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Summary

During the eukaryotic cell cycle, accurate transmission of
genetic information to progeny is ensured by the operation
of cell cycle checkpoints. Checkpoints are regulatory
mechanisms that block cell cycle progression when key
cellular processes are defective or chromosomes are
damaged. During meiosis, genetic recombination between
homologous chromosomes is essential for proper
chromosome segregation at the first meiotic division. In
response to incomplete recombination, the pachytene
checkpoint (also known as the meiotic recombination
checkpoint) arrests or delays meiotic cell cycle progression,
thus preventing the formation of defective gametes. Here,
we describe a role for a meiosis-specific kinase, Mek1, in
the meiotic recombination checkpoint in fission yeast.
Mekl1 belongs to the Cds1/Rad53/Chk2 family of kinases
containing forkhead-associated domains, which participate
in a number of checkpoint responses from yeast to
mammals. We show that defects in meiotic recombination

generated by the lack of the fission yeast Meul3 protein
lead to a delay in entry into meiosis | owing to inhibitory
phosphorylation of the cyclin-dependent kinase Cdc2 on
tyrosine 15. Mutation of mek1* alleviates this chekpoint-
induced delay, resulting in the formation of largely inviable
meiotic  products. Experiments involving ectopic
overexpression of themekl' gene indicate that Mekl
inhibits the Cdc25 phosphatase, which is responsible for
dephosphorylation of Cdc2 on tyrosine 15. Furthermore,
the meiotic recombination checkpoint is impaired in a
cdc25phosphorylation site mutant. Thus, we provide the
first evidence of a connection between an effector kinase of
the meiotic recombination checkpoint and a crucial cell
cycle regulator and present a model for the operation of
this meiotic checkpoint in fission yeast.

Key words: Meiosis, Checkpoint, Mek1, Meiotic recombination, Cell
cycle, Fission yeast

Introduction

organisms, these associations are stabilized by synapsis, which

Eukaryotic cell division consists of a highly regulated sequenci the formation of an elaborate proteinaceous structure (the
of events that must occur in the appropriate order. Checkpoinggnaptonemal complex; SC) that holds homologs close
are control mechanisms that prevent initiation of late event®gether along their entire length. Concomitantly, DNA
until earlier events have been successfully completed, thii§combination between homologous chromosomes takes place.
ensuring faithful transmission of genetic information to theln addition to the exchange of genetic information, the result
progeny (Hartwell and Weinert, 1989). In response to defectivef these interactions is the formation of physical connections
cellular processes and/or alterations of genome integrity, theb€tween homologs, called chiasmata, which promote correct
surveillance mechanisms arrest or delay cell cycle progressioghromosome segregation during the first meiotic division
Checkpoints pathways are composed of sensors that detect {reviewed by Roeder, 1997; Smith and Nicolas, 1998; Zickler
cellular defect or DNA lesions, generating a signal that i€nd Kleckner, 1999; Lee and Amon, 2001).
transmitted through a transduction pathway usually formed by Meiotic cells possess a surveillance mechanism referred to
protein kinases. Ultimately, checkpoint effectors act on cellulags the ‘pachytene checkpoint’ or the ‘meiotic recombination
targets, triggering various responses, including cell cycle arresheckpoint’ that monitors these critical meiosis-specific events.
or delay and DNA repair. In mammals, defects in checkpoinkeiotic recombination is initiated by DNA double-strand
responses cause genomic instability, leading to tumdpreaks (DSBs), which are repaired using nonsister chromatids
development (reviewed by Weinert, 1998; Lowndes ancs templates. In response to defects in recombination that
Murguia, 2000; Melo and Toczyski, 2002). lead to accumulation of unrepaired DSBs and/or other
Meiosis is a specialized type of cell division that generategecombination intermediates, the pachytene checkpoint
haploid gametes from diploid parental cells because a singtgggers meiotic cell cycle arrest or delay to prevent meiotic
round of DNA replication is followed by two consecutive chromosome missegregation (Roeder and Bailis, 2000).
nuclear divisions. During meiotic prophase, a complex series A number of studies in the budding ye&stccharomyces
of interactions between homologous chromosomes (azerevisiaéhave identified several components of the pachytene
homologs) occur. First, chromosomes search for and associateeckpoint (Roeder and Bailis, 2000). DNA damage
with the homologous partners (pairing). In most (but not allcheckpoint proteins that respond to DSBs in vegetative cells
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also monitor these lesions during meiosis; however, there aselected and the presence of the nine mutated phosphorylation sites
differences between the mitotic DNA damage checkpoint anih cdc25-9Awas verified by DNA sequencing. Growth conditions
the meiotic recombination checkpoint. First, some DNAand strain manipulations were described previously (Moreno et al.,
damage checkpoint proteins (e.g., Chk1, and Rad9) are nb{91). Diploid strains homozygous for the mating typeh() were
saure for (g pachyne checgont (Ll ol 15008 tivimou o po |t Hrementne
(P.A.S.-S. and G. S Roeder, unpubhshed). Secpnd, it ha; b.e iploid strains was carried out essentially as described previously
proposed that meiotic DSBs are monitored in a MeIoSiSp|anco et al., 2001).

specific chromosomal context and are not recognlzed_ aSTo clone themek® gene, thenek cDNA was amplified by PCR
‘general’ damage (Xu et al., 1997). Third, some crucialsing cDNA obtained from a 3-hopatlmeiotic culture (see Fig. 1)
pachytene checkpoint proteins, such as the nucleolar silenciagth primers mek1-N STTTTCTCGAGCATATGSACTTTTTAT-
factor Pch2 or the Mekl kinase, are produced only durin@ACATGCCATG-3 (Xhd site, underlinedNdd site, italicized) and
meiosis (Rockmill and Roeder, 1991; San-Segundo anahekl-C STTTTCCCGGGCTAGCGGCCGETAGCCGGGAAT-
Roeder, 1999). Fourth, the DNA damage checkpoint and tHeTTTAAGAGG-3 (Sma and Not sites, underlined; an added stop
pachytene checkpoint act on different targets of the cell cyclePdon, italicized). The PCR product was digested ¥ftd-Sma and

; ; loned into the same sites of the pREP3X vector (Forsburg, 1993),
Tgagcg;\)mery to block cell cycle progression (Leu and Roedefiroducing plasmid pSS123, which containek? cDNA under the

nmt1(3<) promoter. Th&dd-Smad fragment from pSS123 containing

The pachytene checkpoint has been extensively studied OWekl* was cloned into the same sites of pPREP41-EGFP-N (Craven et

in'S. cerevisiagbut its operation in worms, flies and mammalsy| “1998), generating plasmid pSS124, which expressid, N-

has been also reported (Edelmann et al., 1996; Pittman et aésminally tagged with GFP, from themt1(4%) promoter. Plasmid

1998; Yoshida et al., 1998; Ghabrial and Schupbach, 19981V1 was constructed by cloningPst-EcaRI fragment from pSS124

Gartner et al., 2000; MacQueen and Villeneuve, 2001; Abddontainingnmtl-GFP-mek1 into the same sites of the integrative

et al,, 2002). In fact, most (if not all) yeast pachytenevector pJK148 (Keeney and Boeke, 1994).

checkpoint proteins have homologs in other organisms (Roeder

and Bailis, 2000). However, although the fission yeas

Schizosacqharomyces pqrn'bea model prganism widely used .Spore viability was assayed by tetrad dissection. The frequency of

in checkpoint studies dL_Jrlng Fhe mitotic cell cycle (Mur.akamlm%iotic interg):enic recom)k;inatign was determined by rand?)m spyore

and quse, 2000), . I|t_tle IS !(nown about _Surve'”a_nceanalysis. Crosses were performed on MEA plates and, after 2 days,

mechanisms of meiosis-specific processes, in particulafores were isolated, grown on YES plates and replica-plated to

meiotic recombination. minimal medium. The number of recombinant spores was counted and
Here we show that the meiotic recombination checkpoinhormalized to the total number of viable spores.

does indeed operate $ pombgand we describe a role for a

meiosis-specific kinase, Mek1, in this control mechanism, _

Mekl contains a forkhead-associated (FHA) domain. FHAOrthern and western blotting _

motifs are usually implicated in protein-protein interactionsRNA preparation and northern blot analysis were performed as

regulated by phosphorylation (Durocher et al., 1999). W escribed previously (Blanco et al., 2001) usingnek® PCR

: P et gment amplified with oligomers mek1-N and mek1-C as a probe.
presept eV'deﬂce '”d.'c"?‘“”g 'th'at fission yeast Mel_<1 preven otal protein extracts were prepared as described elsewhere (Blanco
entry into the first meiotic division (MI) until recombination is

. . t al., 2000). For western blot analysis, +60of total extracts were
completed. The Mekl-dependent negative regulation of Ml on 1296 SDS-PAGE gels, transferred to nitrocellulose and probed
entry is achieved by maintaining phosphorylation of Cdc2 ajth the following antibodies: mouse monoclonal anti-HA (12CA5;
Tyrl5, at least in part, through inhibition of the Cdc250.15 mg/ml), rabbit polyclonal anti-Cdc2 (C2; 1:200 dilution), rabbit
phosphatase. polyclonal anti-phospho-Cdc2(Tyr15) (Cell Signaling Technology;
1:1000 dilution) and mouse monoclonal anti-tubulin (TAT1; 1:1000

. dilution). Goat anti-rabbit or goat anti-mouse antibodies conjugated
Mat_erlals and Mgthods to horseradish peroxidase (Amersham) were used as secondary
Strains and plasmids antibodies (1:3500 and 1:2000 dilution, respectively). Immunoblots
Fission yeast strains used in this work are listed in Table 1. To deleteere developed using the Luminol Reagent (Santa Cruz
the mek? and meul3 genes, a PCR-based strategy was usediotechnology) or the SuperSignal kit (Pierce).

(Bahler et al., 1998). The whole ORF was replaced fokamdX6

or theura4™ marker. The same approach was used for taggigt’

with three copies of the HA epitope immediately before the stofrlow cytometry

codon at its genomic locus. Strains expressirgkl tagged with  Flow cytometric analysis was performed on a Becton-Dickinson
GFP integrated in the genome under control of the thiamineFACSscan using propidium iodide staining of cells (Sazer and
repressiblexmtlpromoter were constructed by transformation with Sherwood, 1990).

plasmid pLV1 (see below) cut withrul to target the construct to

theleul-32locus. Strain S1299 carrying tleelc25-9Aallele at the )

genomic locus was constructed as follows. Mad-Smd fragment ~ Microscopy

containing the cdc25-9A gene was obtained from plasmid For the analysis of meiotic progression, cells were fixed in 70%
pGEX2TN(Hpal)-Cdc25(9A) (Zeng and Piwnica-Worms, 1999) andethanol and processed for DAPI staining of nuclei as described
used to transform adc25-22temperature-sensitive strain (PN35). previously (Moreno et al.,, 1991). To study the subcellular
Transformants were initially selected on YES plates at 36°C; theropcalization of Mek1-HA, immunofluorescence analysis was
several colonies were patched and replica-plated to YES-phloxiperformed essentially as described previously (Santos and Snyder,
plates containing 0.05% and 0.005% methylmethane sulphonat®97), except that PEMBAL buffer (100 mM PIPES pH 6.9, 1 mM
(MMS). Transformants showing a defective response to MMS wer&€GTA, 1 mM MgSO4, 1% BSA, 0.1% azide, 0.1 M L-lysine HCI)

&enetic procedures
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Table 1. Yeast strains

Strain Genotype

PN22 h~ leul-32

PN35 h* leul-32 cdc25-22

S145 h= leul-32 weel-50

S176 h* leul-32 ade6-M210 cdc2-3w

S778 h* leul-32 ade6-M216

S781 h~ leul-32 ade6-M210

S898 h* leul-32 ura4-259 cdc25::urd4 cdc2-3w

S964 h/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32

S1285 h*  his5-303

S1291 h* ade6-M216 leul-32 mekl::kanMX6

S1292 h~ ade6-M210 leul-32 mekl::kanMX6

S1293 h7/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32 mekl::kanMX6 /mekl::kanMX6

S1294 h/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32 mekl1l-3HA-kanMX6/mekl-3HA-kanMX6

S1295 h/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32 ura4-d18/ura4-d18 meul3meat3: urad

S1296 h-/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32 ura4-d18/ura4-d18 meul3mema3::urad
mek1::kanMX6/mek1::kanMX6

S1297 h~ leul-32 ade6-M210 nmtl(41X)-mekl-GFP::feul

S1298 h/h~ patl-114/patl-114 ade6-M216/ade6-M210 nmtl(41X)-mekl-GFP:fleul-32

S1299 h* leul-32 cdc25-9A

S1300 h~ leul-32 mekl::kanMX6

S1301 h* his5-303 mekl::kanMX6

S1302 h* leul-32 ade6-M210 nmtl(41X)-mekl1l-GFP::feutdc25-9A

S1306 h/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32 meul3:: ka6l 3::kanMX86

S1307 h/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32 meul3: kareiBl3::kanMX6 cdc25-9A/cdc25-9A

S1308 h/h~ patl-114/patl-114 ade6-M216/ade6-M210 leul-32/leul-32 cdc25-9A/cdc25-9A

was used instead of PBS. Mouse monoclonal anti-HA antibodyhe S. pombe Mek1 protein is produced during meiotic
(HA.11, Covance) was used at 1:150 dilution. Goat anti-mousprophase and localizes to the nucleus
antibody conjugated to CY3 (Jackson ImmunoResearch Labs) WaSypression of thenek? gene was monitored by northern blot
“.Sedl.asd the Seco”dzary a”;\ib.c’d)l’ (21:230 dilution).  Cells werg 4 ysis during gatl-driven synchronous meiosis (Fig. 2A-
visualized USIng a Ze1ss AXioplans TUOrescence MICroscopg,) - consistent with the results shown above, no expression of
equipped with a Hamamatsu CCD camera. mek? is detected in vegetatively growing cells; its expression
is induced at the same time as the onset of premeiotic S phase
and reaches the maximum level during the period

Results o B corresponding to meiotic prophase; therekl mRNA levels
S. pombe Mek1: a meiosis-specific member of the FHA decrease as cells enter into the first meiotic division (Fig. 2A-
family of checkpoint kinases C). The production of the Mekl protein was analyzed by

Bioinformatic analysis of the fission yeast genomewestern blot using anti-HA antibodies in a meiotic time course
(http://www.sanger.ac.uk/Projects/S_pombe/) revealed thaif patl-114diploid cells expressing a functional version of
S. pombe possesses a putative open reading framenek? tagged with three copies of the HA epitope. The kinetics
(SPAC14C4.03), which encodes a 445 amino-acid proteinof Mek1-HA production is similar to the one described above
with a high degree of similarity to tH& cerevisiagneiosis- for mek* mRNA (Fig. 2D).

specific kinase Mek1 (Fig. 1A; 34% identitity, 54% similarity, To determine the subcellular location of Mekl,
BLAST e-value: 410-58). In addition to the kinase domain immunofluorescence analysis p&t1-114 mek1-HAdiploid
(amino acids 160-421)S. pombeMekl contains a FHA cells was carried out using anti-HA antibodies. The Mekl
domain (amino acids 62-116), which is characteristic of grotein localizes to the nucleus of meiotic cells during the
conserved family of kinases involved in different checkpointorse-tail movement period (Fig. 2E). No staining is detected
responses in eukaryotic cells (Fig. 1B) (Durocher et alin control cells lacking the HA epitope (data not shown).
1999).

The S. pombe meklgene was cloned by polymerase chain o o o )
reaction (PCR) using Specific primers and genomic DNA OSpore V|ab|I|ty and meiotic recombination are reduced in
cDNA as the template (see Materials and Methods; Fig. 1Cjhe mek1 mutant
No PCR product correspondingrmek® was amplified when To study Mekl function during meiosis in fission yeast, the
cDNA obtained from vegetative cells was used (Fig. 1C)mek gene was deleted. Timeklmutant completes meiotic
However, a PCR fragment of the expected size was obtainelivisions and sporulation, generating morphologically normal
when cDNA fromS. pombeells at the early stages of meiosis four-spore asci. However, tetrad dissection revealed that spore
was used (Fig. 1C), indicating that theek gene is only viability is reduced in theneklmutant compared to wildtype
expressed in meiotic cells. The difference in size ofikkl (64% versus 89%, respectively). Although the overall decrease
fragment amplified from genomic DNA or from cDNA is in spore viability oimeklis not dramatic, the fraction of tetrads
consistent with the presence of the two predicted introns in th@ntaining four viable spores is significantly reduced compared
gene. to wildtype (~16% versus ~78%; Fig. 3A). No excess of tetrads
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containing 4, 2 and 0 viable spores is observed, suggesting tt2t DNA replication was carefully monitored by FACS during
spore death in theneklmutant is not due to chromosome synchronous meiosis imekland wild-type cells at 15 minute
nondisjunction during meiosis I. Intergenic recombination wasgime points (Fig. 4B). This analysis revealed that premeiotic
examined in thdeul-his5interval on chromosome II. The DNA replication takes place with the same kinetics in both
mekl mutant displays a ~2.4-fold reduction in meiotic wild-type andmeklcells. Therefore, since entry into meiosis
recombination in this region (Fig. 3B). | occurs earlier irmek3 this implies that meiotic prophase is
shorter in the absence of Mek1.

o o To further characterize this observation, the effect of
Mek1 regulates meiotic cell cycle progression in fission expressing high levels of Mekl was also studied. A green
yeast fluorescent protein (GFP)-tagged versiomafk® was placed
Using patl strains to induce synchronous meiosis, kinetics ofinder control of the thiamine-regulatedntl promoter and
meiotic progression were examined in timekl mutant in  integrated at théeul locus (see Materials and Methods). To
comparison with the wildtype (Fig. 4A). In timeeklmutant, induce overexpression ahek?, thiamine was removed 14
the first meiotic division occurs reproducibly ~30 minuteshours prior to transferring the cells to medium lacking nitrogen
faster than in the otherwise isogenic wildtype (Fig. 4A). Sinc€Fig. 4C). The production of Mek1l-GFP was followed by
mek® expression is induced at the time of premeiotic S phasaicroscopic examination of the cells throughout the
(although its peak of expression is reached at prophase; Figkperiment. A control culture, in which thiamine was always

ScHekl1 I === —HRPLY AT IECEGGLIAF AR EYI‘G H—-——TEQJIPIYI<HO
SpHek1 1 HDFLSHALL SRSIEHSTIL SQINESTDPHYTED ARLF SSSPOTYENYESTE
SpCds1 1 ————=—=[LIEEPE ATQIHAPLEY 5Q JE(RJYN FHELHT¥RHLDGEJEY{PLTT

ScHek1 46 LELEIINDE———— T SY[IC YFECF FIJE- -[JHI QHFETENC ELLERITIA 6 i issi

SpHek1 61 [RISILSISH————— ML%!RﬂSEL—- TP AYY(@AD]SSHGTF LN Fig. 1. Fission yeast Mek1

SpCds1 54 [AJENFYRFGREESHEFIANGIRFENFIJET}{0 GHRE)S DEME AV LF LHI(HEE) (oS0 (F belongs to the family of
Cds1/Rad53/Chk2 checkpoint

Schekl 100 LFAKEDEEY [JFIEE SQES EE NILEGT RLFHIEDILOS SLDPEL LD QUGF EREY D i i i

SpHekl 114 ns: rnnga SFLFQOQ :d"l"l'glgl’ TH r.\s----E‘ ------- : -- En- "'”‘?‘S‘?S and is expr_essed only in

SpCdsl 114 ERMAAANSRY [BUENREGLEY PEDENS FL CQLP FELISRD SQ—— ——[F————— FHEESEN meiotic cells. (A) Alignment of
the protein sequences $f

ScHekl 160 QNEEJNNNENGIJGHILETENSEERDED YHYHPEN— —— TA YITIALEP NK ARIFAL isi

S e R e | e

SpCdsl 165 SHYELILATIAZSUESIA T FLSEEMEVI4SINEREILLTS SEYRAT EH[EQ DEgA| pombeMekl (SpMek1) and.
pombeCdsl (SpCdsl). Identities

ScHekl 217 EWNEIZIS84jYHTHCIREN 0 PEEIINERIAALGGD C| SET AT FOILQ iahli i

SpHekl 212 ENNISFSN 4 NHEYN-SETOQF E esnr.rsn. P 1'-1‘011.0 are hlghllghted in blac.k anq

§pCds1 225 SMALIJ6RFQCHELJE-NDDE HET ECEFIAHD FIATA ¥— —6-FEpHoBC EP L ENILINE conservative substitutions in gray.
Numbers at the left represent

ScHekl 277 LITLH T AR DLEL UNTL) e S8 S fed K T, ILIADF 61 A K] S;EE L TWYGTPEY o amino-acid positions. Alignment

SpHekl 268 ITLH 0T \HRDLEL ENIL I FFS EUFR TN AL IDF 6 Jal {5 (1) 4 FITF Y6 TPEY . .

spCds1 281 THRLHMIENGNTISILIPIS SSBITAD —— ——JHEELSISASLIS Y LHG TG TF AEpdgCligqt 614L and shading were performed with

ClustalW 1.8 and Boxshade 3.21,
-ISER STH respectively, at the BCM Search
.5

51 |SPE B
SIIPJASS S—QAKCKH Launcher

(http://searchlauncher.bcm.tmc.ed
ScHek1l 396 QNA :11@1.131.1 LAY S) ) AREIS S SUL LUTT) L Q4ERI A EIR QL) (HI(WI§A) (HIASIILIS LY u/). (B) Phylogenetic tree of the
Spiiek1 375 ——NINEXQNDLRDPNLIKSUHROEN Spg1s KLLige DIIF __-QEE]IPI}‘A REEEIRIAT K1 §

ScHekl1 336 [NIRJ6FRAIFIEAYQSFEHRAAYLEQRESSSIACITR ESARA ST HELTA
SpHekl1 327 [3AROQORLIFG)— —— —— | EENSSEAIGEELR IR SR8 FHEF LL)A:
SpCids1 337 [MRJLES) YN —— —— ——— L e T DIJEY DidW S LG[s ) L HLT

spCds1 385 ELESEFAYPIEPLLENE iDL T) O 47T VEITHE— —— — family of FHA checkpoint
kinases. The clustal method with
ScHekl 456 ercxn-:ar OAES INSD¥ERELPESYIISQAIPEEEEYLE PAM250 residue table was used.
- e i s SR RS RS S . Sp,S. pombgSc,S. cerevisiae
Mm, M. musculusHs, H.
B C sapiensXI, X. laevis Ce,C.
» meki+ elegansA schematic
FHA Kinase o representation of the functional
E-:_:’ - motifs in this protein family (with
: the exception of Rad53, which
" cDNA Ge[',‘N"E“c contains two FHA domains) is
|'|: Mim gﬂ; i shown. (C) PCR amplification of
| Cds1 (Sp) Veg (2h) (3h) S. pombe meRlusing primers
Rad53 (Sc) - - mek1-N and mek1-C (small

arrows; see Materials and
Methods). The following DNA
templates were used: cDNA from
vegetativeS. pombeells (Veg),
cDNA from meiotic cells (S964)
at 2 hours and 3 hours in meiosis
(Mei 2h and Mei 3h, respectively)
andS. pombegenomic DNA.

Chk2 (M
. = [ Chk2 %H:}‘)
Cds1 (X 1)
Chk2 (Ce)

I 1 1 1 I I 1

60 50 40 30 20 10 0
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present and therefommek expression was repressed, wasor Weel function. Sincedc25 is an essential gene, to analyze
also examined. FACS analysis revealed that both cultures wengnether Cdc25 is involved in the Mekl-dependent arrest, a
blocked in G1 to the same extent and underwent premeiotic &lc2-3wstrain, which bypasses the requirement for Cdc25 was
phase with similar kinetics (Fig. 4D); howevamtl-driven  used (Russell and Nurse, 1986). Like in the wild-type cells,
expression ofmek® resulted in a significant delay (~1 hour) overexpression ahek in cdc2-3wresults in cell elongation,

of the first meiotic division (Fig. 4E). Interestingh’
the Mek1l-GFP signal disappeared as cells en A

meiosis |, and binucleate cells containing GFP s +N
were rarely observed (data not show). Thus, 1 i pat1-114 Synchronous meiosis
results suggest that the Mekl kinase negat - Nitrogen * T -
regulates entry into meiosis I. o> s é‘j 3:-%-»%—» @%

"“-—[.-"' P ,'t © meiS Ml M Spores
Ectopic overexpression of mek1* in vegetative ~er Gl prophase
cells causes cell cycle arrest by inhibiting Mitotic Growth
Cdc25 function (25°C)
In order to understand how Mek1 regulates cell ¢ B
progression, high levels of the protein w MI Ml Spo
produced in vegetative cells using thamtl DNA content Y Y v
promoter. Interestingly, ectopic overproductior mhf\____._,_ 1004 e
Mekl results in inhibition of growth (Fig. 5/ snift—-—-;—w 1
Microscopic examination revealed that Me ST A& =1
overproducing cells are highly elongated and col ;r N g ol —o— 1 Nucleus
a single undivided nucleus (Fig. 5B), a pheno g, L s | == 2 Nuclei
that resembles the G2/M arrest induced by activ.  an— (' £ w .
of the DNA integrity checkpoints or | 3h—j@k— o & —== 3/4 Nuclei
overproduction of the Cdsl or Chkl checkp 2" |8 20 —— Asci
kinases (Furnari et al., 1997; Boddy et al., 199i ;'r‘ A_;_ﬁ

In principle, the G2/M arrest triggered byek? EXF_JJ Al | R EEE T

ectopic overexpression may be caused by inhik Time (hours)
of the Cdc25 phosphatase or activation of the \
or Mikl kinases. To identify which cell cyc C
regulator(s) is the target of Mekl, the protein
overproduced in mutants defective in either Cc

h+/h- pati/pati

Veg 00.51152253354455556657758859 Time (hours)

=
: : — - : m - mek1+ mRNA
Fig. 2.Mek1 is a meiosis-specific nuclear protein. T
(A) Schematic representation pdtl-driven synchronous E
meiosis. Vegetatively growing cells are blocked in G1by 2 W - +| 18S rRNA

nitrogen starvation during ~14 hours and then induced to
enter meiosis synchronously by inactivating the Patl
kinase at 34°C (time 0 in B, C and D). The approximateD
timing of the major meiotic landmarks, as determined in
(B), is indicated. (B) Synchronous meiosis of strain -HA -
S964. Left panel, DNA content measured by FACS G O 115 2259 ASX4s S 559 76 9 Timefhous)

h-/h- pati/pat1 mek1-HA/mek1-HA

analysis. The period in which premeiotic DNA E | e — Meki-HA
replication takes place is indicated (meiS). Note that the =

1C peak that appears after 7 hours corresponds to free W | o~ - Tubulin
spores that are released from asci owing to sonication =

during the preparation of cells for FACS. Right panel,
meiotic progression was followed by DAPI staining of
nuclei and sporulation by microscopic observation of
asci. The peaks of meiosis | (MI), meiosis Il (MIl) and
spore formation (Spo) are indicated. (C) Northern blot
analysis ofmek expression during the synchronous
meiosis of strain S964 shown in B. 18S rRNA levels are
shown as a loading control. (D) Western blot analysis of
Mek1-HA production during a synchronous meiosis in
strain S1294. Tubulin is presented as a loading control.
(E) Immunofluorescence analysis of cells from strain
S1294 (nek1-HA, after 3 hours of induction of meiosis,
stained with DAPI (blue) and anti-HA antibodies (red).
The merged image is presented in the right column.
Three representative cells are shown.

Mek1-HA DAPI

merged
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but this phenotype is largely suppressed ade2-3w cdc2B  Mekl phosphorylates Cdc25 on at least some of the same
strain (Fig. 5C). By contrastyeel-50cells overexpressing residues as Cdsl, leading to inactivation of Cdc25 function and
mek? at the restrictive temperature still manifest theresulting in cell cycle arrest. Nevertheless, sinocgl-mekl
elongation phenotype (Fig. 5C). These observations suggesic2-3w cdc2B and nmtl-mekl cdc25-9A cells, in the
that Cdc25, but not Weel, is a target of Mek1. absence of thiamine, still show a partial arrest (Fig. 5; data not
Our results are consistent with the possibility apombe shown), targets of Mekl other than Cdc25 may exist.
Mekl may be the meiosis-specific counterpart of the FHA
family Cds1 checkpoint kinase (Fig. 1). When DNA integrity o o )
checkpoints are activated, Cds1 and Chk1 phosphorylate afdMek1-dependent meiotic recombination checkpoint
inhibit Cdc25; several residues of Cdc25 phosphorylated b§lso operates in fission yeast
Cds1 have been identified (Zeng et al., 1998; Furnari et alThe results reported above revealed that the consequences of
1999; Zeng and Piwnica-Worms, 1999). In order to investigathigh levels of Mek1 in vegetative cells to a certain extent mimic
whether the Mekl1-induced G2/M arrest in vegetative cells ithe DNA integrity checkpoint responses. Howeveek?® is
also mediated by phosphorylation of Cdc25, the effect of Mekhormally expressed only during meiotic prophase; therefore,
overproduction was examined in tbhéc25-9Amutant, which  we investigated whether Mekl carries out a checkpoint
contains nine Cdsl phosphorylation sites changed to alanifienction during meiosis in fission yeast. The alterations
and is impaired in the checkpoint response to DNA damagebserved in meiotic progression wherek® is deleted or
and replication blocks (Zeng and Piwnica-Worms, 1999)whenmek?® is overexpressed (Fig. 4) are also consistent with
Importantly, the cell cycle arrest phenotype caused by Mek&uch a regulatory role for Mek1.
overproduction is significantly less severeciic25-9Acells In several organisms, including budding ye#st,elegans
compared to wildtype (Fig. 5D). Thus, our results suggest tha@nd mouse, defects at intermediate steps in the meiotic
recombination process trigger the so-called ‘pachytene
A checkpoint’ or ‘meiotic recombination checkpoint’, which
801 Tetrad type blocks meiotic cell cycle progression, thus preventing the
formation of defective gametes. To study whether a similar
response also occurs in fission yeast, meiotic progression in the
S. pombe meulBwutant, which is defective in chromosome
pairing and meiotic recombination (Nabeshima et al., 2001),
was carefully examined usingatl-driven synchronous
meiosis. Meul3 is the homolog of ti& cerevisiaeHop2
protein; thehop2mutant triggers the pachytene checkpoint in
budding yeast (Leu et al., 1998). Tineul3mutant completes
meiosis and sporulation, as described previously (Nabeshima
et al.,, 2001), but displays a ~30 minute delay in entering
meiosis | compared to wildtype (Fig. 6A). For example, at the
4 hour time point, only ~15% aheul3cells had undergone
meiosis |, compared with ~50% in the wild-type strain (see
arrows in Fig. 6A; a representative time course is presented,
B leu+ his5-303 but themeul3delay has been observed in three independent
| | experiments). Introduction of aecl2 mutation, which
X chr. i abolishes initiation of meiotic recombination suppresses this
| | delay (data not shown), suggesting that it is due to the presence
I I of recombination intermediates that trigger the meiotic
leu1-32 his5+ checkpoint. Interestingly, mutation wfek® also alleviates the
meiotic delay ofmeul3(Fig. 6A); themeul3 mekIouble
Recombinant Frequency of mutant proceeds to the first meiotic division with similar
Cross  (Lons sy gpoul, recompnation  Fold e kinetics to that of thenek1single mutant (i.e., even faster than
wildtype; Fig. 4). Moreover, whereas spore viabilitynieul3
only shows a slight reduction in comparison with wildtype
(62% versus 77%, respectively), it is significantly reduced in
mek1 101 1034 5.2 24 the meul3 mekHouble mutant (40%). Thus, during meiosis
in fission yeast, Mek1 participates in a surveillance mechanism
) ) o o o that delays cell cycle progression in response to defective
Fig. 3. Themeklmutant is defective in spore viability and meiotic  recombination, which is important to promote viability of the
recombination. (A) Distribution of tetrad types. The percentages of \,aiotic progeny.
tetrads with 4, 3, 2, 1 and 0 viable spores (4-sv, 3-sv, 2-sv, 1-sv and The above results (Fig. 5) suggest that Cdc25 is a target

0-sv, respectively) are represented. Tetrads were dissected from .
crosses Eetweeril)wild-typ?e (SKE¥81) andnekistrains of Mekl. Since Cdc25 dephosphorylates Tyrl5 of Cdc2

(S129%S1292) after 2 days on MEA plates. (B) The frequency of Promoting ~ G2/M  transition, the status of Tyrl5
intergenic meiotic recombination was measured oetlie-his5 phosphorylation was examined during synchronized meiosis of
interval on chromosome Il by random spore analysis of crosses ~ Wild-type, mekl meul3andmeul3 mekstrains (Fig. 6B). In
between wildtype (PN22 x S1285) ametk1(S130xS1301) strains.  agreement with the checkpoint-dependent meiotic delay of the

Percent

wild type 206 1633 12.6 1
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Fig. 4. Mek1 regulates entry into meiosis I. (A) Teklmutant enters meiosis | faster than wildtype. Kinetics of meiotic progression of
wildtype (S964; upper panel) antkk1(S1293; lower panel) was followed by DAPI staining of nuclei. Note that the peak of meiosis | (MI)
occurs ~30 minutes earlier in theekImutant. A representative time course is presented, but the experiment was repeated at least three times,
the same results being obtained. (B) FACS analysis of the meiotic time courses shown in A. Note that the timing of prphraset{cr®iS)

is the same in both the wildtype (upper panel) me#timutant (lower panel). (C,D,E) High levels of Mek1 delay entry into meiosis I.

(C) Schematic representation of the experimental procedure used for overexpress&d dfom the thiamine-repressibfentlpromoter

during meiosis in strain S1298. T, thiamine; N, nitrogen. (D) FACS analysis of meiotic time courses of S1298 in the presemanéalpor

in the absence (lower panel) of thiamine. (E) Kinetics of meiotic progression monitored by DAPI nuclear staining duringmeetatiocses

of strain S1298 in the presence of thiamimat-mekt OFF) or in the absence of thiamiment-mek1 ON). Note that the peak of meiosis |

(MI) takes place ~1 hour later when Mek1 is overproduced.
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meul3mutant, phosphorylation of Tyrl5 persists longer tharthe Mekl-dependent regulation of Cdc2 tyrosine 15
in wildtype (compare the 4 hour time point in Fig. 6B). By phosphorylation is exerted through inhibition of Cdc25. To
contrast, in both mekl and meul3 mekl strains, directly demonstrate that Cdc25 is required for the fission yeast
dephosphorylation of the Cdc2 tyrosine 15 occurs earliemeiotic recombination checkpoint, meiotic progression was
consistent with higher levels of Cdc25 phosphatase activity isxamined in strains carrying the phosphorylation-deficient
the absence of Mekl and correlating with a faster meioticdc25-9Aallele (Fig. 7). Like deletion ahek®, thecdc25-9A
progression in these strains. mutant alleviates the meiotic delay meul3 for example, at
the 4 hour time point, ~20% of timeeul3cells had undergone
meiosis |, compared with ~60% in tbéc25-9A meul8ouble
The cdc25-9A mutant is defective in the meiotic mutant (see arrows in Fig. 7).
recombination checkpoint In summary, our results indicate that the meiotic
Our overexpression studies in vegetative cells suggest thecombination checkpoint in fission yeast inhibits entry into
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Fig. 5. Ectopic overexpression aiek® in vegetative cells causes Cdc25-dependent G2/M cell cycle arrest. (A) Wild-type cells (PN22)
transformed with the pREP3X vector or with plasmid pSSha&-{nek1) were streaked out on plates containing thiammmet{promoter

OFF) or lacking thiaminenfntlpromoter ON) and incubated for 3 days at 30°C. (B) Cells from strain S1297, which contain an integrated
nmtl-mek1l-GFRonstruct, were incubated mmtLrepressing conditions (OFF) omtZkinducing conditions (ON) for 24 hours. Nuclei were
stained with DAPI. Backlight reveals cell bodies. (C) Wild-type (PN@2g1-50(S145),cdc2-3w(S176) anddc2-3w cdc2B (S898) cells
transformed with pSS124 were grown on plates containing or lacking thiamitenekt OFF andhmt-mek1 ON, respectively). For
wildtype, cdc2-3wandcdc2-3w cdc2A, plates were incubated at 30°C, wheneag1-5Qcells were incubated at 36°C to inactivate Weel
function. Microcolonies were photographed after ~30 hours. Notedioa&A cells do not elongate in responserekl overexpression.

(D) Strains S1297 (wildtype) and S13@2i¢25-94, which contaimmtl-mek1-GFfntegrated in the genome were incubated in the absence
(OFF) or in the presence (ON) of thiamine for 22 hours. Cells were visualized at the fluorescence microscope using aBaERidjher.
reveals cell bodies. Note that in the absence of thiamine Mek1-GFP accumulates in the nucleus of both wilclig@s-&rdbutcdc25-9A
cells elongate considerably less than wildtype; in additido25-9Abinucleate dividing cells are observed frequently.
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meiosis | by Mekl1-dependent inhibitory phosphorylation ofmorphogenesis are apparently normal (Higashitani et al., 2000;
Cdc25, which contributes, at least in part, to maintaining Cdc®lacQueen and Villeneuve, 2001; Oishi et al., 2001). Our
phosphorylated on tyrosine 15 (Fig. 8). results indicate that, like the budding yeast homdigrombe
Mekl is also required for normal levels of meiotic
) ) interhomolog recombination and spore viability. Because
Discussion . S fission yeast lacks SC, no role f&: pombeMekl in SC
A meiotic FHA kinase in fission yeast development can be proposed, but the characteristic horse-tail
Here we report the functional characterization of the meiosignorphology adopted by the prophase nucleus.impombe
specificmek? gene product in fission yea§. pombeviekl  (Chikashige et al., 1994) appears to be normal innte&l
belongs to the family of protein kinases containing FHAmutant (L. P.-H., S.M. and P.A.S.-S., unpublished).
domains. One group of this family, includir® cerevisiae Despite the different meiotic phenotypes resulting from
Rad53,S. pomb&dsl or mammalian Chk2, are key regulatorsinactivation of these meiotic FHA kinases during an
of the checkpoint responses to DNA damage and/or replicatiamperturbed meiosis in these model organisms, there is a
blocks in mitotically dividing cells. Upon checkpoint common role for them; both budding and fission yeast Mek1,
activation, phosphorylation of different substrates byas well as Chk2 in worms, are essential components of the
Rad53/Cds1/Ckh2 brings about different cellular responsesyeiotic cell cycle control mechanism called pachytene
such as cell cycle arrest/delay and DNA repair (Rhind andheckpoint or meiotic recombination checkpoint, which arrests
Russell, 2000). By contrast, other members of the FHA familpr delays meiotic cell cycle progression when recombination
of kinases, including. cerevisiad/ekl, C. elegan<Thk2 and is incomplete (this work) (Bailis and Roeder, 2000; MacQueen
the S. pombeMekl protein described in this paper, functionand Villeneuve, 2001). It is possible that checkpoint function,
during meiosis. Consistent with their meiotic roles, these gendike that of the mitotic counterparts of this protein family, could
display a meiosis-specific pattern of expression (this workpe the evolutionarily conserved role for these proteins, and the
(Rockmill and Roeder, 1991; Higashitani et al.,, 2000;diverse meiotic phenotypes observed may reflect the
MacQueen and Villeneuve, 2001; Qishi et al., 2001). peculiarities of meiosis in the different organisms as revealed,
Themeklmutant ofS. cerevisiaés proficient in pairing, but for example, by the different relationship between synapsis and
displays reduced (although not abolished) meiotidnitiation of recombination irS. cerevisiaandC. elegansor
recombination, reduced spore viability, makes only shorthe absence of SC B. pombéVilleneuve and Hillers, 2001).
stretches of SC and is defective in meiotic sister chromatid
cohesion (Rockmill and Roeder, 1991; Bailis and Roeder, )
1998). By contrast, inactivation of tobk-2gene inC. elegans Meiotic defects in the S. pombe mek1 mutant
results in a strong pairing defect and lack of crossoveWe have shown that theekl mutant inS. pombeshows
recombination, but SC formation and chromosomeeduced interhomolog meiotic recombination, decreased spore
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viability and a shorter meiotic prophase. In principle, the defecAlternatively, the accelerated progression through prophase in
in meiotic recombination can be explained by a reduction ithe fission yeastheklmutant may cause entry into meiosis |
the number of initiating events (i.e., DSBs) and/or bywith unrepaired/unresolved recombination intermediates in a
increasing the number of DSBs repaired using a sister (inste&@ction of cells, resulting in reduced recombination frequency
of a nonsister) chromatid. B. cerevisiagMekl appears to be and spore inviability. The observed random pattern of spore
required both for the generation of wild-type levels of DSBsdeath inmeklis consistent with this possibility and suggests
(Xu et al., 1997) as well as for the proper choice othat nondisjunction of homologs at meiosis I, as a consequence

recombination partner (Thompson and Stahl, 1999)of the failure to recombine, is not the only cause of spore death
in meklas this would result in an excess of asci with two or
zero viable spores (Molnar et al., 1995).
- In contrast to the original checkpoint definition (Hartwell
1001 o 5 nudle and Weinert, 1989), the direct participation of checkpoint
proteins in the monitored cell cycle event appears to be the rule
80 rather than the exception. For example, in addition tortélel
o Y phenotypes mentioned above, other pachytene checkpoint
g o cdc25-9A mutants in budding yeast, suchras24 rad17 and mec1-1
§ 20 show decreased crossing over, increased ectopic
5 recombination, increased unequal sister-chromatid exchange,
. 0 defective chromosome synapsis and reduced spore viability
(Lydall and Weinert, 1995; Lydall et al., 1996; Grushcow et al.,
0 N 1999; Thompson and Stahl, 1999). The same observation
012 3 45 6 7 8 9 10 applies for DNA damage and replication checkpoint proteins
Time (hours) such as Rad53 (another FHA Kinase member; Fig. 1) and
Mecl, which perform essential functions during DNA
replication in the mitotic cell cycle (Desany et al., 1998).
100 =—o— 2nuclei
== 3/4 nuclei
80 Mek1-dependent regulation of meiotic cell cycle
® We have observed that kinetics of meiotic progression in
g 60 meul3 fission yeast depends on Mekl dosage. Lack of Mek1 results
S in a more rapid entry into meiosis |, whereas high levels of
S 40 Mek1 lead to delayed meiotic progression. Premeiotic S phase
o 4 is not affected, suggesting that Mekl function negatively
20 regulates the prophase to meiosis | transition. Supporting this
notion, western blot analysis of Mek1 throughout meiotic time
0 S T T s s 5o courses revealed that the protein rapidly disappears as cells
Time (hours) enter the first meiotic division.
Since little is known about the molecular mechanisms
controlling the meiotic cell cycle in fission yeast in comparison
100 | == 2nucei with the regulation of the mitotic cell cycle, we used ectopic
—— 3/ nudlei overexpression ofmek® in vegetative cells as a tool for
80 identifying potential cell cycle targets of Mekl1. We found that
high levels of Mek1 in vegetative cells lead to G2/M arrest, the
o 60 A same effect observed when the homologous Cds1 checkpoint
£ meul3 cdc25-9 A kinase is overproduced (Boddy et al., 1998)SIrpombegethe
S 40 G2/M transition depends on the phosphorylation status of Cdc2
& on Tyrl5 (reviewed by Moser and Russell, 2000). The Weel
20 and Mik1 kinases inhibit Cdc2 activity by phosphorylation of
Tyrl5, whereas the Cdc25 phosphatase activates Cdc2 by
0 N, removing the phosphate of Tyrl5, thus promoting the G2/M

Fig. 7. The meiotic recombination checkpoint is impaired in the

01 2 3 45 6 7 8 910
Time (hours)

cdc25-9Aphosphorylation site mutant. Meiotic time courses of
cdc25-9A(S1308; top panelineul3(S1306; middle panel) and

transition. Our results suggest that Mek1-induced cell cycle
arrest partly results from inhibition of Cdc25 rather than
activation of Weel, because the effect of Mek1 overproduction,
as manifested by cell elongation, is diminisheddo23 and
cdc25-9Astrains, but is not significantly altered in the absence
of Weel function. Theedc25-9Amutant lacks the relevant

meul3 cdc25-9451307, lower panel) strains. The percentages of . .
cells that have undergone the first meiotic division (2 nuclei) or botthSl phosphorylation sites and shows a much weaker cell

meiotic divisions (3/4 nuclei) are shown. Arrows pointing to the cycle arrest response to high Mek1 levels. Given the sequence
percentage of binucleate cells at the 4 hour time point are presente@imilarity between Mekl and Cdsl (Fig. 1), these results
to highlight the suppression of theeul3delay by thecdc25-9A strongly suggest that Mekl directly phosphorylates Cdc25,
mutation. promoting its inhibition. Nevertheless, our results indicate that
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Fig. 8. A model for the meiotic recombination checkpoint pathway in fission yeast. See text for details.

Cdc25 is not the only target of Mek1; the possible involvemertias been recently reported (Lindgren et al., 2000). When the
of Mikl in the Mekl-dependent regulation of cell cycle pachytene checkpoint is activated, the Swel kinase
remains to be investigated. accumulates in a hyperphosphorylated (and presumably
activated) form (Leu and Roeder, 1999); however, the
molecular mechanisms regulating Swel stability and
The meiotic recombination checkpoint in S. pombe: a phosphorylation are unknown.
role for Mek1 As mentioned above, 6. cerevisiagphosphorylation of
Our results show that defects at intermediate steps in thRedl (a component of the lateral elements of the SC) by Mek1
recombination pathway (induced byreeul3mutation) trigger is important for transducing the pachytene checkpoint signal.
a meiotic cell cycle delay in fission yeast mediated byn S. pombg however, there is no SC and, although SC-
inhibitory phosphorylation of the cyclin-dependent kinaselike structures called linear elements have been described
Cdc2 on Tyrl5. Like its budding yeast homol&), pombe (Bahler et al., 1993), BLAST searches reveal that no obvious
Mek1 is an important component of this meiotic recombinatiorRED1 homolog exist in the fission yeast genome
checkpoint; mutation ofmek? alleviates themeul3delay. (http://www.sanger.ac.uk/Projects/S_pombeY/). Therefore,
Although the checkpoint-induced delay is not very prolongedargets of Mekl other than Redl must exist in fission yeast.
(~30 minutes), it appears to be important for the viability ofOur experiments expressing Mekl in differ8npombenutant
the meiotic products. The extent of the meiotic delapéul3 backgrounds during vegetative growth suggest that Mekl
roughly correlates with a delay in DSBs repair (Shimada et alphosphorylates Cdc25. Moreover, we have shown that the
2002); therefore it is formally possible tHat pombenutants  phosphorylation-deficiertdc25-9Amutant is impaired in the
with more profound defects in recombinational repair of DSBs$neiotic checkpoint response to the presence of recombination
may exhibit stronger meiotic delays. However, althoughntermediates. We thus provide the first evidence of a direct
detailed analysis of meiotic progression in such mutants ha®pnnection between an effector kinase of the meiotic
not been reported, there is no evidence for a robust meiotiecombination checkpoint (Mek1) and a key component of the
block in fission yeast. For example, 51 mutant is able cell cycle machinery (Cdc25). Consistent with our findings, an
to complete meiosis and sporulation despite the presence @dsential role for Cdc25 in promoting meiosis | has been
unrepaired DSBs (Zenvirth and Simchen, 2000; Boddy et alreported (lino et al., 1995).
2001). As in budding yeast, here we show that the meiotic
The pachytene checkpoint pathway has been extensivetgcombination checkpoint inS. pombe regulates the
studied inS. cerevisiaeand several components have beerphosphorylation of Cdc2 on Tyrl5; however, we propose that
identified (see introduction) (reviewed by Roeder and Bailisthe checkpoint-induced meiotic delay would, in part, be
2000). It has been proposed that Mekl-dependemhediated by the Mekl-dependent inhibitory phosphorylation
phosphorylation of Redl is required for checkpoint-induceaf Cdc25 and not by the activation of Weel. This contrasts
arrest in response to unrepaired recombination intermediatesith the situation irS. cerevisiagin which Mih1 (the Cdc25
Once recombination has been completed, dephosphorylationtedmolog) seems to be dispensable for pachytene checkpoint
Redl by Glc7 allows pachytene exit and entry into meiosis function (Leu and Roeder, 1999). Thus, although the meiotic
(Bailis and Roeder, 1998; Bailis and Roeder, 2000). Pachytemmdeckpoint arrests or delays meiosis by maintaining
arrest is achieved, at least in part, by inhibition of Cdc28/Clbinhibitory phosphorylation of the cyclin-dependent kinase in
activity, both by Swel-mediated inhibitory phosphorylation ofboth budding and fission yeast, different cell cycle regulators
Cdc28 on Tyrl9 (the equivalent of Tyrl5 $h pombeCdc2) are targeted in each organism. It has been recently described
and by limiting Ndt80-dependent transcription@ifB1 (Chu  that the Mrcl protein is required for activation of Rad53 and
and Herskowitz, 1998; Hepworth et al., 1998; Leu and Roede€ds1 during the replication checkpoint in both budding and
1999; Tung et al, 2000). An additional branch of thefission yeast (Alcasabas et al., 2001; Tanaka and Russell,
checkpoint, which targets the Suml transcriptional repress@001). Whether activation of Mekl by the pachytene



270  Journal of Cell Science 116 (2)

checkpoint also requires Mrcl or other adaptor proteins activates APC and coordinates meiotic nuclear division with sporuldtion.
remains to be tested. Cell Sci.114, 2135-2143.

Boddy, M. N., Furnari, B., Mondesert, O. and Russell, P.(1998).

Replication checkpoint enforced by kinases Cdsl and Chdince280,
.. .. . . 909-912.

A model_for the fission yeast meiotic recombination Boddy, M. N., Gaillard, P. H., McDonald, W. H., Shanahan, P., Yates, J.
checkpoint pathway R., 3rd and Russell, P(2001). Mus81-Emel are essential components of
In agreement with our observations, during the preparation of @ Holliday junction resolvas€ell 107, 537-548.

; : e : : hikashige, Y., Ding, D. Q., Funabiki, H., Haraguchi, T., Mashiko, S.,
this paper, the existence of a meiotic reCOmk‘“mmm?Yanagida, M. and Hiraoka, Y. (1994). Telomere-led premeiotic

checkpoint irS. pombéas also been reported (Shimada et al., chromosome movement in fission yeStience264, 270-273.

2002). These authors show that the mitotic DNA integritychu, S. and Herskowitz, 1.(1998). Gametogenesis in yeast is regulated by a
checkpoint Rad proteins also respond to unrepaired DSBstranscriptional cascade dependent on Nciig@l. Cell 1, 685-696.

during meiosis in fission yeast, as they doSincerevisiae Craven, R. A., Griffiths, D. J., Sheldrick, K. S., Randall, R. E., Hagan, I.

M. and Carr, A. M. (1998). Vectors for the expression of tagged proteins
(Lydall et al., 1996). It has been recently shown that Mecl and ,'schizosaccharomyces pomBene221, 59-68.

the Rad24 group of budding yeast checkpoint proteins desany, B. A., Alcasabas, A. A., Bachant, J. B. and Elledge, S(1098).
indeed localize to the sites of DSBs, acting as sensors ofRecovery from DNA replicational stress is the essential function of the S-
damage (Kondo et al., 2001; Melo et al., 2001; Hong and Phase checkpoint pathwagenes Devl2, 2956-2970.

. - rocher, D., Henckel, J., Fersht, A. R. and Jackson, S. @999). The FHA
Roeder, 2002). Combining our results and those of Shlnﬁ'ad)'*ldomain is a modular phosphopeptide recognition mbtdl. Cell 4, 387-

et al., we propose the following model for the action of the 394
meiotic recombination checkpoint in fission yeast (Shimada &tdelmann, W., Cohen, P. E., Kane, M., Lau, K., Morrow, B., Bennett, S.,
al., 2002) (Fig. 8). The presence of ongoing recombination Umar, A., Kunkel, T., Cattoretti, G., Chaganti, R. et al. (996). Meiotic
(presumably unrepaired DSBs) is sensed by the group of ngdoac“yte”e arrest in MLH1-deficient midgell 85, 1125-1134.

. ! ! - .Forsburg, S. L. (1993). Comparison ofSchizosaccharomyces pombe
checkpoint proteins, generating a signal that results in g, ession systemblucleic Acids Re1, 2955-2956.
activation of the Mek1 kinase. Mek1, in turn, phosphorylatesumari, B., Rhind, N. and Russell, P(1997). Cdc25 mitotic inducer targeted
Cdc25, and possibly other as yet unknown substrate(s), whichby chkl DNA damage checkpoint kinaSeience277, 1495-1497.
contribute to the maintenance of Tyrl5 phosphorylation ofurnari, B., Blasina, A., Boddy, M. N., McGowan, C. H. and Russell, P.

PRI Lo p - (1999). Cdc25 inhibited in vivo and in vitro by checkpoint kinases Cds1 and
Cdc2, thus inhibiting meiosis | entry. When recombination has ChkL.Mol. Biol. Cell 10, 833-845.

been completed, the inhibitory signal disappears ?-n@artner, A., Milstein, S., Ahmed, S., Hodgkin, J. and Hengartner, M. O.
dephosphorylation of Cdc2 on Tyrl5 promotes the first (2000). A conserved checkpoint pathway mediates DNA damage-induced
meiotic division. apoptosis and cell cycle arrest@n elegansMol. Cell 5, 435-443.

Ghabrial, A. and Schupbach, T.(1999). Activation of a meiotic checkpoint

We thank Miguel Blanco, Cristina Martin, Rafael Daga and Beatriz regulates translation of Gurken duribgsophilaoogenesisNat. Cell Biol.

Santos for comments on the manuscript. We are grateful to Migu@rt’sﬁigﬁsj'M Holzen. T. M.. Park. K. J.. Weinert. T.. Lichten. M. and

Blanco and _Rafael Daga for invaluable de_lce and discussion Bishop, D. K. (1999). Saccharomyces cerevisiabeckpoint geneMECL,
throughout this work. We also thank Helen Piwnica-Worms and Juan rRap17andRAD24are required for normal meiotic recombination partner
Carlos Ribas for providing plasmids and strains. L.P.-H. is a recipient choice.Genetics153 607-620.

of a predoctoral fellowship from CSIC, Spain. P.A.S.-S. is a ‘Ramomartwell, L. H. and Weinert, T. A. (1989). Checkpoints: controls that ensure

y Cajal’ investigator of the Ministry of Science and Technology of the order of cell cycle eventScience246, 629-634. o

Spain. This work was supported by grants from CICYT and thdlepworth, S. R., Friesen, H. and Segall, {1998).NDT80and the meiotic

European Union to S.M. recombination checkpoint regulate expression of middle sporulation-

specific genes iBaccharomyces cerevisiddol. Cell. Biol.18, 5750-5761.
Higashitani, A., Aoki, H., Mori, A., Sasagawa, Y., Takanami, T. and
Takahashi, H. (2000).Caenorhabditis eleganShk2-like gene is essential

References for meiosis but dispensable for DNA rep&EBS Lett485 35-39.

Abdu, U., Brodsky, M. and Schupbach, T(2002). Activation of a meiotic  Hong, E. J. and Roeder, G. $2002). A role for Ddcl in signaling meiotic
checkpoint duringorosophilacogenesis regulates the translation of Gurken  double-strand breaks at the pachytene checkp®@aries Devl6, 363-376.
through Chk2/MnkCurr. Biol. 12, 1645-1651. lino, Y., Hiramine, Y. and Yamamoto, M. (1995). The role of cdc2 and other

Alcasabas, A. A., Osborn, A. J., Bachant, J., Hu, F, Werler, P. J., Bousset,  genes in meiosis iBchizosaccharomyces pomBenetics140, 1235-1245.

K., Furuya, K., Diffley, J. F., Carr, A. M. and Elledge, S. J(2001). Mrcl Keeney, J. B. and Boeke, J. 1994). Efficient targeted integration lati1-

transduces signals of DNA replication stress to activate Rad3.Cell 32 andura4-294in Schizosaccharomyces pomeneticsl36, 849-856.

Biol. 3, 958-965. Kondo, T., Wakayama, T., Naiki, T., Matsumoto, K. and Sugimoto, K.
Bahler, J., Wyler, T., Loidl, J. and Kohli, J. (1993). Unusual nuclear (2001). Recruitment of Mec1 and Ddc1 checkpoint proteins to double-strand

structures in meiotic prophase of fission yeast: a cytological analy§isl| breaks through distinct mechanisr8gience294, 867-870.

Biol. 121, 241-256. Lee, B. and Amon, A.(2001). Meiosis: how to create a specialized cell cycle.

Bahler, J., Wu, J. Q., Longtine, M. S., Shah, N. G., McKenzie, A., Steever, Curr. Opin. Cell Biol.13, 770-777.
A. B., Wach, A., Philippsen, P. and Pringle, J. R(1998). Heterologous Leu, J.-Y. and Roeder, G. S.(1999). The pachytene checkpoint $
modules for efficient and versatile PCR-based gene targeting in cerevisiae depends on Swel-mediated phosphorylation of the cyclin-
Schizosaccharomyces pombeastl4, 943-951. dependent kinase Cdc28ol. Cell 4, 805-814.

Bailis, J. M. and Roeder, G. S.(1998). Synaptonemal complex Leu, J.-Y., Chua, P. R. and Roeder, G. $1998). The meiosis-specific Hop2
morphogenesis and sister-chromatid cohesion require Mekl-dependentprotein of S. cerevisiae ensures synapsis between homologous

phosphorylation of a meiotic chromosomal protéenes Devl2, 3551- chromosomesCell 94, 375-386.

3563. Lindgren, A., Bungard, D., Pierce, M., Xie, J., Vershon, A. and Winter, E.
Bailis, J. M. and Roeder, G. S(2000). Pachytene exit controlled by reversal ~ (2000). The pachytene checkpointSaccharomyces cerevisiesguires the

of Mek1-dependent phosphorylatiddell 101, 211-221. Suml transcriptional repress&MvBO J.19, 6489-6497.

Blanco, M. A., Sanchez-Diaz, A., de Prada, J. M. and Moreno, 8000). Lowndes, N. F. and Murguia, J. R(2000). Sensing and responding to DNA
APC(ste9/srwl) promotes degradation of mitotic cyclins in G(1) and is damageCurr. Opin. Genet. Dev0, 17-25.
inhibited by cdc2 phosphorylatioBEMBO J.19, 3945-3955. Lydall, D. and Weinert, T. (1995). Yeast checkpoint genes in DNA damage
Blanco, M. A., Pelloquin, L. and Moreno, S.(2001). Fission yeast mfrl processing: implications for repair and arr&stience270, 1488-1491.



Lydall, D., Nikolsky, Y., Bishop, D. K. and Weinert, T.(1996). A meiotic
recombination checkpoint controlled by mitotic checkpoint geNesure
383 840-843.

MacQueen, A. J. and Villeneuve, A. M(2001). Nuclear reorganization and
homologous chromosome pairing during meiotic prophase redtire
eleganschk-2. Genes Devl5, 1674-1687.

Melo, J. and Toczyski, D.(2002). A unified view of the DNA-damage
checkpoint.Curr. Opin. Cell Biol.14, 237-245.

Melo, J., Cohen, J. and Toczyski, D. R2001). Two checkpoint complexes
are independently recruited to sites of DNA damage in Beémes DeVl5,
2809-2821.

Molnar, M., Bahler, J., Sipiczki, M. and Kohli, J. (1995). Therec8gene of
Schizosaccharomyces pomiz involved in linear element formation,
chromosome pairing and sister-chromatid cohesion during meBesigtics
141, 61-73.

Moreno, S., Klar, A. and Nurse, P.(1991). Molecular genetic analysis of
fission yeasBchizosaccharomyces pombtethods Enzymol 94, 795-823.
Moser, B. A. and Russell, P.(2000). Cell cycle regulation in

Schizosaccharomyces pomBeairr. Opin. Microbiol.3, 631-636.

Murakami, H. and Nurse, P. (2000). DNA replication and damage

Role of Mek1 in a meiotic checkpoint 271

Russell, P. and Nurse, R1986).cdc25+functions as an inducer in the mitotic
control of fission yeasCell 45, 145-153.

San-Segundo, P. A. and Roeder, G. 8999). Pch2 links chromatin silencing
to meiotic checkpoint controCell 97, 313-324.

Santos, B. and Snyder, M(1997). Targeting of chitin synthase 3 to polarized
growth sites in yeast requires Chs5p and Myd2&ell Biol.136, 95-110.

Sazer, S. and Sherwood, S. W1990). Mitochondrial growth and DNA
synthesis occur in the absence of nuclear DNA replication in fission yeast.
J. Cell Sci97, 509-516.

Shimada, M., Nabeshima, K., Tougan, T. and Nojima, H(2002). The
meiotic recombination checkpoint is regulated by checkpoint rad(+) genes
in fission yeasteMBO J.21, 2807-2818.

Sipiczki, M. and Ferenczy, L. (1977). Protoplast fusion of
Schizosaccharomyces pomBexotrophic mutants of identical mating type.
Mol. Gen. Genetl51, 77-81.

Smith, K. N. and Nicolas, A.(1998). Recombination at work for meiosis.
Curr. Opin. Genet. De8, 200-211.

Tanaka, K. and Russell, P(2001). Mrc1 channels the DNA replication arrest
signal to checkpoint kinase Cd$dat. Cell Biol.3, 966-972.

Thompson, D. A. and Stahl, F. W(1999). Genetic control of recombination

checkpoints and meiotic cell cycle controls in the fission and budding yeasts. partner preference in yeast meiosis: isolation and characterization of mutants

Biochem J349 1-12.
Nabeshima, K., Kakihara, Y., Hiraoka, Y. and Nojima, H.(2001). A novel

elevated for meiotic unequal sister-chromatid recombina@emeticsl53
621-641.

meiosis-specific protein of fission yeast, Meul3p, promotes homologou$ung, K. S., Hong, E. J. and Roeder, G. $2000). The pachytene checkpoint

pairing independently of homologous recombinatiBMBO J.20, 3871-
3881.

Qishi, 1., lwai, K., Kagohashi, Y., Fujimoto, H., Kariya, K., Kataoka, T.,
Sawa, H., Okano, H., Otani, H., Yamamura, H. et al.2001). Critical role

prevents accumulation and phosphorylation of the meiosis-specific

transcription factor Ndt8@Proc. Natl. Acad. Sci. US®7, 12187-12192.
Villeneuve, A. M. and Hillers, K. J.(2001). Whence meiosi<?ll 106, 647-

650.

of Caenorhabditis eleganeomologs of Cdsl (Chk2)-related kinases in Weinert, T. (1998). DNA damage checkpoints update: getting molecDiar.

meiotic recombinationMol. Cell. Biol.21, 1329-1335.
Pittman, D. L., Cobb, J., Schimenti, K. J., Wilson, L. A., Cooper, D. M.,
Brignull, E., Brignull, M., Handel, M. A. and Schimenti, J. C. (1998).

Opin. Genet. De\8, 185-193.
Xu, L., Weiner, B. M. and Kleckner, N. (1997). Meiotic cells monitor the
status of the interhomolog recombination comp&snes Devll, 106-118.

Meiotic prophase arrest with failure of chromosome synapsis in micé/oshida, K., Kondoh, G., Matsuda, Y., Habu, T., Nishimune, Y. and

deficient forDmcl, a germline-specific RecA homololglol. Cell 1, 697-
705.

Rhind, N. and Russell, P.(2000). Chkl and Cdsl: linchpins of the
DNA damage and replication checkpoint pathway<ell Sci113 3889-
3896.

Rockmill, B. and Roeder, G. S(1991). A meiosis-specific protein kinase
homolog required for chromosome synapsis and recombin&gmes Dev.
5, 2392-2404.

Roeder, G. S(1997). Meiotic chromosomes: it takes two to tar@enes Dev.
11, 2600-2621.

Roeder, G. S. and Bailis, J. M(2000). The pachytene checkpoiiitends
Genet.16, 395-403.

Morita, T. (1998). The mouse&RecAlike gene Dmcl is required for
homologous chromosome synapsis during meid4is. Cell 1, 707-718.

Zeng, Y., Forbes, K. C., Wu, Z., Moreno, S., Piwnica-Worms, H. and
Enoch, T. (1998). Replication checkpoint requires phosphorylation of the
phosphatase Cdc25 by Cds1 or Chkature 395 507-510.

Zeng, Y. and Piwnica-Worms, H.(1999). DNA damage and replication
checkpoints in fission yeast require nuclear exclusion of the Cdc25
phosphatase via 14-3-3 bindirigol. Cell. Biol.19, 7410-7419.

Zenvirth, D. and Simchen, G.(2000). Meiotic double-strand breaks in
Schizosaccharomyces pomBeairr. Genet.38, 33-38.

Zickler, D. and Kleckner, N. (1999). Meiotic chromosomes: integrating
structure and functiorAnnu. Rev. Gene83, 603-754.



