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ABSTRACT
The six conserved MCM proteins are essential for normal DNA replication. They share a central core

of homology that contains sequences related to DNA-dependent and AAA� ATPases. It has been suggested
that the MCMs form a replicative helicase because a hexameric subcomplex formed by MCM4, -6, and -7
proteins has in vitro DNA helicase activity. To test whether ATPase and helicase activities are required for
MCM protein function in vivo, we mutated conserved residues in the Walker A and Walker B motifs of
MCM4, -6, and -7 and determined that equivalent mutations in these three proteins have different in vivo
effects in fission yeast. Some mutations reported to abolish the in vitro helicase activity of the mouse
MCM4/6/7 subcomplex do not affect the in vivo function of fission yeast MCM complex. Mutations of
consensus CDK sites in Mcm4p and Mcm7p also have no phenotypic consequences. Co-immunoprecipita-
tion analyses and in situ chromatin-binding experiments were used to study the ability of the mutant
Mcm4ps to associate with the other MCMs, localize to the nucleus, and bind to chromatin. We conclude
that the role of ATP binding and hydrolysis is different for different MCM subunits.

THE minichromosome maintenance (MCM) pro- plex Mcm4/6/7p possesses in vitro single-stranded DNA
and ATP-binding activities as well as ssDNA-dependentteins were originally identified in a genetic screen
ATPase and 3� to 5� DNA helicase activities (Ishimi et al.for budding yeast mutants that were defective for mini-
1998, 2000; Lee and Hurwitz 2000, 2001). Mutationalchromosome maintenance (Maine et al. 1984) or cell
analysis within the Walker A and B motifs of mousecycle progression (Moir and Botstein 1982; Kearsey
Mcm4p and Mcm6p has demonstrated the importanceet al. 1996). The MCM family has six members (Mcm2p
of these domains for the in vitro DNA helicase activity ofthrough Mcm7p), which are highly conserved in all
the hexameric Mcm4/6/7p complex (You et al. 1999).eukaryotes (reviewed in Pasion and Forsburg 2001).

The Walker A motif has the consensus sequenceEach of the MCM proteins is essential for initiation and
(G)xxxxGK[T/S], including the invariant lysine residueelongation of DNA replication (reviewed in Labib et al.
found in all ATP-binding proteins. The Walker A motif2000; Pasion and Forsburg 2001). These proteins
sequence in the MCMs contains a slight variation fromshare a central homology domain of �200 amino acids
the consensus, where the glycines in the GK(S/T) signa-containing motifs characteristic of DNA-dependent and
ture are substituted by alanine or serine (Koonin 1993).AAA� ATPases, including both Walker A and B motifs
On the basis of studies of known ATPases, it is suggested(Walker et al. 1982; Koonin 1993; Neuwald et al.
that the lysine in the A motif directly interacts with the1999). Biochemical studies indicate that the MCM com-
phosphatyl group of bound ATP (Walker et al. 1982).plex is formed by stoichiometric assembly of all six MCM
The B motif typically has a hydrophobic structureproteins. However, the purification of subcomplexes by
D[D/E]. Apparently the common denominator for allglycerol gradients and co-immunoprecipitation studies
variants of the B motif is at least one negatively chargedsuggests that the complex contains a tightly associated
residue preceded by a stretch of bulky hydrophobiccore formed by Mcm4p, -6, and -7, which is loosely
residues predicted to form a �-strand (Koonin 1993).bound by Mcm2p and the strongly associated Mcm3p-
The acidic residues within this motif play an essentialMcm5p dimer (reviewed in Labib and Diffley 2001;
role in coordinating the magnesium ion and, probably,Pasion and Forsburg 2001).
the water molecule that attacks the �-� bond of theInterestingly, the intact MCM complex does not have
ATP. Consistent with this hypothesis, it is postulatedany detectable biochemical activity (Adachi et al. 1997;
that motif B is involved in ATP hydrolysis rather thanIshimi et al. 1998; Lee and Hurwitz 2000; Sato et al.
ATP binding (Pause and Sonenberg 1992; Brosh and2000). However, a dimer formed by the trimer subcom-
Matson 1995).

Electron microscopy studies showed that the hexam-
eric Mcm4/6/7p complex can actually form toroidal1Corresponding author: MCBL-F, The Salk Institute, 10010 N. Torrey

Pines Rd., La Jolla, CA. E-mail: forsburg@salk.edu structures with a central cavity, comparable in size and
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ture were carried out for a maximum of 23 hr following theshape to known hexameric DNA helicases (Sato et al.
removal of thiamine from the media. Overexpression on plates2000). The MCMs are thus unique among hexameric
was done by streaking individual colonies on media lacking

helicases, which generally are homomeric rather than thiamine and incubating for 3–5 days at 32�. Vectors without
heteromeric (reviewed in Patel and Pichia 2000). In- inserts were used as negative controls.

Complementation analyses of temperature-sensitive strainsterestingly, Archea Methanobacterium thermoautotrophicum
were carried out by streaking at least four independent colo-contains one MCM-related protein that forms a double
nies of each transformation on EMM plates with appropriatehexamer and possesses in vitro 3� to 5� DNA helicase activ-
supplements and incubating the cells at 36� for 3–5 days. When

ity (Kelman et al. 1999; Chong et al. 2000; Shechter et testing complementation using the nmt promoter, colonies
al. 2000). These findings and the fact that the MCMs were streaked on media with three different concentrations
are necessary not only for the initiation of DNA replica- of thiamine: 15 �m thiamine (� thiamine, maximum repres-

sion), 0.05 �m thiamine (low thiamine, medium induction),tion but also for the elongation of replication forks
and no thiamine (� thiamine, maximum induction).suggest that the MCM complex or the core subcomplex

Complementation of null strains was carried out using dip-might actually be the eukaryotic replicative fork helicase loid strains containing one allele of the mcm4�, mcm6�, or
similar to bacterial DnaB protein or simian virus 40 mcm7� genes disrupted with his3� or ura4�. These strains were
(SV40) large T antigen (T Ag; reviewed in Baker and transformed with ura4� or leu1� plasmids. Transformants were

selected on EMM plates lacking uracil and histidine. At leastBell 1998; Tye and Sawyer 2000; Labib and Diffley
two independent transformed diploids for each transforma-2001).
tion were induced to undergo meiosis, which was followed byTo better understand the in vivo role of ATP-binding a random spore analysis. The spore preparations were plated

and hydrolysis motifs and to establish the importance to identify Ura�, His� colonies, which were analyzed by FACS
of cyclin-dependent kinase (CDK) phosphorylation in to determine DNA content. Plasmids were rescued from hap-

loid strains and analyzed by restriction mapping or sequencingthe function of the MCM complex, we constructed mu-
to confirm the presence of the mutation.tations in the conserved Walker A and B motifs and the

For construction of strains FY1602, FY1603, FY1604, andputative CDK phosphorylation sites of core MCMs. We
FY1605 (Table 1), plasmids pEBG56 (pJK148 nmt-mcm4HA

show that equivalent mutations in the A and B motifs leu1�), pEBG57 (pJK148 nmt-mcm4D → AHA leu1�), pEBG58
of Mcm4, -6, and -7 proteins have different in vivo effects, (pJK148 nmt-mcm4K → AHA leu1�), and pEBG59 (pJK148
suggesting that the role of ATP binding and hydrolysis nmt-mcm4K → RHA leu1�) were linearized with NruI within

the leu1� sequence and integrated into the haploid strainin the function of each core MCM protein is different.
FY254. Leu� transformants were selected and the integrationBoth motifs in Mcm4p are essential, while in Mcm6p
event was confirmed by streaking and replica plating the cellsthey are dispensable. Mcm7p shows an intermediate on YES media. Expression of wild-type and mutant Mcm4-HA

phenotype: Only a conservative substitution of the cru- proteins was verified by immunoblot.
cial lysine in the A motif resulted in a functional protein. Protein extracts, immunoblotting, and immunoprecipita-

tions: Cell lysates were prepared by glass bead lysis accordingWe found that not all equivalent mutations that abol-
to Moreno et al. (1991) in lysis buffer (50 mm HEPES, pH 7.0,ished the in vitro helicase activity of the mouse hexam-
50 mm KCl, 5 mm MgAc, 100 mm sorbitol, 0.1% Triton X-100)eric Mcm4/6/7p subcomplex (You et al. 1999) affect with the addition of 1 mm dithiothreitol (DTT), 1 mm ATP,

the in vivo function of the fission yeast MCM complex. and protease inhibitors. Lysates were cleared by spinning at
Analysis of the Mcm4 mutant proteins showed different 16,000 � g for 20 min at 4�. Total protein concentrations were

determined by BCA protein assay (Pierce Chemical, Rockford,defects in MCM complex assembly, nuclear localization,
IL). For immunoblot analyses, samples were fractionated byor chromatin binding. Finally, mutations of the two
7% SDS-PAGE and transferred to Immobilon-P (Millipore,putative CDK phosphorylation sites in Mcm4p and the
Bedford, MA). Antibodies to Mcm6p (serum 5899), Mcm5p

single consensus site in Mcm7p had no effect upon the (serum 5897), and Mcm4p (serum 5898) were previously de-
normal growth of cells, suggesting that these sites are scribed in Sherman et al. (1998); to Mcm2p (serum 5616) in
not crucial for the regulation of MCM function. Forsburg et al. (1997); to Mcm3p (serum 6178) in Sherman

and Forsburg (1998); and to Mcm7p (serum 6184) in Liang
and Forsburg (2001). Monoclonal anti-hemagglutinin (HA)
12CA5 antibody was a kind gift of Tony Hunter, and mono-MATERIALS AND METHODS
clonal anti-	-tubulin antibody was purchased from Sigma (St.
Louis; T5168). Detection was carried out using anti-rabbit or anti-Strains and manipulation: Strains used in this study are listed
mouse HRP-conjugated secondary antibodies (Sigma or Jacksonin Table 1. Fission yeast strains were grown in yeast extract
ImmunoResearch Laboratories, West Grove, PA) and enhancedplus supplements (YES) or in Edinburgh minimal medium
chemiluminescence (Amersham, Arlington Heights, IL).(EMM) with appropriate supplements as described (Moreno

Immunoprecipitations were performed with 600 �g of totalet al. 1991). In this study “wild type” refers to strain FY254.
protein at a concentration of 1 �g/�l and 1 �l of 12CA5Transformations were carried out by electroporation (Kelly
antibody, for 4 hr at 4�. Fifty microliters of Protein A-Sepharoseet al. 1993). Unless indicated, yeast plasmids used in this work
CL-4B (Sigma; 1:1 in lysis buffer) were added and incubatedcontain the ura4� marker. The full-strength nmt1� promoter
for 1–2 hr at 4�. Pellets were washed four times with 1 ml ofwas used (Basi et al. 1993). When studying complementation
cold lysis buffer and boiled after the addition of 80 �l of 2�using constructs with the nmt promoter, transformants were
sample buffer. Ten microliters per lane of each immunopre-selected on plates containing 15 �m thiamine (fully re-
cipitation were loaded on a SDS-PAGE.pressed). Different levels of induction in liquid culture were

In situ chromatin-binding assay and immunofluorescenceobtained by washing the cells twice with 10 ml of EMM followed
analysis: An in situ chromatin-binding assay was adapted fromby the addition of the indicated thiamine concentrations ( Jav-

erzat et al. 1996). Overexpression experiments in liquid cul- the protocol described in Kearsey et al. (2000) as follows.
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TABLE 1

Strains

Strain Genotype Source

FY254 h� can1-1 ura4-D18 leu1-32 ade6-M210 Our stock
FY784 h� cdc21-M68 ura4-D18 leu1-32 ade6-M216 Our stock
FY786 h� cdc21-M68 ura4-D18 leu1-32 ade6-M216 Our stock
FY793 h� orp1HA ura4-D18 leu1-32 ade6-M210 Our stock
FY798 h� 
cdc19::[cdc19HA::leu1�] ura4-D18 leu1-32 ade6-M210 Our stock
FY856 h�/h� 
mis5::his3�/� ura4-D18/ura4-D18 leu1-32/leu1-32 ade6/M210/ade6-M216 Liang et al. (1999)

his3-D1/his3-D1
FY857 h�/h� 
cdc21::his3�/� ura4-D18/ura4-D18 leu1-32/leu1-32 ade6-M210/ade6-M216 Liang et al. (1999)

his3-D1/his3-D1
FY918 h�/h� 
mcm7::his3�/� ura4-D18/ura4-D18 leu1-32/leu1-32 ade6-M216/ade6-M210 Liang and Forsburg (2001)

his3-D1/his3-D1
FY961 h� mis5-268 ura4-D18 leu1-32 ade6-M210 can1-1 Our stock
FY1199 h� mcm7-98 ura4-D18 leu1-32 ade6-M216 Liang and Forsburg (2001)
FY1602 h� ura4-D18 leu1-32::[pJK148nmt-mcm4HA leu1�] ade6-M210 can1-1 This work
FY1603 h� ura4-D18 leu1-32::[pJK148nmt-mcm4DAHA leu1�] ade6-M210 can1-1 This work
FY1604 h� ura4-D18 leu1-32;:[pJK148nmt-mcm4KAHA leu1�] ade6-M210 can1-1 This work
FY1605 h� ura4-D18 leu1-32::[pJK148nmt-mcm4KRHA leu1�] ade6-M210 can1-1 This work
FY1718 h� 
mcm4::ura4� ura4-D18 leu1-32::[pJK14-�Pmcm4� mcm4HA leu1�] ade6-M210 can1-1 This work

After the Zymolyase treatment, cells were washed with cold Kinase assays: To purify substrate protein, 500-ml cultures
of BL21(DE3)pLysS Escherichia coli (Invitrogen, San Diego)STOP buffer as indicated Kearsey et al. (2000) and once with

10 ml of PEMS buffer (100 mm PIPES, pH 6.9, 1 mm EGTA, transformed with pMGC28 or pMGC29 were induced to ex-
press protein, and then his-tagged N terminus Mcm4 was puri-1 mm MgSO4, 1.2 m sorbitol). Cells were resuspended in 4 ml

of PEMS � protease inhibitors and split in two. One-tenth fied under native conditions using Ni-NTA agarose (Qiagen,
Valencia, CA) according to manufacturer’s instructions.volume of PEMS � 10% Triton X-100 was added to one of

the tubes and 1/10 volume of PEMS � 0.25% Triton X-100 For kinase assays, wild-type yeast (FY254) transformed with
pSLF172-cdc13-HA (Brown et al. 1997) was grown at 32� inwas added to the other. After an incubation for 10 min at

room temperature, the cells were spun down and resuspended EMM � supplements � thiamine and then washed and grown
in EMM � low thiamine (0.05 �m thiamine) for 18 hr at 32�.in 20 ml of FIX solution (0.1 m K-phosphate, pH 6.5, 10%

methanol, 3.7% formaldehyde) for 20 min at room tempera- Cell lysates were prepared by glass bead lysis in HB buffer
(25 mm MOPS, pH 7.2, 60 mm �-glycerophosphate, 15 mmture. After pelleting cells and washing once in 10 ml of PEMS,

the cells were blocked in 1 ml PEMBAL buffer (1� PEM, 1% p-nitrophenylphosphate, 15 mm MgCl2, 15 mm EGTA, 1 mm
DTT, 1% Triton X-100, 1 mm PMSF, and protease inhibitors)BSA, 0.1% NaN3, 100 mm L-lysine monohydrochloride) for

30 min at room temperature. Cells were incubated with mono- as described above. To precipitate Cdc2/Cdc13-HA kinase,
0.5 �l 12CA5 antibody was added to 300 �g extract and rotatedclonal anti-HA 16B12 antibody (BabCO) overnight at room

temperature at a 1:5000 dilution. After three 1-ml washes with at 4� overnight. Fifty microliters Protein A-Sepharose CL-4B
(Sigma; 1:1 in lysis buffer) was then added and rotated at 4�PEMBAL the cells were incubated with Cy3-conjugated donkey

anti-mouse Ig-G antibody (no. 715-165-150; Jackson Immuno- for 1 hr. Pellets were washed four times in HB buffer, and
then all HB was removed and 20 �l kinase reaction bufferResearch Laboratories) for 1 hr at room temperature in the

dark at 1:500 dilution. Following washes with PEMBAL, cells (5 �Ci [�-32P]ATP and 25 �m cold ATP in HB buffer) was
added. After addition of 2 �g substrate protein [histone H1were stained with 4�,6-diamidino-2-phenylindole (DAPI) and

heat fixed onto microscope slides. Microscopy was performed (Boehringer Mannheim, Indianapolis), N terminus Mcm4
wild type, or N terminus Mcm4 T15A T112A], reactions werewith a Leitz Laborlux S microscope or a Leica DMR micro-

scope. Images were captured with a SPOT2 charge-coupled incubated at 32� for 30 min and boiled after addition of 4 �l
5� sample buffer. Proteins were fractionated by 10% SDS-device digital camera or a Hamamatsu digital camera directly

into Adobe Photoshop or Improvision Openlab, respectively. PAGE. The Coomassie-stained gel was scanned into Canvas 5
for Macintosh and 32P incorporation was determined using aFlow cytometry: Cells were fixed in ice-cold 70% ethanol

and stained for flow cytometry as described previously (Sazer Phosphoimager (Molecular Dynamics, Sunnyvale, CA).
and Nurse 1994) except that the cells were stained in a final
concentration of 1 �m Sytox Green (Molecular Probes, Eu-
gene, OR). Flow cytometry was performed on a FACScan (Bec- RESULTS
ton Dickinson, San Jose, CA), and data analysis was carried

Rationale: Mutations of the crucial lysine in theout using Cell Quest software for Macintosh.
Plasmid and mutant construction: Plasmid features are de- Walker A motif of several ATPases disrupt ATP hydroly-

scribed in Table 2. Nucleotide changes were introduced using sis, abolishing biological activity (Ma et al. 1994; Singh
the QuikChange site-directed mutagenesis kit (Stratagene, La and Maurizi 1994; Yahraus et al. 1996). Interestingly,
Jolla, CA) following the manufacturer’s instructions. The con-

in some proteins, a conservative substitution of argininestructs were sequenced to confirm the mutations and that PCR
for this lysine may not significantly affect nucleotidemutagenesis introduced no extra changes. Details of plasmid

construction are available upon request. binding or nucleotide-dependent protein association,
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TABLE 2

Plasmids

Plasmid name Features Source

pSLF172 nmt promoter, 3�HA cloning vector Our stock
pTZ18mcm4 pTZ18R-mcm4 (bacterial plasmid) Our stock
pMGC32 nmt-mcm4�-HA This work
pEBG4 nmt-mcm4 D → A-HA This work
pEBG5 nmt-mcm4 K → A-HA This work
pEBG6 nmt-mcm4 K → R-HA This work
pEBG7 Pmcm4 -mcm4 D → A-HA This work
pEBG8 Pmcm4 -mcm4 K → A-HA This work
pEBG9 Pmcm4 -mcm4 K → R-HA This work
pEBG10 Pmcm4 -mcm4�-HA This work
pSLF191 nmt-mcm4� S. L. Forsburg (unpublished data)
pEBG69 nmt-mcm4 D → A This work
pEBG70 nmt-mcm4 K → A This work
pEBG71 nmt-mcm4 K → R This work
pMGC39 Pmcm4-mcm4 2T → 2A This work
pMGC40 Pmcm4-mcm4 2T → 2S This work
pMGC41 Pmcm4-mcm4 2T → 2E This work
pMGC28 pRSETA-mcm4 N terminus This work
pMGC29 pRSETA-mcm4 2T → 2A N terminus This work
pEBG36 nmt-HA-mcm6� This work
pEBG37 nmt-HA-mcm6 DE → AA This work
pEBG38 nmt-HA-mcm6 K → A This work
pEBG39 nmt-HA-mcm6 KS → AA This work
pEBG60 nmt-mcm6�-HA This work
pEBG64 nmt-mcm6� This work
pEBG65 nmt-mcm6 DE → AA This work
pEBG66 nmt-mcm6 K → A This work
pEBG67 nmt-mcm6 KS → AA This work
pDTL87 nmt-mcm7�-HA Liang and Forsburg (2001)
pEBG30 Pmcm7 -mcm7� This work
pEBG31 Pmcm7 -mcm7�-HA This work
pEBG40 Pmcm7 -mcm7 D → A This work
pEBG41 Pmcm7 -mcm7 K → A This work
pEBG42 Pmcm7 -mcm7 K → R This work
pEBG43 Pmcm7 -mcm7 T → A This work
pEBG44 Pmcm7 -mcm7 D → A-HA This work
pEBG45 Pmcm7 -mcm7 K → A-HA This work
pEBG46 Pmcm7 -mcm7 K → R-HA This work
pEBG48 nmt-HA-mcm7� This work
pEBG49 nmt-HA-mcm7 D → A This work
pEBG50 nmt-HA-mcm7 K → A This work
pEBG51 nmt-HA-mcm7 K → R This work

although it abrogates ATPase activity (Sung et al. 1988; proteins. These sequences are shown in Figure 1. In
particular, we made conservative K → R and noncon-Rehrauer and Kowalczykowski 1993; Sung and Strat-

ton 1996). Previous data from our laboratory showed servative K → A mutations in the Walker A motif and
D → A mutations in the Walker B motif. The mutantthat when the invariant lysine present in the A motif of

Mcm2p is substituted with arginine, this protein is able genes were expressed on plasmids and tested for com-
plementation of the cognate mcm-ts and 
mcm muta-to complement both mcm2-ts and 
mcm2 strains, but a

K to A change gives a nonfunctional protein, suggesting tions. Where possible, these results were correlated with
complex assembly, nuclear localization, and chromatinthat it is unlikely that this Mcm2p domain functions as

a bona fide ATPase (Forsburg et al. 1997). binding by expressing epitope-tagged forms of the pro-
teins in wild-type cells. However, in several cases theTo determine the importance of the nucleotide-bind-

ing and hydrolysis motifs for the in vivo function of epitope tag caused additional phenotypes, preventing
this analysis.the MCM complex, we introduced mutations into the

conserved Walker A and B domains of the core MCM For clarity, we use the MCM designation for each of
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Single point mutations in the ATP-binding and hydro-
lysis motifs of Mcm6p do not affect the function of the
protein: Equivalent mutations were constructed for the
mcm6� gene. In our lab it was previously shown that the
protein expressed by pSLF225 (nmt-HAmcm6�; Fors-
burg et al. 1997) could rescue both the mcm6 tempera-
ture-sensitive (mcm6-268; Takahashi et al. 1994) and
null alleles (Sherman et al. 1998). HA-mcm6 mutant
plasmids, derived from pSLF225, were constructed (Ta-
ble 2).

Surprisingly, all of these changes gave rise to func-
tional Mcm6 proteins; the three mutants could comple-
ment the mcm6-ts mutation and the mcm6 null strain
(FY857; Table 2).

Previous published results using baculovirus recombi-
nant mouse MCM proteins showed that the double mu-
tant Mcm6 K401A S402A or Mcm6 D459A E460A had
significantly reduced or completely abolished helicaseFigure 1.—Protein sequence alignment of the S. pombe
activity in vitro (You et al. 1999). Thus, we were surprisedMCM Walker A and B motifs. The MCM homology domains
to find that single substitutions in the Walker motifs ofof Mcm2p through Mcm7p were aligned with the ClustalW

1.8 program and formatted with MacBoxShade v2.01 and Mi- Mcm6p gave functional in vivo proteins in Schizosaccharo-
crosoft Word 98. The Walker A and B motifs alignment is myces pombe. To compare our in vivo results with the
shown. White text in black boxes indicates identical amino in vitro mutational analysis previously reported (You etacids present in the six MCMs. Black text in gray boxes indi-

al. 1999), we constructed the double mutants Mcm6pcates identical amino acids present in four or more MCMs.
KS477/478AA and Mcm6p DE527/528AA (see TableAsterisks indicate mutated amino acids. Walker A and B motifs

consensus sequences are shown. Numbers to the left of each 2) and tested their ability to complement mcm6-ts and
sequence indicate position of first amino acid in the Walker null mcm6 strain. Interestingly, the Walker B motif
motifs. Mcm6DE → AA mutant was functional while the Walker

A domain double mutant Mcm6KS → AA was not.
During the construction of the mcm6 mutants we dis-these genes. However, several are also known by other

covered that the plasmids used to make our mutantgene names in the literature: mcm2� corresponds to
vectors (pTZmcm6 and pSLF225), which were con-cdc19� and nda1� (Miyake et al. 1993; Forsburg and
structed using the originally published sequence (Taka-Nurse 1994); mcm4� is cdc21� (Coxon et al. 1992);
hashi et al. 1994), were missing 73 nucleotides on themcm5� is nda4� (Miyake et al. 1993); and mcm6� is mis5�

basis of the sequence in the S. pombe genome database(Takahashi et al. 1994).
(accession no. AL139314). As a result, all our constructsMcm4p nucleotide-binding and hydrolysis motifs are
also had a premature stop codon, resulting in a shorteressential for its function in vivo: The wild-type mcm4�

but functional Mcm6p. The correct 3� end was intro-and mutant derivatives were cloned under the control
duced by PCR (Table 2). These revised constructs be-of the nmt promoter with or without a 3� triple-HA
haved the same as their counterparts lacking the lastepitope tag and under their own promoter with a 3�
73 nucleotides, suggesting that the last 29 amino acidstriple-HA epitope tag (Table 2 and materials and
are not required for Mcm6p activity.methods). We verified that the wild-type Mcm4p clones

Similar results were observed using plasmids withoutwere functional by ensuring that they could rescue both
a tag under the nmt promoter (Figure 2, A and B).the temperature-sensitive and null alleles of mcm4� (Ta-
Complementation at 36� of the temperature-sensitiveble 1, Figure 2A, and data not shown). Next we tested
strain occurred with all three thiamine concentrations,if the mutant proteins Mcm4D → A, K → A, and K → R,
indicating that overproduction of Mcm6p and the mu-with and without a C-terminal HA tag, were functional.
tant derivatives is not toxic for the mcm6-ts. There wasNone of the Mcm4 mutant proteins could rescue the
no deleterious phenotype associated with overproduc-mcm4-M68 temperature-sensitive or null phenotype
tion in wild-type cells (data not shown).(Figure 2, A and B). When expressing the untagged

Unexpectedly, when the expression of the N-termi-Mcm4K → R protein, microcolonies with very elongated
nally tagged HA-Mcm6p was analyzed by Western blotand sick cells were sometimes observed but could not
we observed that an extremely high percentage of thebe propagated in liquid media (data not shown). Taken
Mcm6p-tagged protein lost its tag (data not shown). Wetogether, these results indicate that conservative and
constructed a C-terminally HA-tagged Mcm6p but thisnonconservative mutations in the Walker A motif, and
protein was unable to complement the null mcm6 strainthe nonconservative change in the B motifs, give rise

to nonfunctional Mcm4p proteins. and could rescue the mcm6-ts defect only when overpro-
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Figure 2.—Mcm4p, Mcm-
6p, and Mcm7p Walker A
and B motifs mutational
analysis. mcm4�, mcm6�, and
mcm7� and the correspond-
ing mutant derivatives were
cloned in different expres-
sion vectors. (A) The com-
plementation results. A sche-
matic depiction of each
construct is shown. Shaded
arrows represent the nmt
promoter. Open arrows sym-
bolize endogenous promot-
ers. Open rectangles stand
for mcm4 (Mcm4p), mcm6
(Mcm6p), and mcm7 (Mcm-
7p) genes as indicated. The
vertical line at the end of
the mcm6 contruct symbol-
izes the 3� truncated mcm6
gene. Shaded boxes repre-
sent the MCM central ho-
mology domains, where the
relative positions of the
Walker A and B motifs are
shown. The triple-HA epi-
tope tags are represented by
solid boxes. � and � signs
indicate complementation
and no complementation of
the temperature-sensitive
and null alleles, respec-
tively. ND, not determined.
�/� indicates complemen-
tation of the temperature-

sensitive strains and no complementation or partial complementation of the null alleles. DE → AA and KS → AA double mutants
were tested for Mcm6p only. (B) Complementation results boxed in A. Plasmids with the untagged mcm4�, mcm6�, and respective
mutant genes, under the control of the nmt promoter, were transformed into the mcm4-ts strain FY786 or mcm6-ts strain FY961,
respectively. Isolated transformants were streaked on EMM � adenine � leucine � thiamine. Plasmids with the untagged mcm7�

and mutant genes under the mcm7 promoter were transformed into mcm7-ts strain FY1199, and the isolated transformants were
streaked on EMM � adenine � leucine. Cells were grown at 36� for 2–3 days.

duced (Figure 2A, Table 2). Without a tag to distinguish To study in more detail which aspects of the Mcm7p
function were affected by the mutations, we neededwild-type and mutant proteins further analysis of the

Mcm6p mutants was not possible. tagged versions of these proteins and an inducible sys-
tem to control their expression. mcm7� under the con-Nonconservative mutations in the ATP-binding and

hydrolysis motifs of Mcm7p abolish its activity in vivo: trol of the nmt promoter with a 3� triple-HA epitope tag
could not complement the mcm7-98 defect or the nullSimilar mutations in the Walker A and B motif se-

quences were introduced in the mcm7� gene. Wild-type strain (Figure 2A and Liang and Forsburg 2001). Curi-
ously, as shown in Liang and Forsburg (2001), mcm7HAand mutant genes mcm7D → A, mcm7K → A, and mcm7K →

R were cloned into the pUR19-HindIII vector (Table in the chromosome is functional, suggesting that the
cells are very sensitive to precise levels of the Mcm7p2). These constructs included the complete mcm7� open

reading frame plus 2549 nucleotides upstream and 540 protein or mcm7 mRNA.
We constructed N-terminally tagged Mcm7p andnucleotides downstream, corresponding to the mcm7�

promoter and its endogenous stop sequence, respec- found that the protein complemented the mcm7-ts strain
and the null allele. However, in contrast to the untaggedtively. As shown in Figure 2, A and B, the wild-type

Mcm7p as well as the Mcm7K → R mutant could rescue protein, HA-Mcm7K → R could not rescue the mcm7-98
defect at 36� (Table 2), suggesting that the HA epitopethe mcm7-98 temperature defect, while D → A and K → A

could not. Equivalent results were obtained when testing negatively affects the activity of the Mcm7p K409R mu-
tant. These results indicate that the HA tag is not neutralthe ability of these proteins to complement the null

allele (Figure 2A). These results show that nonconserva- in Mcm7p.
In a final attempt to have tagged Mcm7 proteins thattive changes in crucial residues in the A and B motifs

abolish the function of Mcm7p. would behave as the untagged counterparts, we cloned
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the mcm7 derivatives with a 3� HA epitope tag under
the control of the mcm7� promoter (Table 2). The wild-
type Mcm7p-HA protein was able to rescue mcm7-98 and
the null allele, in contrast to the episomal nmt-mcm7�-
HA. Since the only difference is the promoter, we suggest
that the mcm7� gene may require some form of tran-
scriptional regulation. However, the mutant Mcm7-
K → R-HA did not complement as well as the untagged
version (Figure 2A). We conclude that Mcm7K409R is
a functional protein that becomes defective when a tri-
ple-HA epitope is added at either end: a synthetic pheno-
type.

Interestingly, overexpression of the functional wild-
type HA-Mcm7p from an episome or an integrated allele
was toxic for normal cell growth and viability.

Analysis of MCM complex formation by Mcm4p mu-
tants: To investigate the ability of mutant MCMs to form
a complex or localize properly in vivo, the proteins must
be expressed in a wild-type cell (to maintain viability), Figure 3.—Nonconservative mutations in Mcm4p Walker
with an epitope tag (to distinguish it from the wild- motifs reduce MCM complex formation. (A) Plasmids
type protein). Only in the case of Mcm4 was there no pMGC32, pEBG4, pEBG5, and pEBG6, encoding for Mcm4p-

HA (WT), Mcm4D → A-HA (DA), Mcm4K → A-HA (KA), andsignificant difference in the behavior of tagged and
Mcm4K → R-HA (KR), respectively, were transformed intountagged proteins, so our protein analysis focused on
the wild-type strain FY254. Cells were grown at 32� in minimal

this MCM subunit. media plus the indicated concentrations of thiamine. Protein
To analyze complex assembly, we used a co-immuno- lysates were separated by SDS-PAGE and transferred to Im-

precipitation competition strategy in which mutant pro- mobilon. Endogenous Mcm4p and the HA-tagged proteins
were detected with anti-Mcm4p antibodies (anti-mcm4), andteins are expressed at low levels and immunoprecipi-
HA antibodies (anti-HA) revealed the HA-tagged proteins. (B)tated; other members in the MCM complex are detected
The HA-tagged proteins were selectively immunoprecipitated

by Western blot (Sherman et al. 1998). Plasmids coding with antibodies to HA. The immunoprecipitated proteins were
for wild-type and mutant derivatives were transformed separated by SDS-PAGE, transferred to Immobilon, and blot-
into a wild-type strain. To compare relative complex ted with the indicated MCM antibodies. Note that Mcm4D →

A-HA has a faster mobility.affinity, the expression levels of the tagged proteins have
to be similar to one another and to the endogenous
wild-type Mcm4p levels. When cells were grown with

In situ chromatin localization: Next, we investigatedthe same concentration of thiamine, we noted that the
the ability of the mutant HA-tagged Mcm4p to localizeexpression levels of the different tagged proteins varied
to the nucleus and to bind to chromatin. In fission yeast,reproducibly (data not shown). We accommodated this
MCMs are nuclear throughout the cell cycle (Maioranoby culturing the cells in different thiamine concentra-
et al. 1996; Okishio et al. 1996; Sherman and Forsburgtions as indicated in Figure 3A.
1998; Pasion and Forsburg 1999; Liang and Fors-The HA-tagged proteins were immunoprecipitated
burg 2001) but periodic association with chromatin hasand Western blot analysis was used to detect coprecipi-
been reported (Ogawa et al. 1999; Kearsey et al. 2000).tating MCM proteins (Figure 3B). The amount of immu-
Recently a new technique was published to analyze thenoprecipitated HA-tagged proteins was determined by
chromatin association of fission yeast proteins on theblotting with an anti-Mcm4 antibody (Figure 3B). The
basis of detection of Mcm4p-green fluorescent proteinendogenous wild-type Mcm4p was not detected in the
(GFP) fluorescence in permeabilized cells after extrac-anti-HA precipitates, suggesting that there is only one
tion with a nonionic detergent (Kearsey et al. 2000).molecule of Mcm4p protein per complex. Similar re-
In permeabilized cells that were not detergent washed,sults were reported for Mcm2p (Sherman et al. 1998).
Mcm4p-GFP was nuclear throughout the cell cycle, butCompared to the amount of MCMs bound to Mcm4p-
following detergent extraction, Mcm4p-GFP nuclear lo-HA, normal levels of MCMs coprecipitated with Mcm4-
calization was visualized only in the nucleus of binucle-K → R-HA, while somewhat reduced levels were associ-
ate (M/G1/S phase) cells, where it is bound to chro-ated with Mcm4D → A-HA and Mcm4K → A-HA (Figure
matin.3B). These results show that all the mutants can assem-

We modified this technique to analyze fission yeastble into a complex, although the nonconservative mu-
HA-tagged proteins during the cell cycle (see materialstants have reduced affinity. Interestingly, all the copre-
and methods). Our revised method differs primarily incipitated MCMs were affected to the same extent. These
the use of 0.025% (low) Triton X-100 washes to enhancedata suggest that the Walker domains of Mcm4p contrib-

ute to the formation of a stable MCM2-7 complex. nuclear signal without delocalizing the HA-tagged pro-
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Figure 4.—The Mcm4p
Walker A and B domain mu-
tants can localize to the nu-
cleus but only Mcm4p K to R
can bind to chromatin. Cells
were permeabilized and washed
with 0.025% Triton X-100 or
1% Triton X-100 as indicated.
DNA was visualized by DAPI
staining (DNA). HA-tagged
proteins were visualized using
the HA antibody and a second-
ary antibody conjugated to Cy3
(HA). Bar, 10 �m. (A) Chro-
matin-binding analysis of S.
pombe HA-tagged Mcm2p, Mcm-
4p, and Orp1p. The Mcm-
2p-HA (FY798), Mcm4p-HA
(FY1718), and Orp1p-HA (FY-
793) proteins were expressed
from the native promoters as
the only copies in the cells. (B)
mcm4� and the mutant ver-
sions, HA tagged at the 3� end
and under the control of the
nmt promoter, were integrated
at the leu1 locus of strain FY254.
Cells were grown at 32� in the
presence of thiamine. Cells
were photographed using the
same exposure times. 4 WT,
Mcm4p-HA; 4 K → R, Mcm4-
K → R-HA; 4 K → A, Mcm4K →
A-HA; 4 D → A, Mcm4D → A-
HA. (C) Mcm4p K to R mutants
also bind to chromatin in hy-

droxyurea S-phase-arrested cells. Strains with the integrated HA-tagged mcm4 genes under the control of the nmt promoter were
incubated for 3.5 hr with 15 �m hydroxyurea in the presence of thiamine. Cells were photographed using the same exposure
times.

teins. To test this method we analyzed the localization complexes have to compete to enter the nucleus and
to bind to chromatin. Cells were grown asynchronouslyand chromatin binding of Mcm2p-HA (FY798), Mcm4p-

HA (FY1718), and Orp1p-HA (FY793) integrated at the in media containing thiamine, permeabilized, treated
with low or high Triton X-100, and fixed. Western blotendogenous locus (Figure 4A). The proteins were local-

ized to the nucleus in all cells when treated with low analysis confirmed the expression of similar levels of
HA-tagged proteins (data not shown). In cells treatedTriton X-100. Orp1p-HA remained nuclear throughout

the cell cycle when cells were washed with 1% (high) with low Triton X-100, Mcm4p-HA and the HA-tagged
mutant proteins were nuclear throughout the cell cycleTriton X-100, while Mcm2p-HA and Mcm4p-HA were

visible in binucleate cells only. These results agree with (Figure 4B), indicating that all the analyzed proteins
can localize to the nucleus. After detergent extractionthe previous Mcm4p-GFP published data indicating that

Mcm2p and Mcm4p bind to chromatin only at the end (� 1% Triton X-100), nuclear localization was lost in
mononucleate G2 cells. Binucleate cells retained nu-of mitosis and during G1/S phase (binucleate cells;

Kearsey et al. 2000), while Orp1p associates with chro- clear localization only when Mcm4p-HA and Mcm4-
K → R-HA proteins were expressed (Figure 4B). Thematin throughout the cell cycle (Lygerou and Nurse

1999). intensity of the signal was weaker in the K to R mutant
when compared with Mcm4p-HA. Thus chromatin bind-Mcm4-HA clones under the control of the nmt pro-

moter were integrated into the leu1� locus of strain ing appears particularly sensitive to mutations of the
MCM4 Walker motifs.FY254 to eliminate cell-to-cell variation observed in ex-

pression from episomes (e.g., Pasion and Forsburg To further analyze the ability of these mutants to bind
to chromatin, we arrested the cells as mononucleates1999). As for the association assays, the HA-tagged pro-

teins have to compete with the endogenous Mcm4p for in early S phase with hydroxyurea (Figure 4C). After
3.5 hr in 15 mm hydroxyurea, a high proportion of theassociation with the other MCMs, and the mutant MCM
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Figure 5.—Walker A mo-
tif mutant proteins have a
dominant negative pheno-
type when overproduced.
Strains carrying the nmt-
mcm4 HA-tagged wild-type
and mutant genes inte-
grated at the leu1 locus of
strain FY254 were analyzed.
WT, D → A, K → A, and
K → R correspond to cells
expressing Mcm4p-HA,
Mcm4-D → A-HA, Mcm4K →
A-HA, and Mcm4K → R-
HA, respectively. (A) Cells
were streaked on � thia-
mine and � thiamine plates
as indicated and grown at
32� for 3 days. (B) Cells were
grown at 32� in liquid me-
dium lacking thiamine for
a maximum of 23 hr. Cells
were ethanol fixed and ana-
lyzed by flow cytometry;
shown are histograms of
DNA content. (C) DAPI
staining of cells analyzed in
B. Bar, 10 �m.

cells had a 1C DNA content (data not shown). Cells hr (Figure 5, B and C). The DNA fluorescence profiles
of cells overproducing Mcm4D → A-HA and Mcm4K →washed with low Triton X-100 had the HA-tagged pro-

teins in the nucleus (Figure 4C). When treated with R-HA were indistinguishable from one another and
slightly wider than when Mcm4p-HA was overproducedhigh Triton X-100, only Mcm4p-HA and Mcm4K → R-

HA proteins remained chromatin bound (Figure 4C). (Figure 5B). In contrast, the peak of DNA content was
much broader when Mcm4K → A-HA was overproducedFrom these results we conclude that the three non-

functional Mcm4p mutant proteins can localize to the (Figure 5B). Cells were DAPI stained and visualized
under the microscope (Figure 5C). Cells overproducingnucleus, but only the Mcm4K → R-HA mutant protein

can bind to chromatin. However, the mutant Mcm4- Mcm4p-HA and Mcm4D → A-HA were slightly elon-
gated and one DAPI-stained body was visualized perK → R-MCM complexes appear less efficient at binding

to chromatin than wild-type MCM complexes. cell. When Mcm4K → R-HA was overproduced, cells
were elongated and some nuclear fragmentation wasWalker A domain mutant proteins have a dominant

negative phenotype when overproduced: As previously detected; this was dramatically exacerbated when Mcm4-
K → A-HA was overproduced (Figure 5C). Interestingly,reported (Maiorano et al. 1996; Forsburg et al. 1997),

when mcm4� is expressed by full-strength nmt promoter only the Walker A motif mutants had a dominant nega-
tive phenotype, suggesting that nucleotide-binding andon an episome at 32� it is dominant negative in wild-

type cells. When nmt-mcm4HA was present as a single hydrolysis domains might be important for different
aspects of Mcm4p function. However, these phenotypescopy in the cell (strain FY1602), overproduction of

Mcm4p-HA protein was not toxic (Figure 5A). To test did not correlate with chromatin binding or complex
assembly. Table 3 summarizes these results.the effect of overproducing the Mcm4 mutant proteins,

strains FY1603, FY1604, and FY1605 were streaked on Mcm4p and Mcm7p with mutations in the consensus
CDK phosphorylation sites are functional proteins: Weplates without thiamine and incubated at 32�. After 3

days, overproduction of Mcm4D → A-HA had no pheno- investigated the role of CDK phosphorylation of Mcm4p
and Mcm7p by mutating the two CDK consensus sitestype: Colony formation was normal and cell and colony

morphology was similar to cells overproducing Mcm4p- at positions 15 and 112 of Mcm4p to alanine (mimics
an unphosphorylated protein), serine (alternate phos-HA (Figure 5A). In contrast, overproduction of Mcm4-

K → A-HA and to a lesser extent Mcm4K → R-HA was phate acceptor), or glutamate (mimics a constitutively
phosphorylated protein). We found that Mcm4p withtoxic for the cells: Colonies were much smaller and cells

were elongated (Figure 5A). To analyze this dominant all of these mutations is fully functional. These mutant
proteins complement the temperature sensitivity ofnegative overproduction phenotype, cells were grown

in liquid media lacking thiamine for a maximun of 23 mcm4-M68 (Figure 6A) and are wild type for growth
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TABLE 3

Summary of the Mcm4p mutant properties

Dominant
Mcm4p Interaction with Localization to Binding to negative
mutant Complementation other MCMs the nucleus chromatin when OP

D → A � � � � �
K → A � � � � �
K → R � � � � �

OP, overproduced; �, same activity as wild type; �, no activity; �, reduced activity.

rate and cell cycle progression when integrated into the initiation but also for elongation. Mammalian (Ishimi
1997; You et al. 1999) as well as fission yeast (Lee andgenome as the only copy of mcm4 (data not shown).

Further, these Mcm4p mutants did not affect the rate Hurwitz 2000) “core” MCMs (MCM4, -6, and -7) have
been shown to have helicase activity in vitro, leading toof rereplication in fission yeast cells overexpressing

Cdc18p or Rum1p (data not shown). To determine if the model that the MCM complex is a replicative heli-
case at the moving fork. However, the complete MCMMcm4p lacking the CDK consensus sites is no longer a

substrate for CDK phosphorylation, we expressed the hexamer (MCM2–7), which is found in vivo, does not
have helicase activity in vitro (Adachi et al. 1997; Ishimifirst 384 amino acids of wild-type or T15A T112A Mcm4p

in bacteria. When purified protein was added to Cdc2p/ et al. 1998; Lee and Hurwitz 2000; Sato et al. 2000).
We examined mutations that were shown to affectCdc13-HAp immunoprecipitated from fission yeast ex-

tracts, we found that both Mcm4p fragments were phos- the in vitro DNA helicase activity of the core MCMs
(You et al. 1999) to determine their effect upon in vivophorylated equivalently (Figure 6B). In addition, when

we constructed a version of Mcm7p with a mutation of function. We constructed point mutations in the Walker
the single CDK consensus site at position 546 to alanine, A and B motifs characteristic of ATPases. Surprisingly,
we found that this protein was able to complement the not all corresponding mutations that abolished the in
growth defect of mcm7-98 at the restrictive temperature vitro DNA helicase activity of the mouse hexameric
(Figure 6A) as well as complement 
mcm7 (data not Mcm4/6/7p subcomplex (You et al. 1999) affected the
shown). Thus, the CDK consensus sequences are not in vivo function of fission yeast MCM complex (Table
required for protein activity. 4). That is, there is not a simple correlation between in

vitro and in vivo phenotypes.
Substitutions in the mouse Mcm6p Walker B motif

DISCUSSION completely abolished the in vitro DNA helicase activity
of the mutant subcomplex (You et al. 1999), althoughThe MCM proteins are members of the large AAA�

ATPase family and are required not only for replication equivalent mutations in fission yeast Mcm6p resulted in

Figure 6.—Mcm4p and Mcm7p with
mutations in the consensus CDK phos-
phorylation sites are functional proteins.
(A) mcm4-M68 (FY784) transformed
with empty vector (pIRT2) or wild-type
(pAC1), 2T → 2A (T15A T112A, pMGC-
39), 2T → 2S (T15S T112S, pMGC40),
or 2T → 2E (T15E T112E, pMGC41)
mcm4-containing plasmid (top) and
mcm7-98 (FY1199) transformed with
empty vector (pUR19-H), wild-type
(pEBG30), or T → A (T546A, pEBG43)
mcm7-containing plasmid (bottom) were
grown at 36� for 3 days. (B) Cdc2/Cdc13
was immunoprecipitated from fission
yeast extracts and incubated with [�-
32P]ATP and histone H1 (positive con-
trol for kinase activity) or the first 384
amino acids of wild-type or 2T → 2A
(T15A T112A) Mcm4p produced in bac-
terial cells. 32P incorporation (left) and
protein loading (right) are shown.
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TABLE 4

Comparison of the in vivo results with the in vitro published activities of the MCM4/6/7 subcomplex

Data from You et al. (1999)a

In vitro In vitro
In vivo DNA helicase ATPase

MCM mutant complementation activity activity

ATP-binding and hydrolysis motifs
WT MCM � ���� ����
Mcm4 Walker A K → A � ND ND

K → R � ND ND
Walker B D → A � ��b ����b

Mcm6 Walker A K → A � ND ND
K → R � ND ND
KS → AA � � ���

Walker B DE → AA � � ����
Mcm7 Walker A K → R �

K → A �
D → A �

Mcm2c Walker A K → R �
K → A �

Mcm2c Walker B D → A �

CDK P sites
Mcm4 CDK T15A T112A �

P site T15S T112S �
T15E T112E �

Mcm7 CDK P site T546A �

P, phosphorylation.
a The activity of the subcomplex Mcm4/6/7 is shown by the number of plus signs. Wild-type Mcm4/6/7 is

indicated as ���� (You et al. 1999).
b Activity of mouse Mcm4p Walker B motif DE → AA double mutant.
c Data published in Forsburg et al. (1997).

complementation. Thus, the Mcm6p Walker B motif MCM protein in the intact hexamer. The in vitro studies
were carried out using a subset of the MCM proteins,appears to be essential for in vitro DNA helicase activity

(You et al. 1999) but dispensable for in vivo MCM com- as helicase activity was not obtained with the complete
MCM2–7 complex. In contrast, studies in vivo suggestplex function. None of the single mutations in Mcm6p

disrupted complementation, although the double that all MCMs are present and contribute similarly to
complex function (Aparicio et al. 1997; Sherman et al.Walker A motif mutant KS → AA was not able to comple-

ment. Data from other ATPases showed that single mu- 1998; Labib et al. 2000; Liang and Forsburg 2001), so
perhaps Mcm2, -3, or -5 is responsible for the activitytations of the crucial lysine in the Walker A motif abolish

ATPase activity and in vivo function (Laurent et al. associated with Mcm6p in the in vitro experiments.
Previous results from our lab showed that a conserva-1993; Singh and Maurizi 1994; Rikkonen 1996). It is

possible that the double mutation introduced in fission tive substitution of the Mcm2p Walker A domain lysine
was able to rescue mcm2-ts and 
mcm2 mutations, al-yeast Mcm6p Walker A domain could alter the protein

structure, rather than simply affect its ATP binding. though a nonconservative substitution gave a nonfunc-
tional protein (Forsburg et al. 1997). These data resem-Unfortunately, we could not examine the behavior of

this protein in vivo, as it could not be epitope tagged. ble the results obtained with Mcm7p where the K409R
was functional while K409A was not. In several proteins,Interestingly, You et al. (1999) showed that Mcm6p is

responsible for ATP binding by MCM4/6/7 and Mcm6p mutations of the Walker A motif lysine to arginine abol-
ish ATPase activity but not their ability to bind ATPmutant subcomplexes cannot bind ATP (You et al.

1999). However, our in vivo results suggest that Mcm6p (Rehrauer and Kowalczykowski 1993; Sung and
Stratton 1996; Sung et al. 1988). These results suggestis not directly involved in the MCM complex ATP-bind-

ing and hydrolysis activities. It is possible that in vitro the crucial role of ATP in Mcm2p and Mcm7p may be
in binding, rather than hydrolysis.Mcm6p Walker domains are essential for MCM4/6/7

subcomplex ATP binding and thus helicase activity, but A recent published article (Schwacha and Bell
2001) shows some discrepancies with our in vivo muta-in vivo this function can be carried out by a different
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tional analysis. Schwacha and Bell analyze the ability of bound to Mcm4p is necessary for its association with
the other MCMs. Interestingly, both K → A and D →Saccharomyces cerevisiae MCM Walker A and B mutant

proteins to complement null MCM strains using tagged A mutants were similarly affected in their ability to form
a stable MCM complex, suggesting that in vivo theyMCMp versions under the control of the MCM5 pro-

moter. In our study we found that the HA epitope added might have similar defects.
Although ATP binding is involved in oligomerizationto either end of fission yeast MCM proteins is not neu-

tral, especially if combined with other mutations. We of T7 gp4 helicase subunits, other hydrophobic and
electrostatic interactions also contribute to the associa-speculate that some of the observed differences could

be attributed to the use of a tag. However, the intrinsic tion and stability of the hexameric structure (Sawaya
et al. 1999). The fact that neither Walker A nor B domaindifferences between fission and budding yeasts should

also be considered. mutations completely abolished Mcm4p complex for-
mation suggests that other regions of Mcm4p must beAn additional finding came out of this study; muta-

tions of the consensus CDK phosphorylation sites (S/T also involved in association. Because these mutant pro-
teins were still able to form a MCM complex, we alsoP XX K/R) in Mcm4p and Mcm7p did not have any

significant effect on the function of the proteins. In conclude that none of these mutations seriously disrupts
Mcm4p structure.the case of Mcm4p, phosphorylation by CDKs has been

demonstrated in higher eukaryotes and correlates with The ability of the Mcm4p mutants to localize to the
nucleus and bind to chromatin was analyzed using anloss of chromatin association (Coue et al. 1996; Hen-

drickson et al. 1996; Fujita et al. 1998). Mutation of in situ chromatin-binding assay (Kearsey et al. 2000).
The three HA-tagged mutants could localize to the nu-the consensus sites in S. pombe Mcm4p did not have

any effect on protein phosphorylation, suggesting that cleus similarly to wild-type Mcm4p-HA (Figures 4 and
5). Previous reports from our lab showed that complexadditional SP or TP residues may be phosphorylated;

these are numerous throughout the protein. Similar formation is necessary for proper MCM complex nu-
clear localization (Pasion and Forsburg 1999). AllCDK phosphorylation of sites that do not contain the

final basic residue has been observed for Orp2p (Vas Mcm4p mutants can, to some extent, assemble into a
complex and, therefore, be imported into the nucleus.et al. 2001). As is seen for S. cerevisiae, it may be necessary

to combine CDK mutations in multiple proteins to ob- Interestingly, there was no difference in cytoplasmic
staining between Mcm4 wild-type and mutant proteins,serve a phenotype (Nguyen et al. 2001).

For all the MCMs analyzed, both K → A and D → A suggesting that their nuclear localization is as effective
as wild type.mutations always had the same phenotype. Some reports

show that mutations in Walker B motifs abolish ATPase In contrast, chromatin binding was defective in all three
mutants. Mcm4-HA K → A and D → A mutants showed noactivity but do not affect ATP binding (Pause and

Sonenberg 1992; Brosh and Matson 1995). However, chromatin binding, while for the conservative mutant
K → R it was reduced. Since this mutant is likely to haveothers reported that mutations in this domain abolished

binding as well (Klemm et al. 1997). Our findings suggest residual ATP binding (Sung et al. 1988; Rehrauer and
Kowalczykowski 1993; Sung and Stratton 1996), wethat neither mutant binds ATP, although in vitro bio-

chemical studies will be required to confirm this. suggest that ATP bound to Mcm4p is required for the
association of the MCM complex with chromatin and/Our most detailed analysis was carried out on Mcm4p,

since a tagged version of this protein behaved identically or association with other prereplicative complex pro-
teins.to the untagged version, facilitating protein analysis in

cells. We analyzed the importance of the ATP-binding Either ATP or a nonhydrolyzable analog stabilizes
chromatin binding of human MCMs (Fujita et al. 1997).and hydrolysis domains in the formation of the MCM

complex. Interestingly, although none of these mutants Similarly, DNA binding of SV40 and polyomavirus
T-antigen is enhanced by ATP and also by AMP-PNPare functional, their ability to assemble into the MCM

complex is different (Figure 3B). Several reports show (Deb and Tegtmeyer 1987; Lorimer et al. 1991). In
budding yeast, origin recognition complex (Orc)1pthat formation and stability of some protein complexes

depend on nucleotide binding (e.g., Singh and Maurizi ATP binding, but not hydrolysis, is responsible for the
ATP dependence of ORC DNA binding (Klemm et al.1994; Sawaya et al. 1999; Singh et al. 1999; Zhang et

al. 2000; Jeruzalmi et al. 2001). In most hexameric 1997). These observations are consistent with our results
with Mcm4p mutants defective in chromatin binding,helicases, the formation of the ring hexamer structure

requires nucleotide binding and Mg�� (reviewed in but this could also indicate that ATP is required for
complex assembly, which is in turn required for chroma-Patel and Pichia 2000). For some AAA� family mem-

bers, oligomerization is promoted both by nonhydrolyz- tin association.
The different phenotypes we observe in subunits withable ATP analogs or by creating mutations that block

ATP hydrolysis (reviewed in Vale 2000). The differ- similar mutations suggest that each subunit has a differ-
ent role in the activity of the MCM complex. Biochemi-ences observed between conservative and nonconserva-

tive substitutions in the Walker A motif suggest that ATP cal studies using the 4A� product of T7 g4 DNA helicase
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intimate view of an ATP-driven biological machine. Cell 106:showed that the six identical subunits are functionally
655–660.

distinct; similar to the F1-ATPase, 4A� T7 product also Forsburg, S. L., and P. Nurse, 1994 The fission yeast cdc19� gene
encodes a member of the MCM family of replication proteins.has noncatalytic and catalytic sites, and it was proposed
J. Cell Sci. 107: 2779–2788.that both proteins function in a similar way (Hingorani

Forsburg, S. L., D. A. Sherman, S. Ottilie, J. R. Yasuda and J. A.
et al. 1997). In the case of the bacterial clamp loader, Hodson, 1997 Mutational analysis of Cdc19p, a Schizosaccharo-

myces pombe MCM protein. Genetics 147: 1025–1041.the three �-subunits have different tertiary structures
Fujita, M., T. Kiyono, Y. Hayashi and M. Ishibashi, 1997 In vivo(reviewed in Ellison and Stillman 2001). As suggested
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