).We also taggedMcb1withGFP and
mCherry at the C terminus. Although these tags were easily
detected on Western blots, we were not able to detect any
fluorescence in live cells (data not shown).
Therefore, we took a biochemical approach to examine local-

ization and performed a cell fractionation assay. Asynchronous
cells were treated to release different cellular compartments in
subsequent fractions (supplemental Fig. S6). Equal volumes of
each fraction were separated by SDS-PAGE and blotted for
Mcm2V5, Mcm7, and Mcb1HA (Fig. 2A). Fib1 (Nop1) is
involved in pre-rRNA processing and is a marker for the
chromatin fraction, whereas �-tubulin is a predominantly

but not exclusively cytoplasmic (48, 49). Consistent with
previous studies, Mcm2V5 and Mcm7 are nuclear proteins.
Mcm2V5wasmainly in the nucleoplasm, whereas themajor-
ity of Mcm7 was chromatin-bound. In contrast, Mcb1HA
was present throughout the cells but strongly enriched in the
nuclear fractions.
The levels of mcm2� mRNA (23, 50) and the protein level

(51) are constant throughout the cell cycle. Studies suggest that
all MCM subunit levels are comparable (17, 47). To investigate
whether levels of Mcb1 protein level fluctuate in the cell cycle,
we used a cdc25–22 mcb1HA mcm2V5 strain to synchronize
and release the cells by controlling the temperature. We
observed no cell cycle-dependent change in total protein level
ormobility (supplemental Fig. S7).Mcb1HAmigrated as a dou-
blet in this experiment, but that was not apparent in soluble
lysate (Fig. 2B, lane 1).

FIGURE 1. Spore germination of �mcb1 spores. A, spores prepared from
wild-type ura4�/ura4D-18 (FY261x11) and heterozygous disruption mutant
mcb1�/�mcb1::ura4� (FY3747) were inoculated into medium lacking uracil
at 32 °C. The populations were sampled every 2 h for 16 h and analyzed by
flow cytometry to monitor S phase entry and DNA replication progression.
B, photomicrographs of DAPI-stained spores after 12, 14, and 16 h at 32 °C.
Arrowheads indicate cells with an abnormal nucleus. An arrow indicates cells
with a normal nucleus. Scale bar, 10 �m.

FIGURE 2. Mcb1 localization and its association to MCM. A, cellular frac-
tions were prepared from mcb1HA mcm2V5 (FY4122) according to Fig. S6A.
An equal volume (10 �l) of each fraction was separated by 8% or 15% SDS-
PAGE and immunoblotted for Mcb1HA, Mcm2V5, Mcm7, �-tubulin (marker
for cytosol and nucleoplasm), and Fib1 (Nop1; marker for chromatin). B, Mcb1
interacts with all other MCM proteins except Mcm2. Lysate was prepared
from asynchronous mcb1HA mcm2V5 (FY4122) cells with B88 buffer. Twenty
micrograms of soluble protein were loaded as input (lane 1). Identical
amounts of lysate were precleared and immunoprecipitated (IP) with the
antibodies shown. Ten microliters of immunoprecipitated sample (1:7, v/v)
were used for each immunoblot. Samples were separated by 8% SDS-PAGE.
Soluble lysate was immunoprecipitated with no antibody, anti-HA, anti-V5,
anti-Mcm4, and anti-Mcm7 and immunoblotted for Mcm2V5, Mcb1HA,
Mcm4, Mcm6, Mcm7, Mcm3, or Mcm5.
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Mcb1 Complex Formation—The six MCM subunits form a
heterohexameric protein complex (for reviews, see Refs. 7 and
8). The relative affinities among members vary (14, 17, 24, 52),
suggesting that there are several subcomplexes: Mcm3 and
Mcm5 form a dimer; Mcm4, -6, and -7 form a high affinity core
complex; andMcm2 connects the two subcomplexes (15). This
is consistent with observations of MCM organization in other
systems that suggest that Mcm2 forms a “gate” to open the
MCM complex possibly to encircle DNA (8, 53, 54). Human
MCM-BP is proposed to replace theMcm2 subunit (29). Using
strain mcb1HA mcm2V5, we performed separate immunopre-
cipitations ofMcb1HA,Mcm2V5,Mcm4, andMcm7 and blot-
ted for other MCM proteins. Mcb1HA immunoprecipitated
Mcm4, -6, -7, and -3 but notMcm2 (Fig. 2B, lane 3). Conversely,
Mcm2V5 associated with Mcm4, -6, -7, and -3 but not Mcb1
(Fig. 2B, lane 4). This suggests that there are at least twoMCM
complexes, one with Mcm2 and one with Mcb1. We found no
significant association between Mcb1HA and Mcm2V5 in this
experiment (Fig. 2B, lanes 3 and 4). Antibodies to Mcm4 or
Mcm7 precipitated both Mcb1 and Mcm2 as well as the other
MCMs. Interestingly, the Mcb1 association was extremely
robust, and Mcb1 was immunoprecipitated at higher levels
than Mcm2 in the Mcm4 and Mcm7 experiments. We per-
formed chromatin immunoprecipitation (ChIP) to see whether
Mcb1 was located at replication origins but were unable to
detect it under conditions where we could observeMcm2 (data
not shown).

Isolation of Mcb1 Mutants—To identify the functional
regions ofMcb1, we constructed a series of deletions within the
protein, arbitrarily defining five domains: Exon 1, amino acids
2–54; A region, amino acids 55–230; B region, amino acids
231–414; and C region, amino acids 415–501 (Fig. 3A). Con-
structs lacking these domains were cloned into episomal plas-
mids under the high strength nmt1 promoter (38). The result-
ing plasmids were transformed into wild-type cells. We
controlled expression by the levels of thiamine. In the presence
of thiamine (low amount of protein expression from the nmt1�

promoter (55)), all the transformed cells were viable (Fig. 3B).
However, in the absence of the thiamine (overexpression), we
found that cells transformed with full-length Mcb1 (mcb1 and
mcb1g) were unable to form colonies (Fig. 3B). Interestingly,
cells that overexpressed mcb1-D2 and mcb1-D22 were viable
but generated notably smaller colonies than the vector control.
Both of thesemutants lack theN-terminal exon, andD22has an
additional point mutation introduced during PCR (E423G).
This suggests that D2 and D22 have residual Mcb1 activity.
We tested each mutant for complementation of mcb1� by

integrating the constructs into the leu1-32 locus under the
nmt1 promoter in the diploid�mcb1::ura4�/mcb1�. Following
sporulation, we screened haploids for Ura� Leu� clones con-
taining both the deletion and the insertion alleles in the pres-
ence of thiamine.
Full-length mcb1� and mcb1-D2 and mcb1-D22 rescued

mcb1� with comparable levels of expression (Figs. 3A and 4A).

FIGURE 3. Structure and function analysis of Mcb1. A, a schematic of Mcb1 truncations (1–10) made with a summary of their toxicity to wild-type cells,
complementation of �mcb1, and interaction with Mcm4. B, wild-type cells (FY254) transformed with plasmids encoding Mcb1 truncations (1–10) were streaked
on EMM-leucine plates with (�T; left) or without (�T; right) thiamine to repress or induce nmt1 promoter, respectively. aa, amino acids; ND, not determined.
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None of the other mutants were recovered, indicating that they
are non-functional.Weobserved that bothmcb1-D2 andmcb1-
D22 cells showed elongated cells with a 2C DNA content (Fig.
4B), suggesting that they are hypomorphs of mcb1�. Their
elongated cell morphology suggests that they have activated a
checkpoint that delays the cell cycle.We crossed thesemutants
into strains lacking the S phase checkpoint (cds1�), the damage
checkpoint (chk1�), or the upstream regulator of both check-
points (rad3�) and determined that deletion of either chk1 or
rad3 relieved the cell elongation phenotype. Thus, we conclude
that the damage checkpoint is responsible for their cell cycle
delay.
Overexpression of Mcb1 in Cells Inhibits S Phase and Acti-

vates DNA Damage Checkpoint—We next investigated the
lethality associated with overexpression of full-length mcb1�.
We expressed nmt1-mcb1HA integrated at the leu1-32 locus in
an mcb1� or mcb1� background. In the presence of thiamine,
both strains were healthy and produced colonies with normal
sizes (supplemental Fig. S8A, top left). In the absence of thia-
mine, the overproducing strain inmcb1� was completely invi-
able (supplemental Fig. S8A, bottom, d). Surprisingly, the over-
producing strain that also contains one copy of wild-type
mcb1� had a few surviving colonies (supplemental Fig. S8A,
bottom, c).
We followed the cells during promoter induction and found

that the overall cell number was similar in both strains; how-
ever, the viability (plating efficiency) of themcb1 overproducers
began to drop by 9 h (supplemental Fig. S8B). Although the
number of �mcb1 nmt1-mcb1HA survivors continued to drop,
the viability of mcb1� nmt1-mcb1HA cells plateaued at 13 h
and started to increase again around 17 h. The survivor class
that emerged by 26 h inmcb1� nmt1-mcb1HA showed normal
2C DNA content (Fig. 5A, panel c), whereas �mcb1 nmt1-
mcb1HA was lethal at the same time point (Fig. 5A, panel d).
The levels of ectopically produced Mcb1HA protein dropped
significantly at 26 h (supplemental Fig. S9). We conclude that
under the selective pressure of toxic overproduction, the survi-
vors escaped by down-regulating the nmt1 promoter. Because
the endogenous mcb1� gene was still intact, the cells could
survive repression of the dominant negative (nmt1-mcb1HA)
transgene. For the strain in which the transgene is the only
source ofmcb1�, there were no survivors.
However, at early time points there was no difference in the

phenotypes or behavior of the overproducing strains. By 13 h,
both strains accumulated significant numbers of cells with
DNA contents less than 1C (Fig. 5A). This phenotype is remi-
niscent of cells with defects in replication initiation. For exam-
ple, shutting off the cdc18� replication initiation gene leads to
accumulation of cells with less than 1C DNA and abnormal
nuclear morphology (56). Indeed, consistent with the behavior
of a cdc18-shutoff allele (see below and Ref. 56), we observed a
mixture of long and short cells in nmt1-mcb1HA (Fig. 5B). By
14 h, 26% of mcb1� nmt1-mcb1HA cells and 33% of �mcb1
nmt1-mcb1HA cells had abnormal nuclear morphology,
including anucleate, fragmented nuclei or cut cells. At 17 h, the
abnormal cells increased to 64 and 66%, respectively (Fig. 5B). A
similar phenotype was observed in strains overexpressing
untagged Mcb1 from plasmids (data not shown).

FIGURE 4. N-terminal deletion mutants (mcb1D2 and mcb1D22) are hypo-
morphic. A, wild-type (FY11), mcb1HA (FY4041), mcm2V5 mcb1HA (FY4122),
�mcb nmt1-mcb1HA (FY4596), �mcb nmt1-mcb1gHA (FY5417), �mcb nmt1-
mcb1D2HA (FY5419), and �mcb nmt1-mcb1D22HA (FY5421) cells were grown
asynchronously in medium containing thiamine (�T). An equal number of
cells were collected and alkaline lysed. An equal volume of total protein was
loaded on an 8% SDS-polyacrylamide gel for separation and immunoblotted
for Mcb1HA and proliferating cell nuclear antigen (PCNA) (a loading control).
B, photomicrographs 1–5 of DAPI-stained asynchronous wild-type (FY11),
�mcb nmt1-mcb1HA (FY4596), �mcb nmt1-mcb1gHA (FY5417), �mcb nmt1-
mcb1D2HA (FY5419) and �mcb nmt1-mcb1D22HA (FY5421) cells. Scale bar, 10
�m. DNA content and cell length were monitored by flow cytometry. C, pho-
tomicrographs 1– 8 of DAPI-stained wild-type (FY11); �mcb nmt1-mcb1HA
(FY4596); �mcb nmt1-mcb1D2HA in a �chk1, �cds1, or �rad3 background
(FY5499, -5501, or -5505); and �mcb nmt1-mcb1D22HA in a �chk1, �cds1, or
�rad3 background (FY5500, -5503, or -5506) cells. Scale bar, 10 �m. DNA con-
tent and cell length were monitored by flow cytometry.
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The presence of elongated cells in the population suggested
that some sort of checkpoint was activated in Mcb1HA over-
producers (OP-Mcb1). DNA damage during replication can be
visualized by the formation of repair foci containing the homol-
ogous recombination protein Rad22 (ScRad52) (e.g. Ref. 28).
We observed an increase in the formation of Rad22 foci in cells
overproducing Mcb1HA (Fig. 5C). Cells with Rad22-YFP foci
increased to 37% by 14 h, and 13% of cells had more than one
focus compared with about 10% for the cells grown in repress-
ing (thiamine) conditions.

We reasoned that these repair foci might accompany activa-
tion of the DNA damage checkpoint, so we combined the over-
producer strain with cds1�, chk1�, or rad3�. After growing in
thiamine-free medium for 16 h, only the �cds1 nmt1-mcb1HA
cells showed elongated cells, whereas the other strains had
small cells and abnormal nuclear structure (Fig. 6A, bottom
row). This suggests that the DNA damage checkpoint is acti-
vated in some of the cells. Finally, we examined the phosphor-
ylation status of Chk1 as a measure of Chk1 activation (57).
Because detection of Chk1 relies on an HA epitope tag, we

FIGURE 5. Overproduction of Mcb1 causes DNA damage. A, wild-type, negative control, and Mcb1 overproducing cells (a– d) at each time point were
processed for flow cytometry analysis. Arrowheads indicate a starved 1C population. An arrow indicates a 2C population. Unfilled histograms outlined with
dotted lines indicate FACS profiles of standard S. pombe cells processed at the same time. B, left, representative pictures of samples at each time point stained
with DAPI. Arrowheads indicate short cells with abnormal nuclear morphology. Arrows indicate elongated cells with or without abnormal nuclear morphology.
Scale bar, 10 �m. Right, quantification of cells with different nuclear morphology. Cells were counted for mononucleate, binucleate, and abnormal nucleus
categories. C, Rad22-YFP foci formation in Mcb1-overproducing cells. rad22-YFP leu1-32::nmt1-mcb1HA-leu1� cells (FY4591) were grown in �leucine with low
thiamine to low OD, washed, and inoculated into �leucine with �thiamine (�T) or �thiamine (�T) medium. 14 and 16 h after thiamine removal, cells were
harvested and washed twice in DAPI-containing medium. Left, representative photomicrographs of FY4591 at 14 h with or without thiamine. Scale bar, 10 �m.
Cells were counted for Rad22-YFP foci (zero foci, one focus, and more than one focus). Right, quantification of cells counts averaged from two experiments.
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transformed a plasmid (36) overexpressing Mcb1V5 under the
nmt1 promoter into a strain containing chk1HA integrated at
the native locus. Induction ofMcb1V5was detectable 12 h after
induction and continued to increase until the last time point,
17 h (Fig. 6B). Phosphorylation ofChk1HAwas observed at 14 h
after induction. Together, these results suggest thatMcb1 over-
production causes DNA damage that activates Chk1 kinase.
Overproduction of Mcb1 Disrupts Mcm2 from MCM

Complex—Because Mcb1 and Mcm2 form alternative MCM
complexes, we speculated that overproduced Mcb1 sequesters
Mcm3–7 away fromMcm2 and thus blocks replication. To test
our hypothesis, we examined MCM complex formation in the
overproducer (Fig. 7A). In these experiments, we examined the
structure of the MCM complex by immunoprecipitating
Mcm2V5 or Mcm4GFP and detected Mcb1 or other MCM
subunits.
As we predicted, when we immunoprecipitated Mcm4GFP,

we observed increased association between Mcm4GFP and
Mcb1HA and decreased interaction between Mcm4GFP and
Mcm2V5 (Fig. 7A, compare lanes 3 and 4). Interestingly, how-
ever, Mcm4GFP also showed reduced association with Mcm6
and Mcm7, suggesting that the MCM complex overall is dis-
rupted by this level ofMcb1 expression. If excessMcb1 seques-
ters Mcm4 away from the other MCMs, an increased dosage of

Mcm4might attenuate this phenotype.We transformed nmt1-
mcm4HA cells with pLD18 (nmt1-mcb1V5) or empty vector.
We found that overproduction ofMcm4HA, but notMcm2HA,
partially rescued the lethality of Mcb1 accumulation (Fig. 7B).
When we precipitated Mcm2V5 in the overproducers, we

were unable to detect other MCM proteins (Fig. 7A, compare
lanes 5 and 6). This suggests that the normal MCM complex is
disrupted. Surprisingly, under these conditions, we detected an
interaction between Mcb1HA and Mcm2V5 (Fig. 7A, lane 6).
This suggests that Mcb1 and Mcm2 are capable of interacting
directly although not as efficiently as Mcb1 with the other sub-
units. Thus, high levels ofMcb1 do not simply replaceMcm2 in
the complex, but theMcb1 proteinmay interact with individual
MCM subunits.
Next, we examined the effect of our deletion mutants on

MCM complex formation using the same strategy. In the pres-
ence of thiamine, protein levels of most Mcb1 truncation
mutants were comparable with that of full-length Mcb1 (sup-
plemental Fig. S10). Surprisingly, we observed that Mcb1-D5,
Mcb1-D6, and Mcb1-D9 associated with Mcm4 when
expressed at a near normal level, although they were unable to
complement the null and were not toxic when overproduced
(Fig. 3A, 7C). However, when overproduced, these mutants did
not dissociate the interaction between Mcm4 and the other

FIGURE 6. Chk1 is activated in Mcb1-overproducing cells. A, photomicrographs of DAPI-stained mcb1HA (FY4041), nmt1-mcb1HA (FY4594), �cds1 nmt1-
mcb1HA (FY4734), �chk1 nmt1-mcb1HA (FY4736), �cds1 �chk1 nmt1-mcb1HA (FY4739), and �rad3 nmt1-mcb1HA (FY4740) cells 0 and 16 h after inoculation
into �thiamine (�T) medium. Scale bar, 10 �m. B, chk1HA (FY4610) cells were transformed with plasmid expressing Mcb1V5 (pLD18) or empty vector
(pSLF972). An equal number of cells were collected at the indicated time points after inoculation into �thiamine medium and alkaline lysed. An equal volume
of protein was loaded on an SDS-polyacrylamide gel for separation and immunoblotted for Chk1HA, Mcb1V5, and �-tubulin (a loading control). Lane 1, total
lysate of untreated chk1HA cells; lanes 2 and 3, total lysates of chk1HA cells treated with 0.1% methyl methanesulfonate (MMS) for 4 and 1 h (phosphorylated
Chk1HA migrates slower), respectively; lanes 4-8, total lysates of pLD18-transformed chk1HA cells from different time points after thiamine removal; and lanes
9-13, total lysates of empty vector (pSLF972)-transformed chk1HA cells from different time points after thiamine removal.
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MCMs (Fig. 7D), leading us to conclude that they do not replace
Mcm2. In contrast, the two N-terminal truncation mutants
(Mcb1-D2 and Mcb1-D22) did reduce association of Mcm4
with other MCMs, including Mcm2 (Fig. 7D, lanes 9 and 14).
Thus, there is a clear correlation between three phenotypes:
Mcb1, Mcb1-D2, and Mcb1-D22 are the only constructs that
were able to complement mcb1�, were toxic when overpro-
duced, and disrupted association between Mcm2 and Mcm4
upon overproduction.
In fission yeast as in most eukaryotes, MCM proteins are

found predominantly in the nucleus throughout the cell cycle,
but their chromatin association is cell cycle-regulated (for a
review, see Ref. 7). Chromatin binding depends on activation of
the prereplication complex, including the initiator protein
Cdc18 (18). Previously, we showed that mutations that disrupt

theMCMcomplex such asmcm4ts cause all the subunits to exit
the nucleus (15). Thus, complex assembly is required for
nuclear retention. We hypothesized that the overexpression of
Mcb1, which disrupts the normal MCM complex, therefore
would also disrupt chromatin binding and nuclear localization
of the MCMs.
We used indirect immunofluorescence in an in situ chroma-

tin binding assay (18, 47). Proteins located on the chromatin are
resistant to Triton, whereas proteins located in the nucleo-
plasm but not on the chromatin are removed by Triton treat-
ment. This method allows the S phase subset of chromatin-
boundMCMs (on the binucleate cells) to be distinguished from
the abundant unboundMCMprotein in the nucleus (18, 47). As
a control, we used a cdc18-shutoff strain that blocksMCMbind-
ing to the chromatin. Importantly, both of these phenotypes

FIGURE 7. Overproduction of Mcb1 causes dissociation of Mcm2 from other MCM proteins. A, nmt1-mcb1HA mcm2V5 mcm4GFP (FY4961) overnight
culture grown in low thiamine was inoculated into �thiamine (�T) and �thiamine (�T) media and grown at 32 °C for 14 h. Cells were harvested and lysed in
B88 buffer. Soluble lysates were immunoprecipitated (IP) with anti-GFP (lanes 3 and 4) and anti-V5 (lanes 5 and 6). Immunoprecipitated samples were separated
by SDS-PAGE gel and blotted for Mcm2V5, Mcm4GFP, Mcm7, Mcm6, and Mcb1HA. B, wild-type (FY254), nmt1-mcm4HA (FY1602), and nmt1-mcm2HA (FY861)
cells were transformed with plasmids overexpressing Mcb1 (pLD18 or pLD10) and empty vector (pSLF972 or pSGP72). Transformants (top, a– d, and bottom,
a– d) were restreaked on �thiamine and �thiamine plates and incubated at 32 °C. C, mcm2V5 mcm4GFP cells carrying full-length mcb1 (FY4961 and FY5407)
and mcb1 deletion mutants (FY5408 –5415) at the leu1-32 locus were grown in thiamine-containing medium, then harvested, and lysed in B88 buffer. Soluble
lysates were immunoprecipitated with anti-GFP. Immunoprecipitated samples were separated by 12% SDS-PAGE. We used an 8% gel to separate bigger Mcb1
truncations from IgG (bottom panel). We blotted for Mcm4GFP and Mcb1HA. The data are summarized in Fig. 3A. D, mcm2V5 mcm4GFP cells carrying six mcb1
deletion mutants at the leu1-32 locus (nmt1-mcb1D2HA (FY5408), nmt1-mcb1D5HA (FY5411), nmt1-mcb1D6HA (FY5412), nmt1-mcb1D78HA (FY5413), nmt1-
mcb1D9HA (FY5414), and nmt1-mcb1D22HA (FY5415)) were grown in �thiamine medium, then harvested, and lysed in B88 buffer. Soluble lysates were
immunoprecipitated with anti-GFP. Fifteen micrograms of soluble proteins (lanes 1-8) and immunoprecipitated samples (lanes 9-14) were separated by
SDS-PAGE and blotted for Mcm4GFP, Mcm2V5, Mcm6, Mcm7, and Mcb1HA.
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depend on thiamine although in opposite directions. ForMcb1
overproducers (OP-Mcb1), lethality is caused by removing thi-
amine from the medium to induce nmt1-mcb1HA (minus thi-
amine condition). In the case of the cdc18-shutoff cells, lethality
is caused by adding thiamine to the medium to repress nmt1-
cdc18� expression (56).

As shown in Fig. 8, under permissive conditions, both
Mcm4GFP andMcm2V5 were found in the nucleus (�Triton)
and were chromatin-bound in S phase (binucleates �Triton).
WhenMcb1HA was overexpressed in the absence of thiamine,
nuclear localization of both MCM proteins was reduced, and
chromatin binding (�Triton) was abolished. Similar results
were observed if cdc18� was shut off by addition of thiamine.
These data suggest that the toxic effect associated with Mcb1
expression results in delocalization of theMCMsubunits to the
cytoplasm and inhibition of replication.

DISCUSSION

MCM proteins are members of the AAA� ATPase family
and share a uniquemotif, theMCMbox, which is important for
MCM complex formation and ATP hydrolysis (for reviews, see
Refs. 7 and 8). Recent studies identified a novel component of
the MCM complex in human as well as plants, MCM-BP (29–
31). Evidence from these systems suggests that MCM-BP is a
component of the replisome and replaces the Mcm2 subunit.
Recent work suggests that MCM-BP may contribute to sister
chromatid cohesion and DNA repair (31). Although no ortho-
logue has been found in budding yeast, we identified a putative

orthologue of human MCM-BP that we named Mcb1. Similar
to other MCM-BPs, Mcb1 shares no homology to S. pombe
MCM proteins and lacks the MCM box.
Disruption of mcb1� was lethal. However, disrupted spores

managed to germinate and complete several cell cycles before
arresting with an elongated, cdcmorphology. Most of the cells
had a single nucleus of normal appearance; a few had a disor-
dered nucleus or evidence of mitosis. This delayed lethality is
likely to reflect the abundance of thematernal protein packaged
in the spores. For example,mcm4� cells complete S phase prior
to arresting with a 2C DNA content; the mcm4� cells arrest
prior to S phase only if the residual maternal Mcm4 protein is
inactivated with a temperature-sensitive mutation (25). There-
fore, although we can conclude that Mcb1 is essential for via-
bility and cell cycle progression, we cannot conclude at what
stage(s) of the cell cycle it works.
We found Mcb1 to be amenable to epitope tagging and

detection by Western blot. Comparison of Mcb1HA with
Mcm2HAwith the same antibody showed that the proteins are
expressed at similar levels with Mcb1 somewhat more abun-
dant even than Mcm2. MCM proteins are estimated at around
104 molecules per cell (47), soMcb1 is a very abundant protein.
Mcb1 levels are constant throughout the cell cycle with no evi-
dence for periodic modifications. Curiously, we were unable to
visualize either Mcb1GFP in live cells or HA-tagged Mcb1 in
fixed cells using immunofluorescence, although they are readily
detected byWestern blot. It is possible that the tags are blocked

FIGURE 8. Overproduction of Mcb1 causes dissociation of chromatin-bound MCM proteins. nmt1-cdc18 mcm2V5 mcm4GFP (FY4958), nmt1-mcb1HA
mcm2V5 mcm4GFP (FY4961), and wild-type (FY11) overnight cultures were grown in low thiamine, then inoculated into �thiamine (�T) or �thiamine (�T)
medium, grown at 32 °C for 14 h, and harvested for an in situ chromatin binding assay. Mcb1HA and Mcm2V5 localization was detected in untreated cells and
Triton-treated cells with specific antibodies. Scale bar, 10 �m.
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in someway in its normal environment and only available upon
denaturation. We used cell fractionation to examine Mcb1
localization and found that Mcb1 is ubiquitously distributed
through the entire cell but enriched in the nucleus.
Similar to observations in humans (29), we found that Mcb1

normally associates with Mcm3, -4, -6, and -7, but not Mcm2,
thus forming an alternative MCM complex. The canonical
MCMcomplex consists ofMcm2–7with 1:1:1:1:1:1 stoichiom-
etry (52, 58–60). Mcm4, -6, and -7 form a trimeric subcomplex
known as “theMCMcore.”Mcm2binds to the core and a dimer
formed byMcm3 andMcm5.TheMCMs interdigitatewith one
another in a ring structure in which the arginine finger of one
MCMmeets with the P-loop in theWalker Amotif of its neigh-
bor to form an ATP binding site (53, 58). Coordinated ATP
hydrolysis occurs at a subset of sites (53, 58, 60). Mcm2 is
thought to be the gate of the ring and the site at which the ring
opens to encircle chromatin (53). Mcb1 lacks these sequences,
so it is unlikely to contribute to the ATP-dependent structure.
It is possible thatMcb1bound toMcm3–7 forms an open struc-
ture, not a ring.
We were not able to detect Mcb1 at replication origins using

ChIP under conditions that detect Mcm2, suggesting that
Mcb1 is not a component of the core replisome or at least is not
as closely bound as the MCMs. We hypothesize that the
Mcm3–7 bound to Mcb1 is not active as a helicase in vivo.
There is good biochemical evidence that all six canonical
MCMs participate as a helicase in vivo with Cdc45 and GINS
complex as cofactors (53, 61, 62). Mcm2 is required to recruit
Mcm4, -6, and -7 into the nucleus where an intact MCM com-
plex is necessary to retain them (15).Moreover, the phenotypes
associated with mcm2 mutations are indistinguishable from
mutations in otherMCM subunits; if it were not a core constit-
uent of the helicase, this would not be expected. We found no
evidence that Mcb1 expression can substitute for Mcm2.
Therefore, the interaction betweenMcb1 and the otherMCMs
is likely to have some other, possibly regulatory function.
In the absence of a tight conditional allele, we used two

approaches to examine Mcb1 activity. We constructed a series
of deletion/truncation mutations in Mcb1 and assessed their
ability to function. Most of these mutants were unable to com-
plement anmcb1�mutant.However, twomutants containing a
truncation of the N terminus were apparent hypomorphs; the
growing cells were elongated, and this elongation depended
upon the damage checkpoint. DNA content, however, was nor-
mal, and cells formed colonies with timing similar to wild type.
We conclude that attenuating Mcb1 function leads to some
genome instability, which is similar to the phenotypes associ-
ated with attenuation of MCM function (e.g. Refs. 24 and 25).
We also found that overexpression ofMcb1 generates a dom-

inant lethal phenotype. OP-Mcb1 cells showed evidence of an
initiation defect characterized by an increase of cells with a
sub-1C DNA content. This phenotype is reminiscent of cells
with mutations in the essential replication initiation factors
orc1 (63, 64), cdc18 (56), and rad4/cut5 (65). The general model
is that cells that do not initiate replication have no way to acti-
vate a checkpoint or register that S phase has not occurred.
Thus, the cells proceed through mitosis and tear apart the
unreplicated genome.We observed that OP-Mcb1 cells show a

modest increase in Rad22 foci, which is indicative ofDNAdam-
age, and activation of the Chk1 damage checkpoint kinase,
which has been seen in many mutants defective in DNA repli-
cation initiation (66). Thismay occur in the subset of cells in the
population that are elongated.
This initiation-defective phenotype is likely to result from

inactivation of the MCM complex. In strains overproducing
Mcb1, association between the canonical MCM proteins was
disrupted. This was most strikingly observed by the failure of
Mcm4 to associate withMcm2, but interaction betweenMcm4
and the core MCMs was also reduced. Interestingly, the over-
produced Mcb1 was able to bind to Mcm2, suggesting that
when expressed at high enough levels this protein can interact
with all MCM subunits.
When we examined the truncation/deletion mutants for

overproduction phenotypes, we found that only the two hypo-
morphic mutants, which contain a short N-terminal trunca-
tion, were toxic upon overexpression. Although they were still
able to form small colonies (unlike expression of the full-length
protein which is lethal), they also reduced association between
the canonical MCM proteins.
Several of the non-functional mutants were able to bind the

MCMs but showed no evidence for complex disruption (Mcm2
and Mcm4 remained associated, for example). We conclude
that there are threemodes of interaction betweenMcb1 and the
MCM complex (supplemental Fig. S11). The first is a normal
“functional” mode in which Mcb1 replaces the Mcm2 subunit.
The second interaction is a “sticky” mode in which Mcb1
appears to bind nonspecifically to all theMCMsubunits. This is
not toxic, does not replace Mcm2, and does not disrupt the
MCMcomplex. Finally, the third is the overproduction toxicity.
Only proteins capable of functional interactions can disrupt the
complex when overproduced, leading to toxicity and an appar-
ent arrest of DNA replication initiation. Although it remains a
formal possibility that the inhibitory effect Mcb1 has on the
MCMcomplex is exacerbated by overexpression and not a rep-
resentation of its true phenotype, we consider this unlikely
given the correlation of functional Mcb1 with complex disas-
sembly. We conclude that overproduction of Mcb1 causes a
dramatic inhibition of replication initiation similar to that
caused by mutations in the genes required for formation of the
prereplication complex.
MCMs in most eukaryotes exist in three populations within

the nucleus: 1) the replisomeMCMs bound to chromatin at the
replication fork that are detectable by ChIP, 2) “remote”MCMs
bound on unreplicated DNA during S phase that can be visual-
ized cytologically (18, 47, 67, 68) but not by ChIP, and 3) a
soluble pool not bound to chromatin. The large amount of
remote MCMs creates a puzzle known as “the MCM paradox”
(19, 21). These “remote MCMs” are very important for distrib-
uting origins, marking unreplicated chromatin for replication,
and reserving dormant replication origins to complete replica-
tion under replication stress (69–73). Formally, Mcb1 could
contribute to the formation of any of these pools possibly by
disrupting the intact hexamer to change the distribution
between them. This could occur by promoting removal of
MCMs from the chromatin, particularly the remote MCMs.
Because theArabidopsis ETG1 protein has been linked to sister
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chromatid cohesion (31), another possibility is that Mcb1
changes the composition of the MCM complex to facilitate
binding of cohesin assembly proteins at the fork.
It is interesting that budding yeast does not have an obvious

orthologue of Mcb1, which is readily identified in other
eukaryotes. In this regard, it may be worth noting that a signif-
icant difference between budding yeast behavior in S. cerevisiae
compared with other systems is regulated nuclear localization.
In budding yeast, MCMs cycle in and out of the nucleus during
the cell cycle in a cyclin-dependent kinase-dependent pathway
(74, 75). Newly synthesized MCMs are preferentially trans-
ported into the budding yeast nucleus (76). By contrast, in other
eukaryotes, including S. pombe, MCMs are located constitu-
tively in the nucleus, and only their chromatin association is
regulated. Dissociation of theMCMcomplex causes chromatin
dissociation and crm1�-dependent nuclear export (15). We
saw reduced MCM on chromatin in OP-Mcb1 cells, and there
was a reduction in the overall nuclear signal ofMcm4compared
with Mcm2. It is possible that Mcb1 functions to regulate the
MCMs at the level of chromatin association to prevent binding
or activation outside of S phase. This could be a regulator func-
tion that is not needed in budding yeast. This is consistent with
data from other systems. In the process of preparing this work,
a new study has shown that XenopusMCM-BP unloads MCM
complex from the chromatin in late S phase to prevent rerepli-
cation by dissociating Mcm2–7 from chromatin (77). Our data
support a model in which the abundant Mcb1 protein contrib-
utes to redistribution of theMCMproteins at the conclusion of
S phase.
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