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Mekl1 is a meiosis-specific kinase in budding yeast which promotes recombination between homologous
chromosomes by suppressing double-strand break (DSB) repair between sister chromatids. Previous work has
shown that in the absence of the meiosis-specific recombinase gene, DMC1, cells arrest in prophase due to
unrepaired DSBs and that Mek1 kinase activity is required in this situation to prevent repair of the breaks
using sister chromatids. This work demonstrates that Mekl is activated in response to DSBs by autophos-
phorylation of two conserved threonines, T327 and T331, in the Mekl1 activation loop. Using a version of Mekl
that can be conditionally dimerized during meiosis, Mek1 function was shown to be promoted by dimerization,
perhaps as a way of enabling autophosphorylation of the activation loop in trans. A putative HOPI-dependent
dimerization domain within the C terminus of Mekl has been identified. Dimerization alone, however, is
insufficient for activation, as DSBs and Mekl recruitment to the meiosis-specific chromosomal core protein
Redl are also necessary. Phosphorylation of S320 in the activation loop inhibits sister chromatid repair
specifically in dmclA-arrested cells. Ectopic dimerization of Mekl bypasses the requirement for S320 phos-
phorylation, suggesting this phosphorylation is necessary for maintenance of Mek1l dimers during checkpoint-

induced arrest.

During the specialized cell division of meiosis, two rounds of
chromosome segregation follow one round of chromosome
duplication, thereby creating haploid gametes from diploid
cells. In the first meiotic division (meiosis I [MI]), homologous
chromosomes segregate to opposite poles, while in the second
division (MII), sister chromatids segregate to opposite poles.
Recombination between nonsister chromatids of homologous
chromosomes, combined with sister chromatid cohesion, cre-
ate physical connections that enable homologs to segregate
properly at MI (33). In the absence of these connections,
homologous chromosomes disjoin randomly, resulting in chro-
mosomally imbalanced gametes. In humans, the consequences
of these nondisjunction events are infertility or birth defects,
such as trisomy 21 or Down syndrome (12). While crossovers
must occur between homologs during meiosis to be effective
for chromosome segregation, in vegetative cells sister chroma-
tids are the preferred templates for DNA repair (19). Deter-
mining how the bias in recombination partners changes from
sister chromatids to homologs is therefore key to understand-
ing meiosis.

In the budding yeast, Saccharomyces cerevisiae, meiotic re-
combination is initiated by double-strand breaks (DSBs) cata-
lyzed by a meiosis-specific endonuclease, Spoll (21). The 5’
ends of the DSBs are resected to generate 3’ single-stranded
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tails, which then invade homologous nonsister chromatids, dis-
placing strands of like polarity. Extension of the invading 3’
tails by DNA repair synthesis proceeds until the displaced
strands anneal with 3’ single-stranded tails from the opposite
side of the breaks. Further extension and ligation generate
double Holliday junction structures that are resolved to make
crossovers (2, 36). In addition, a subset of crossovers is created
by an alternative pathway using the structure-specific Mus81-
Mms4 endonuclease (reviewed in reference 13).

Strand invasion is the critical step that determines partner
choice. In vegetative cells, where recombination occurs pref-
erentially between sister chromatids, the recombinase mediat-
ing strand invasion is Rad51 (29). In meiotic cells, a meiosis-
specific recombinase, Dmcl, is also present (6). Rad51 and
Dmcl colocalize to DSBs and function together in meiotic
recombination between homologs (4, 51). RADS1 facilitates
Dmcl localization to breaks, although the reverse is not true
(4, 38). In diploids with DMC1 deleted, there is no strand
invasion of homologs, and as a result, DSBs are unrepaired
and hyperresected (6, 16). Furthermore, cells arrest in
prophase due to triggering of the meiotic recombination
checkpoint (24). Given that Rad51 is present at breaks in
dmclA mutants and that Rad51 preferentially utilizes sister
chromatids as templates for DSB repair in vegetative cells, the
fact that DSBs are unrepaired in dmclA meiosis suggests that
there is a meiosis-specific “barrier to sister chromatid repair”
(BSCR) functioning to suppress Rad51-mediated intersister
DSB repair.

An important clue to understanding how the BSCR is cre-
ated came from the discovery that deletion of the meiosis-
specific protein kinase Mekl (also known as Mre4) allows
repair of DSBs in dmclA diploids (49). Consistent with a role
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in the BSCR, meklA mutants are specifically defective in in-
terhomolog recombination and, in some genetic assays, exhibit
increased sister chromatid recombination (15, 27, 42). An an-
alog-sensitive allele of MEKI (mek!-as) allows conditional in-
hibition of Mekl kinase activity during meiosis. Using this
allele, Mek1 kinase activity was shown to be constitutively
required after DSB formation in dmcIA strains to prevent
sister chromatid repair (27, 45). Increased Rad51 activity, ei-
ther by overexpression of RAD51 or RAD54 or deletion of a
negative regulator of Rad51, HEDI, suppresses the interho-
molog recombination, sporulation, and spore viability defects
of dmclA (5, 43, 44). This suppression requires Mek1 kinase
activity, as inactivation of Mekl-as when RAD51 is overex-
pressed in the dmclA background results in intersister recom-
bination and dead spores (27). This result indicates that Mek1
does not create a BSCR by directly inhibiting the catalytic
activity of Rad51 but instead prevents active Rad51 from in-
vading sister chromatids.

A BSCR is necessary only when DSBs create 3’ single-
stranded ends that are faced with the choice of invading either
sister chromatids or homologs. Recent experiments suggest
that coupling of DSB formation to creation of a BSCR occurs
by regulation of Mek1 kinase activity. Mek1 exists in a complex
with two other meiosis-specific chromosomal core compo-
nents, Hopl and Red1 (3, 40). The last 20 amino acids of Hop1
constitute a functionally distinct region called the C domain
that is specifically required for the BSCR (27). Ectopic dimer-
ization of Mekl1 suppresses hopl-K5934 mutant phenotypes,
suggesting that the function of the Hopl C domain in the
BSCR is to dimerize Mekl. The Hopl C domain is phosphor-
ylated in response to DSBs by a kinase other than Mekl,
suggesting a mechanism by which DSB formation may be tied
to Mekl activation (27).

Mek1 belongs to the RD family of protein kinases, many of
which are activated by phosphorylation of conserved threoni-
nes in a portion of the protein called the activation loop (18,
28). Phosphorylation of the activation loop can create confor-
mational changes that allow substrate binding and/or affect the
phosphoryl transfer step (1). Modification of activation loop
threonines can result either from autophosphorylation (e.g.,
interleukin-1 receptor-associated kinase 4) or by reaction with
another kinase (e.g., cyclin-dependent kinase) (8, 20). For ki-
nases activated by autophosphorylation in #rans, dimerization
is one way to bring the kinase molecules together. Mek1 con-
tains two conserved threonines in its activation loop, T327 and
T331. Genetic evidence indicates that T327 phosphorylation is
important for Mekl function during meiosis, but a role for
T331 has not been reported (45).

To determine whether T327 and T331 phosphorylation oc-
curs in vivo, mass spectrometry (MS) was used to identify
amino acids that are phosphorylated in glutathione S-trans-
ferase (GST)-Mekl1 purified from dmclA-arrested cells, where
Mek1 kinase activity is constitutively required to prevent in-
tersister DSB repair. In vivo phosphorylation of T327 and T331
was confirmed. T327 phosphorylation therefore provides a mo-
lecular marker for the activation state of Mekl. Analysis of
T327 phosphorylation of Mekl in various mutant conditions
revealed several requirements for Mek1 activation in response
to DSBs. In addition, MS identified a third amino acid in the
activation loop, S320, which is also phosphorylated. Unlike
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TABLE 1. Plasmids

Reference or

Name Yeast genotype source

pRS402 ADE2 7

pTS30 GST-MEK1 ADE2 9

pTS31 GST-mekl-KI199R ADE2 9

pTS32 GST-mekl-T3274 ADE2 45

pTS33 GST-mekl-T327D ADE2 45
pTS30-T331A GST-mekl-T3314 ADE2 This work
pTS30-T331D GST-mekl-T331D ADE2 This work
pTS30-AA GST-mekl1-T327A T331A ADE2 This work
pTS30-AD GST-mekl1-T327A T331D ADE2 This work
pTS30-DA GST-mekl-T327D T3314A ADE2 This work
pTS30-DD GST-mekl-T327D T331D ADE2 This work
pHN26 GST-mekl-K199R URA3 27
pHN31 GST-mekl-T3274 URA3 This work
pHN32 GST-mekl-T327D URA3 This work
pHN33 GST-mekl-T331A4 URA3 This work
pHN34 GST-mekI-T331D URA3 This work
pHN35 GST-mekl1-T327D T331D URA3 This work
pTS30-R51A GST-mekI-R514 ADE2 45
pTS30-R72P D76K gst-R72P D76K-MEKI1 ADE2 27
pRS306 URA3 39

pBLI12 GST-MEKI URA3 27
pBL12-S320A GST-mek1-S3204 URA3 This work
pHN38 gst-R72P D76K-mek1-S3204 URA3 This work
pLT11-K593A hop1-K5934 URA3 27
pSB3-K348E red1-K348E URA3 47

pLP37 MEKI URA3 9

pLP36 mekI-KI99R URA3 9

pTS9 meklI-T3274 URA3 This work
pTS15 meklI-T327D URA3 This work
pHN36 mekl-T3314 URA3 This work
pHN37 mekl-T331D URA3 This work
pLP37-S142A mekI-S1424 URA3 This work
pLP37-S320A mek1-S3204 URA3 This work
pLP37-S142A S320A mekl-S1424 S3204 URA3 This work
pLP37-S320D mek1-S320D URA3 This work
pLP37-IL mekI-14594 L4604 URA3 This work
pEJ2 GST-mekl1-1459A4 L4604 URA3 This work
pEJ4 gst-R72P D76K-mek1-1459A L460A This work

URA3

pNH131 rec104A:LEU2 14
pHN30 FKBP-MEKI1 ADE2 2pm This work

that of T327 and T331, however, S320 phosphorylation is re-
quired specifically in maintaining Mek1 function in dmclA-
arrested cells.

MATERIALS AND METHODS

Plasmids. Plasmid names, genotypes, and sources can be found in Table 1. All
MEK] alleles (including N-terminal fusions) are under control of the MEKI
promoter. Mutations in T327 and T331 were introduced into GST-MEKI by
site-directed mutagenesis of the ADE2-integrating plasmid pTS30 (QuikChange
kit; Stratagene, La Jolla, CA). To create URA3 integrating plasmids containing
the Pyypx;-GST-mekl alleles (pHN31 to pHN35), 3.0-kb NotlI/Sall fragments
from the corresponding ADE?2 plasmids were subcloned into Notl/Sall-digested
pRS306. Untagged mek! alleles (pTS9, pTS15, pHN36, and pHN37) were cre-
ated by substituting 0.75-kb Spel/Hpal fragments from GST-mekl mutant alleles
for the corresponding fragment in pLP37. Mutations in S142 and S320 were
made by site-directed mutagenesis in untagged and GST-tagged MEKI using
pLP37 and pBL12 as templates, respectively. mekl1-14594 L460A (mekl-IL) was
created by introducing 1459A and L460A into pLP37 to make pLP37-IL. A
0.5-kb Hpal/Kpnl fragment from pLLP37 was substituted for the analogous frag-
ment in Hpal/KpnI-digested pBL12, thereby making GST-mekI-IL in pEJ2. For
gst-R72P D76K-mekl-IL, a 2.6-kb Hpal/BamHI fragment from pTS30-R72P
D76K replaced the analogous fragment in pEJ2 to make pEJ4. Mutations were
confirmed by DNA sequencing (Stony Brook University DNA Sequencing Fa-
cility). All mekI alleles exhibiting a mutant phenotype were sequenced in their
entirety to ensure that no unintended mutations were created during the mu-
tagenesis. gst-R72P D76K-mek1-S320A was constructed by cloning a 1.9-kb Spel
fragment from pEJ4 containing gst-R72P D76K into Spel-digested pBL12-
S320A, thereby creating pHN38.

The FKBP-MEK]I overexpression plasmid was constructed using plasmid pC,-
F,1E from the ARGENT regulated homodimerization kit (ARIAD Pharmaceu-
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TABLE 2. S. cerevisiae strains

Strain Genotype Reference or source
YTS1 MATa leu2A hisG his4-x ARG4  ura3 lys2 hoA::LYS2 meklA:LEU2 9

MATwo leu2-K ~ HIS4 arg4-Nsp ura3 lys2 hoA:LYS2 mekIA:LEU2

YTS1ade Same as YTSI1 but ade2-Bg! 9

NHS520 MATa leu2::hisG his4-x dmclA:LEU2 hoA::LYS?2 lys2 ura3 meklA::kanMX6 45
MATa leu2::hisG his4-B dmclA::LEU2 hoA::LYS?2 lys2 ura3 meklA::kanMX6

NH561 MATo leu2-K HIS4 hoA::LYS2 lys2 ura3 arg4-Nsp meklA::kanMX6 rec104A::LEU2 This work
MATa leu2AhisG his4-x hoALYS2 lys2 ura3 ARG4  meklA::kanMX6 rec104A:LEU2

NH566 MAT« leu2 HIS4 lys2 hoA::LYS2 ura3 ade2 arg4 hopl::LEU2 meklA::LEU2 27
MATa leu2 his4 lys2 hoA:LYS2 ura3 ade2 arg4 hopl:LEU2 meklA:LEU2

NH423 MATa leu2-k HIS4 hoA::LYS2 lys2 ura3 arg4-Nsp ade2-Bgl mek1A::LEU2 red1A::kanMX6 45

MATa leu2A hisG his4-x hoA::LYS2 lys2 ura3 ARG4

ade2-Bgl mek1A::LEU2 red1A::kanMX6

ticals) as a template to amplify FKBP by PCR. The fragment was engineered to
introduce an Ndel site at the start codon of FKBP and EcoRI/Sall sites imme-
diately downstream of the FKBP coding sequence. After digestion with Ndel and
Sall, the PCR fragment was ligated to Ndel/Sall-digested pTS25 to fuse FKBP to
the MEKI promoter and create pHN27. A BamHI/Sall fragment containing the
Priex;-FKBP cassette was subcloned into BamHI/Sall-cut pRS402 to make
pHN28. The MEKI coding sequence was fused in frame to FKBP by ligation of
an EcoRI/Sall fragment from pTS3 into EcoRI/Xhol-digested pHN28, thereby
creating pHN29. In this fusion the methionine of Mek1 is deleted and replaced
with the amino acids FPGI. Finally, the Pyzx;-FKBP-MEK]I fusion carried on a
NotI/Kpnl fragment was subcloned into NotI/KpnI-digested pRS422 to make
pHN30.

Yeast strains and media. Strain genotypes are listed in Table 2. All strains are
derived from SK1. The meklA::kanMX6 rec104A::LEU2 diploid, NH561, was
constructed by transforming mekIA haploid strains S2683 mekIA::KAN and
RKY1145 mek1A::KAN with BamHI/Xbal-digested pNH131. The presence of
the rec104A::LEU2 mutation was confirmed by Southern blot analysis and the
haploids mated to make the diploid. All integrating plasmids were digested with
Stul to target integration either to ADE2 or URA3 in diploid strains and are
presumed to be present in single copy. Liquid and solid media were as described
previously (9). Cultures were sporulated at a density of 3 X 107 cells/ml in 2%
potassium acetate at 30°C. The ligand used to induce dimerization of human
FK506 binding protein (FKBP), AP20187, was obtained from the ARGENT
regulated homodimerization kit (ARIAD Pharmaceuticals).

Kinase assays and Western blots. For Western blots, GST-Mek1 was partially
purified from 50 ml of cells after 4.5 h in sporulation medium (Spo medium) at
30°C as described previously (45). The precipitates were fractionated on 8%
sodium dodecyl sulfate (SDS)-polyacrylamide gels, transferred to nitrocellulose
membranes, and blocked with 5% nonfat milk for 1 h at room temperature. The
blots were then incubated in 5% bovine serum albumin with a 1:1,000 dilution of
Akt antibody (Cell Signaling Technology) and incubated at 4°C overnight. The
blots were washed with TBS (20 mM Tris-HCI [pH 7.5], 250 mM NaCl, 0.1%
Tween 20) and probed with anti-rabbit secondary antibodies (Bio-Rad) for 4 h
before being developed using the Immun-Star horseradish peroxidase kit (Bio-
Rad). To determine the relative amounts of GST-Mek1 in each pulldown, the
blots were incubated in stripping buffer (50 mM Tris-HCI [pH 6.8], 2% SDS, 50
mM dithiothreitol [DTT]) at 55°C for 30 min and then probed with a 1:5,000
dilution of anti-GST antibodies (generously provided by Doug Kellogg, Univer-
sity of California, Santa Cruz). Kinase assays using glutathione-precipitated
GST-Mekl were performed as described previously (26) except that 0.2 mM
ATP without any radioactivity was used.

Protein purification and MS. For MS analysis, GST-Mek1 was purified from
the GST-MEK]I dmcIA diploid, NH520::pBL12. One liter of sporulating culture
(~10 g of cell pellet) was collected 5 h after transfer to Spo medium at 30°C.
Soluble extracts were made by resuspending the cells in 10 ml lysis buffer (50 mM
Tris [pH 8.0], 10 mM EDTA 8.0, 300 mM NaCl, 1 mM DTT, 0.5% Triton X-100,
0.05% SDS, 1 mM phenylmethylsulfonyl fluoride, 1 wg/ml leupeptin, 1 pg/ml
aprotinin, 1 pg/ml pepstatin, 2 mM benzamidine, 10 mM NaF, 1 mM Na,P,0-)
and 10 g acid-washed glass beads and vortexing for 20 seconds 10 times, with 2
min on ice in between. Five hundred microliters of glutathione-Sepharose (GE
Health Science) was added and incubated at 4°C with rotation for 2 h. GST-
Mek1 was eluted by the addition of 500 pl elution buffer (50 mM Tris-HCI [pH
7.5], 200 mM NaCl, 1 mM DTT, 10 mM glutathione). The flowthrough was
collected, and this step was repeated twice. All three flowthroughs were pooled,
and GST-Mek1 was precipitated by addition of trichloroacetic acid to a final

concentration of 20% and then incubated on ice for 20 min. The precipitate was
collected by centrifugation at 16,000 X g for 20 min at 4°C. The pellet was washed
with 100% acetone and the protein fractionated using a 4 to 12% bis-Tris
NuPAGE gel (Invitrogen).

Proteins were stained in the gel using Gel-code Blue reagent (Pierce), and the
GST-Mekl1 band was cut out of the gel. The band was cut into approximately
1-mm cubes, washed with MilliQ water, and destained using 50% CH;CN-50
mM NH,HCO;. Gel pieces were dehydrated with 100% CH;CN and dried for 30
min under vacuum. For in-gel digestion, dry gel pieces were rehydrated with 10
ng/ul trypsin (50 mM NH,HCO3, pH 8) on ice for 2 h. The digestion was carried
out at 37°C overnight. Digests were extracted twice using a solution of 50%
CH;CN-5% HCOOH, dried completely under vacuum, and stored at —80°C
until further analysis.

Liquid chromatography-tandem MS experiments were performed on an LTQ
mass spectrometer (Thermo Electron, San Jose, CA). Peptide mixtures were
loaded onto a 100-wm-inner-diameter fused-silica microcapillary column packed
in-house with C,g resin (Michrom Bioresources Inc., Auburn, CA) and were
separated using a 40-min gradient from 8% to 45% solvent B (0.15% HCOOH-
97.5% CH;CN). Solvent A was 0.15% HCOOH-2.5% CH;CN. The LTQ mass
spectrometer was operated in the data-dependent mode using the TOP10 strat-
egy (11, 23). In brief, a scan cycle was initiated with a full scan, which was
followed by tandem MS scans on the 10 most abundant precursor ions with
dynamic exclusion of previously selected ions.

Time courses. Liquid sporulation was performed at 30°C with 2% potassium
acetate. Sporulation was monitored using phase-contrast light microscopy to
count the number of asci present in 200 cells per strain. Meiotic progression was
monitored by staining cells with DAPI (4',6'-diamidino-2-phenylindole) using
fluorescence microscopy. Binucleate cells have completed MI, while tetranucle-
ate cells have completed MIL. DSBs were monitored at the naturally occurring
YCRO048w hot spot as described previously (47, 48). DSBs were quantitated using
a Molecular Dynamics PhosphorImager (Amersham, Piscataway, NJ) and Image
Quant 1.1 software.

RESULTS

Two conserved threonines in the Mekl activation domain
are important for Mekl function. Alignment of budding yeast
Mek1 with different kinases activated by phosphorylation as
well as different fungal orthologs of Mekl indicates that
there are two conserved threonine residues within Mek1’s
activation domain, T327 and T331 (Fig. 1A). Although ge-
netic evidence exists for a role of T327 in Mek1 function, a
role for T331 has not been reported (45). Various T327/
T331 mutant combinations were therefore introduced by
site-directed mutagenesis into GST-MEK]I, and the mutants
were tested for complementation of the mekIA spore via-
bility defect. As was previously observed, mutation of T327
to alanine reduces spore viability, while the presence of a
negatively charged amino acid at this position (GST-mek!1-
T327D) creates a more functional allele (45) (Table 3).
Alteration of T331 to alanine decreased spore viability sig-
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Scer: DFGIAKDLNSN-KERMHTVVGTPEYCAPEV
Klac: DFGIAKELSQNTKERMHTVVGTPEYCAPEV
Agos: DFGIAKDLPST-RVRMHTIVGTPEYCAPEV
Cagl : DFGIAR-TVTTMESEMFTVVGTPEYCAPEV
Spmb: DFGVAR--CMQKGERLSTFVGTPEYTAPEIL
CaMKI: DFGLSK--MEDPGSVLSTACGTPGYVAPEV
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Phosphorylation Peptide m/z Charge | Xcorr®
sites State
Thr,_327 M=HT#VWGTPEYCAPEVGFR | 7165 3 4.2
Thryg, M*HTVVGTHPEYCAPEVGFR | 7165 3 50
Thryy, Thrss, MHT#WGT#PEYCAPEVGFR | 737.8 3 22
aXCorr values were from the Sequest algorithm
Me=: Met is oxidized
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FIG. 1. MS analysis of phosphorylated threonines in the Mek1 activation domain. (A) Alignment of activation domains of Mek1 proteins from
different fungal species and from mammalian CaMKI and PKA. Bold letters indicate conserved threonines. Numbers indicate amino acid position
in S. cerevisiae Mek1. Scer, S. cerevisiae; Scas, Saccharomyces castellii; Agos, Ashbya gossypii; Klac, Kluyveromyces lactis; Cagl, Candida gilbrata,
Spmb, S. pombe; CaMKI, calcium/calmodulin-dependent protein kinase I (from rat); PKA, cAMP-dependent protein kinase (from mouse). (B).
Summary of peptides detected as phosphorylated at T327 and/or T331. T#, phosphorylated threonine. (C and D) Tandem MS of monophos-
phorylated phosphopeptides, showing site localization to either T327 (C) or T331 (D). These two phosphopeptides had different retention times,
and their fragmentation spectra were also different. Fragment ions used to determine site localization are circled. Cysteine residues were found
as carboxyamidomethylated products, and methionines were found in their oxidized state.

nificantly to 20.1%, indicating that T331 is also required for
Mekl to function properly during meiosis. In this case, how-
ever, the presence of a phosphomimetic amino acid at this
position did not improve the phenotype, producing only
12.9% viable spores (Table 3). This result could mean either
that T331 is not normally phosphorylated or, more likely,
that aspartic acid is not a good mimic for phosphate at this
position.

The ability of the activation loop mutants to mediate dmcilA
arrest was also analyzed. The dmclIA GST-mekl1-T327A and
dmclA GST-mek1-T327D mutants both sporulated as well as
the dmcIA GST-mekI-KI199R mutant (with a catalytically in-
active version of Mek1) (Table 3). DSBs are repaired in these
diploids, and the spores are inviable (data not shown), indicat-
ing that these mutants are defective in the BSCR. These results
suggest that dmclA arrest requires a higher level of kinase
activity than what is required for creating a BSCR in an oth-
erwise wild-type meiosis. This could be because the BSCR
functions only transiently in a DMCI diploid, whereas it must
function constitutively in dmclA-arrested cells to prevent re-
pair off sister chromatids and, consequently, meiotic progres-
sion and sporulation.

The untagged mekI-T327D mutant exhibits higher spore
viability than the mekI-T327A4 mutant, although the absolute

number of viable spores is much lower than with GST-mek!
mutants (Table 3). One explanation is that binding of pre-
dimerized GST-Mekl1 to phospho-Redl1 results in a higher
local concentration of the kinase than for untagged Mekl
(bringing two kinase molecules to Red1 instead of one). Con-
sistent with the low level of activity in the untagged activation
domain mutants, no dmclA arrest was observed (Table 3).
Examination of various double mutant combinations sug-
gests that phosphorylation of T327 and/or T331 occur during
meiosis. Although neither the T327A nor the T331A single
mutant decreases spore viability to the null level, the mekI-
13274 T331A4 mutant produced 6.5% viable spores, equivalent
to the catalytically inactive mek1-K199R mutant (Table 3) (9).
Therefore, some functional redundancy exists between these
two sites. If the presence of a negative charge at T327 is
sufficient for Mek1 kinase activation, then aspartic acid at this
position should bypass the requirement for phosphorylation at
T331. However, this is not the case, as the mekI-T327D T331A
mutant resembles the mekI-T3314 mutant and not the mekI-
7327D mutant (Table 3). Therefore, the function of T331
phosphorylation is not simply to promote phosphorylation of
T327. The mek1-T327D T331D mutant generates significantly
more viable spores than either the mekl-1T327D T331A4 or
mekl-T3274 T331D mutant, as well as exhibiting partial
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TABLE 3. Spore viability of mutants with various mutations in the
Mek1 activation loop

% Spore viability

% Sporulation (mean * SD)
(no. of asci)®

MEKT genotype in dmclA background®

mekIA 6.8 (108) 70.7 + 8.6
GST-mekI-KI199R 7.4 (91) ND¢
GST-MEKI 87.8 (39)*** 0=0
GST-mek1-T3274 35.5 (105)*** 69.2 + 163
GST-mekI-T327D 73.3 (104)7%* 722+ 158
GST-mekI-T3314 20.1 (108)*** 71.8 + 16.4
GST-mek1-T331D 12.9 (101)* 73.7 + 12.4
GST-mek1-T327A T3314 6.5 (106) ND
GST-mekI-T327D T3314 6.8 (96) ND
GST-mekI-T327A T331D 6.6 (102) ND
GST-mek1-T327D T331D 15.4 (117)** 513+ 115
MEK]I 96.2 (26)*** 13+ 1.1
mekI-KI199R <1.0(26) 655+ 05
mekI-T3274 <0.3 (104) 80.0 + 4.3
mekI-T327D 4.3 (104)** 80.3 = 4.6
meki1-T3314 2.9 (104)** 81.0 £ 0.5
mekI-T331D 2.4 (104) 713 + 6.4

“ For spore viability of GST-mekl mutants, ADE2 plasmids were integrated
into YTS1ade. For untagged mekl alleles, URA3 plasmids were integrated into
YTSI. For analysis of dmcIA arrest, URA3 GST-mekl and URA3 mekl plasmids
were integrated into NH520.

> To assess spore viability, transformants were patched onto minimal medium
lacking either adenine or uracil, replicated to Spo plates, incubated at 30° for
24 h, and then dissected. Asterisks indicate spore viability values that are statis-
tically significantly increased compared to those for mekIA based on x*-analysis:
* P < 0.01; **, P < 0.001; *** P < 0.0001. x> analysis was performed using
software present at http:://faculty.vassar.edu/lowry/tab2X2.html. For mekI-T331D,
there were insufficient data to perform the x> analysis.

¢ To monitor sporulation, transformants were patched onto SD-uracil plates and
replica plated to Spo medium for 24 h at 30°C, and 200 cells were assayed for
formation of asci by phase-contrast light microscopy. Three transformants were
analyzed for each plasmid.

4 ND, no data.

dmclA arrest, suggesting that negative charges at both posi-
tions promote Mek1 activation (Table 3).

Mekl is phosphorylated on T327 and T331 in meiotic cells.
To obtain direct biochemical evidence that T327 and/or T331
is phosphorylated on Mekl during meiosis, MS was used to
map phosphorylation sites on GST-Mekl1 purified after 5 h in
Spo medium. A dmcIA diploid was used because Mekl is
constitutively active during dmcIA arrest to prevent DMCI-
independent repair of DSBs (45). Therefore dmclA provides a
way of synchronizing meiotic cells at a time after Mekl1 has
been activated. After glutathione-Sepharose precipitation and
elution, GST-Mek1 was fractionated by SDS-polyacrylamide
gel electrophoresis and the protein cut out of the gel and
digested with trypsin. The Mekl peptides were subjected to
phosphorylation analysis by liquid chromatography-tandem
MS techniques (32). Phosphopeptides were identified by data-
base searching using the Sequest algorithm. A doubly phos-
phorylated peptide with the sequence MHT*VVGT*PEYCS
PEVGEFR was identified. The phosphorylated threonines in
this peptide are T327 and T331, respectively. Both monophos-
phorylated forms of the peptide were also found (Fig. 1B).
Tandem mass spectra for each event are shown in Fig. 1C and
D. Combining the genetic and biochemical data, these exper-
iments demonstrate that phosphorylation of the Mek1 activa-
tion domain is essential for accurate chromosome segregation
during meiosis.

Phosphorylation of T327 is dependent upon DSBs and
Hop1/Red1/Mek1 complexes. T327 is contained within the pep-
tide KXRXXT, which, after being phosphorylated, matches

MoL. CELL. BIOL.

the recognition site of the commercially available phospho-
(Ser/Thr) Akt substrate antibody (25). GST-Mek1 was partially
purified from meiotic cells and probed on immunoblots with
the Akt antibodies. A strong signal was detected from the
strain carrying GST-MEK]I but not from the meklIA strain (Fig.
2). The blot was stripped and then reprobed with anti-GST
antibodies to confirm that the protein being analyzed was
GST-Mekl (Fig. 2). No signal was detected for either GST-
mekl-T327D or GST-mekl-T327A4, indicating that the anti-
body was specifically recognizing phosphorylation at T327 (Fig.
2 and data not shown). The Akt antibodies therefore provide a
means of probing the activation state of Mekl in vivo under
various mutant conditions.

REC104 encodes a meiosis-specific protein that is required
to generate DSBs (30). No phospho-T327 was detected in
GST-Mekl partially purified from a rec104A diploid after 4.5 h
in Spo medium (Fig. 2). (In strains that reduce or abolish T327
phosphorylation, a faint band that migrates slightly faster than
GST-Mekl is sometimes observed [Fig. 2]. However, because
this band is not reproducibly observed in other experiments, it
is unlikely to be phosphorylated GST-Mek1 [data not shown].)
The failure of GST-Mekl to be phosphorylated at T327 in
rec104A diploids indicates that DSBs are required for Mekl
activation.

Hop1/Red1/Mek1 complexes can be disrupted by a variety
of mutations. Deletion of either HOPI or REDI destroys the
complex, and GST-Mek1 fails to undergo T327 phosphoryla-
tion in both cases (Fig. 2). In addition there are mutants that
interfere with specific parts of the complex. For example, GST-
mekI-R51A contains a point mutation in the Mekl FHA do-
main that specifically disrupts the interaction of Mekl with
phospho-Red1 (45). This mutation prevents T327 phosphory-
lation, indicating that Mekl cannot be activated unless it is
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FIG. 2. Mekl T327 phosphorylation under different mutant conditions.
GST-Mekl1 was partially purified from the indicated diploids after 4.5 h in
Spo medium at 30°C. GST-MEKI (YTSlade:pTS30), mekIA (YTSlade:
pRS402), GST-mek1-KI99R (YTSlade:pTS31), GST-mekI-R514 (YTS1
ade::pTS30-R51A), GST-mekl-1327D (YTSlade:pTS33), GST-MEKI rec
104A (NH561::pBL12), GST-MEKI hopI A (NH566::pRS306::pTS30), GST-
MEKI hopl-K5934 (NH566::pLT11-K593A::pTS30), GST-MEKI redlA
(NH423::pTS30:pRS306), and GST-MEKI red1-K348E (NH423::pTS30::
pSB3-K348E) mutants were used. Proteins were fractionated by SDS-poly-
acrylamide gel electrophoresis and probed with Akt antibodies to detect T327
phosphorylation. The blot was then stripped and reprobed with anti-GST
antibodies to detect total Mekl1 protein.
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bound to Red1 (Fig. 2). The red1-K348E mutant is specifically
defective for interaction with Hop1, and this mutant exhibits a
reduced amount of phospho-T327 (47) (Fig. 2). Finally, T327 is
phosphorylated in GST-MEK]I::hopl-K593A4 diploids, where
the Hopl C domain requirement for Mekl dimerization has
been bypassed by GST, while other functions remain intact
(Fig. 2).

T327 phosphorylation requires Mek1 kinase activity. No in
vivo T327 phosphorylation is observed when Mekl is catalyti-
cally inactive (GST-mekl1-K199R), indicating that Mekl1 acti-
vates itself by autophosphorylation (Fig. 2). Further evidence
for this idea comes from the finding that GST-Mek1 can phos-
phorylate T327 in vitro. To show this, GST-Mekl1 lacking in
vivo T327 phosphorylation was first purified from hopIA and
rec104A diploids. The beads containing the precipitated kinase
were then split into two tubes containing kinase assay buffer.
ATP was added to one tube, and the proteins were incubated
at 30°C for 30 min. The kinase incubated without ATP exhibits
the in vivo phosphorylation state of Mek1, whereas the pres-
ence of ATP allows Mek1 phosphorylation to occur in vitro.
GST-Mekl from the wild type is phosphorylated in vivo on
T327, but the Akt signal is increased after incubation with
ATP, suggesting that additional phosphorylation of T327 is
occurring in vitro (Fig. 3). This idea was confirmed by observ-
ing that T327 is phosphorylated in the kinase purified from the
hopIA and rec104A diploids only after incubation with ATP
(Fig. 3). No T327 phosphorylation was observed with GST-
Mek1-K199R with or without ATP, demonstrating that both in
vivo and in vitro T327 phosphorylations require Mek1 kinase
activity and are not due to a copurifying kinase. These results
suggest that Mekl1 activates itself by autophosphorylation of
T327.

The Akt antibodies were used to directly examine whether
phosphorylation of T331 is required for T327 phosphoryla-
tion. GST-Mek1-T331A exhibited autophosphorylation of
T327 in vitro, although the amount of phosphorylated ki-
nase was less than that observed with GST-Mek1-T331D,
which, in turn, was less than that with GST-Mek1 (Fig. 3B).
Therefore it appears that a negative charge at T331 en-
hances the ability of Mekl1 to phosphorylate itself at T327
but is not absolutely required.

MEKI function in hopl-K5934 mutants is dependent upon
dimerization. A variety of correlative data from genetic exper-
iments indicate that Mek1 dimerization mediated by the Hop1
C domain is important for kinase function. However, biochem-
ical experiments to detect Mekl dimers by coimmunopre-
cipitation have thus far been unsuccessful. To confirm that
dimerization is the critical function conferred by GST when
GST-MEKI suppresses hopl-K593A4, a version of MEKI in
which dimerization can be regulated was created. Addition of
the human FKBP to a protein enables conditional dimerization
by addition of a ligand containing two FKS506 moieties
(AP20187) to the medium (see, e.g., reference 46). Overex-
pression of FKBP-MEK] partially complements mekIA in ei-
ther the absence or presence of ligand (76% and 70% viable
spores, respectively), indicating that FKBP does not interfere
with Hopl C-domain-promoted dimerization of Mekl. How-
ever, in the hopl-K593A4 background, FKBP-MEK]I produced
only 2% viable spores (65 tetrads) in the undimerized form.
Addition of AP20187 to the culture increased spore viability to
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FIG. 3. Comparison between in vivo and in vitro T327 phosphoryla-
tion of GST-Mek1 under different mutant conditions. (A) GST-Mek1 was
partially purified from wild-type (YTSlade:pTS30), hopIA (NH566:
PRS306:pTS30), or rec104 (NH561::pBL12) diploids sporulated for 4.5 h at
30°C. As a control, GST-Mek1-K199R was purified from a wild-type strain
(YTSlade::pTS31) under the same conditions. The beads containing the
precipitated kinase were washed, split in half, and resuspended in kinase assay
buffer at 30°C for 30 min in the presence (+) or absence (—) of ATP.
Phosphorylated T327 and total GST-Mek1 were detected as described in the
legend to Fig. 2. (B) GST-Mekl was partially purified from the wild type
(YTS1:pBL12) and from GST-mekl-KI99R (YTS1:pHN26), GST-mekI-
1331D (YTS1:pHN34), and GST-mekl-T3314 (YTS1:pHN33) mutants
and processed as described for panel A.

40% (87 tetrads), demonstrating that dimerization of Mekl
enhances kinase function under these conditions.

The Mekl C terminus contains a putative homodimeriza-
tion domain. The Mekl1 protein can be divided into three
distinct domains: an FHA domain in the N terminus, a catalytic
domain in the middle of the protein, and a functionally un-
characterized 50-amino-acid C-terminal tail (pfam domain
analysis; http:/www.sanger.ac.uk/Software/Pfam/) (Fig. 4A).
Alignment of the C-terminal domains of Mek1 proteins from
different fungal species reveals a conserved sequence of ap-
proximately 20 amino acids located immediately downstream
of the catalytic domain (Fig. 4B). If this region allows HOPI-
mediated dimerization of Mek1, then mutation of conserved
amino acids within this domain should disrupt Mek1 function,
and these defects should be suppressed by ectopic dimerization
of Mek1 by GST. Replacement of two conserved amino acids
within the Mekl C-terminal tail with alanine (meklI-1459A4
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FIG. 4. Functional domains of Mek1. (A) Diagram indicating the
positions of the FHA, catalytic, and C-terminal domains. (B) Align-
ment of the sequences of the C-terminal tails of Mek1 proteins from
different fungal species. Bold letters indicate conserved residues. 1459
L460 are indicated.

L460A [mekI-IL]) creates an allele of MEK]I that is nearly null
for both spore viability and dmcIA arrest (Table 4; Fig. 5A).
Furthermore, the mekl-IL. mutant is defective in the BSCR, as
evidenced by the repair of DSBs in the dmcIA background
(Fig. 5B and C). The IL mutations do not interfere with the
catalytic activity of Mekl, as the spore viability and dmcIA
arrest defects of the mekI-IL mutant are suppressed if the
allele is fused to GST (Table 4; Fig. 5A). DSBs are unrepaired
indmclA GST-mek1-IL diploids, indicating that the BSCR has
been restored (Fig. 5B and C). Ectopic dimerization mediated
by GST is required for suppression of the mekl-IL mutant.
Mutations in GST that disrupt dimerization (gst-RD-mek1-IL)
abolish suppression of mek1-IL, producing inviable spores and
failing to arrest in the dmclA background (27) (Table 4).
Direct proof that this region of Mekl confers dimerization
awaits the development of a biochemical assay that can detect
Mek1 oligomers.

Phosphorylation of an amino acid within the Mek1 activa-
tion domain is required to maintain MEKI function in dmclA-
arrested cells. MS of GST-Mek1 not only confirmed that T327
and T331 are phosphorylated in vivo but also revealed two
previously unknown phosphorylation sites: serine 142 and
serine 320. S142 is located between the FHA and catalytic
domains of Mek1, while S320 resides within the activation loop
(Fig. 1 and 4). These serines were mutated in MEKI both
individually (mekI-S1424 and mekI-S3204) and in combina-
tion (mekl-S1424 S320A4) and tested for their ability to com-
plement the spore inviability of the mekIA mutant. All three
mutant alleles complemented nearly as well as MEK], produc-
ing =93% viable spores, indicating that phosphorylation of
these amino acids does not play a critical role in wild-type
meiosis (Table 5). Given that the GST-Mek1 protein used for
MS was purified from a dmcIA mutant, one possibility is that
phosphorylation of S142 and/or S320 is specifically required in
dmclA-arrested cells. Therefore the ability of the three mu-
tants to maintain dmcIA arrest was also examined. The mekI-
S§1424 mutant behaves like the wild type in that it fails to
sporulate in the dmclA background (Table 5). The failure to
identify a phenotype for the S142A mutation makes the func-
tional significance of this phosphorylation unclear. In contrast,
mek1-S320A and mek1-S1424 S320A are partially defective in
dmclA arrest, allowing 58% and 56% sporulation, respectively
(Table 5). Meiotic progression in the mek-S3204 dmclA dip-
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loid is nearly as efficient as that in the catalytically inactive
mek1-K199R dmclA diploid (Fig. 6A). Mimicking the phos-
phorylated state by replacement of S320 with aspartic acid
restores Mek1 function, as a mek1-S320D dmclA mutant ex-
hibits prophase arrest and only 4% sporulation (Table 5; Fig.
6A). These experiments demonstrate that phosphorylation of
$320 is important for Mek1 function specifically during dmcilA
arrest.

To see what effect S320 phosphorylation has on intersister
DSB repair, DSBs at the YCR048w recombination hot spot
were monitored in dmclA, mekl-KI199R dmclA and mekl-
8§3204 dmclIA diploids up to 12 h after transfer to Spo
medium. As expected, DSBs were hyperresected and unre-
paired in the dmclA diploid and the cells arrested in
prophase (Fig. 6). In contrast, DSBs were rapidly repaired
in the mekI-KI199R dmclA and mek1-S320A dmclA diploids
(Fig. 6C). Replacement of S320 with aspartic acid prevented
DMC]I-independent DSB repair (Fig. 6B and C), indicating
that a negative charge at this position is sufficient for Mek1
function. Because S320A has no phenotype in otherwise
wild-type diploids, S320 phosphorylation appears to be re-
quired only to keep Mekl functional and the BSCR active
when resected DSBs are unable to invade homologous chro-
mosomes.

Ectopic dimerization suppresses mekIl-S3204. Fusion of
GST to mek1-S320A restores MEKI function, reducing sporu-
lation in the dmclA background (Table 5). Preventing GST
dimerization eliminates this suppression: the gst-RD-mekl-
$320A4 mutant exhibits 64% sporulation in the dmclA back-
ground and the spores are inviable, as expected if repair is
occurring using sister chromatids as templates. Therefore, one
possible function for S320 phosphorylation is to stabilize Mek1
dimers when cells are arrested by the meiotic recombination
checkpoint.

DISCUSSION

Mek1 function requires phosphorylation of conserved
threonines in the Mekl activation loop. Phosphorylation of
specific conserved amino acids within the activation loops of
protein kinases such as protein kinase A (PKA) and insulin
receptor kinase (IRK) plays a crucial role in kinase activation.
PKA and IRK are members of the RD family of protein ki-

TABLE 4. Spore viability and dmcIA arrest phenotypes of mekl-IL
in the presence or absence of GST

% Spore viability % Sporulation (mean * SD)

MEK]I genotype”

(no. of asci) in dmcIA background”
MEKI 97.9 (48) 1.8+ 1.7
GST-MEKI 94.5 (50) 0.7=0.8
mekIA 1.1 (44) 959 *+23
mekl-IL 4.4 (120) 825 £ 11.6
GST-meklI-IL 67.2 (122) 1.6 £ 0.8
gst-RD-mekI-1L 2.1(24) 884 £2.2

“ Plasmids containing the indicated MEKI alleles were integrated either into
YTS1 (meklA) to measure spore viability or into NH520 (mekIA dmclA) to
measure dmclA arrest. gst-RD contains the R72P D76K mutations in GST that
disrupt dimerization.

? Four independent transformants were transferred to Spo plates and incu-
bated at 30°C for at least 24 h. Formation of asci was measured for 200 cells/
transformant by phase-contrast light microscopy.
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FIG. 5. Meiotic time course analysis of mekI-IL dmcIA and GST-meklI-IL dmclA mutants. MEKI dmclA (NH520::pLP37), mekI-IL dmclA
(NH520:pLP37-IL), GST-MEKI dmcIA (NH520::pBL12), and GST-mekl1-IL dmclA (NH520::pEJ2) mutants were transferred to Spo medium at
30°C, and samples were taken at 3-h intervals. (A) Meiotic progression measured by DAPI staining of cells to determine the fractions of binucleate
(MI) and tetranucleate (MII) cells. Two hundred cells were counted for each strain at each time point. (B) DSBs detected at the YCR048w hot
spot on chromosome III. (C) Quantitation of the DSB gel shown in panel B.

nases, in that they contain an arginine immediately upstream
of an invariant catalytic aspartic acid residue within the kinase
domain (18). Structural studies of active and inactive forms of
PKA and IRK have shown that phosphorylation of the activa-
tion loop can promote conformational changes that allow
proper substrate recognition as well as facilitating the phos-
phoryl transfer step (17, 18). Although in many cases, phos-
phorylation of a single amino acid within the activation loop is
sufficient, there are examples where two to three phospho
residues are required for maximum kinase activity (22, 34).
Mekl1 is a member of the RD kinase family. Alignment of
the Mekl1 activation domain sequences with those of other RD

protein kinases identified two conserved threonines, T327 and
T331. Phosphorylation of the equivalent threonines in many
kinases is required for activation. Mutations in MEK]I that
prevent phosphorylation of T327 and/or T331 reduce spore
viability, abolish dmcIA arrest, and allow DSB repair in dmclA
diploids, indicating that these amino acids are functionally
important during meiosis. Substitution of phosphomimetic
amino acids for T327 and T331 partially complements a mekIA
mutant, providing further support that the negative charge
conferred by phosphorylation at these positions is important
for kinase activation. MS analysis confirmed that T327 and
T331 are phosphorylated in vivo. We conclude that Mekl1 ki-
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TABLE 5. Spore viability and dmcIA arrest phenotypes of additional Mek1 phosphorylation site mutants

DMC1 background

MEK]I genotype® % Spore viability

% Sporulation

dmclA background

% Spore viability

% Sporulation

(no. of asci) (mean = SD)? (no. of asci) (mean = SD)
MEKI1 100.0 (13) 872 +2.6 ND¢ 0.0 £0.0
mekI-KI199R <2.0(13) 89.8 = 1.8 <2.0 (13) 81.7*+ 6.3
mek1-S142A4 100.0 (13) 88.8 £0.3 ND 0.5 *£0.5
mekI-S320A 93.6 (39) 857 %55 3.9 (26) 58.0 =53
mek1-S142A4 S320A4 95.2(79) 88.2 £2.0 2.0 (13) 563 £4.7
mekI-S320D 94.9 (39) 76.0 = 11.9 ND 41*+32
GST-meklI-S3204 100.0 (13) 86.5 £ 2.6 ND 13+14
gst-RD-mek1-S320A4 89.4 (26) 822+ 8.4 4.8 (26) 63.7*+53

¢ Plasmids containing the indicated MEK] allele were integrated into either YTS1 (mekl1A) or NH520 (mek1A dmclA). gst-RD contains the R72P D76K mutations

in GST that disrupt dimerization (27).

* Sporulation was measured by counting the number of asci present in 200 cells/transformant using phase-contrast light microscopy. Three independent transformants
were measured for all the alleles except mek1-S320D, where six transformants were analyzed for each strain.

¢ND, no data.

nase activity is positively regulated by phosphorylation of the
activation domain during meiosis.

Mekl activation occurs by autophosphorylation. Mek1 ki-
nase activity is required to suppress Rad51-mediated DSB
repair between sister chromatids during meiosis, thereby pro-
moting recombination between homologs (27, 45). This sup-
pression is necessary only where DSBs are created, when the
choice of whether to invade the sister chromatid or the ho-
molog must be made. Because Mek1 kinase activity is required
constitutively after DSB formation to prevent DMCI-indepen-
dent repair, creation of a BSCR could be regulated at the level
of Mekl1 kinase activation. Hopl is a DSB-dependent phos-
phoprotein, and the C domain of Hop1l promotes Mek1 dimer-
ization (27). Therefore, DSB formation and Mek1 kinase ac-
tivation could be coupled by Hopl-induced dimerization of
Mekl1, where dimerization enables kinase activation by phos-
phorylation of T327/T331 in trans. Attempts to test this idea
using in vitro Mek1 autophosphorylation as the assay for ki-
nase activation have been unsuccessful, however, in that mu-
tants predicted to prevent kinase activation such as recI04A or
hoplA mutants, exhibit little to no reduction in GST-Mekl
kinase activity compared to the wild type (reference 45 and
data not shown). The Akt antibodies specifically detect phos-
phorylated T327 and therefore provide an alternative method
for monitoring Mek1 kinase activation. Use of these antibodies
revealed that Mekl is able to phosphorylate itself on the acti-
vation loop during in vitro kinase reactions. The high levels of
in vitro kinase activity observed for GST-Mek1 purified from
mutant strains can therefore be attributed, at least in part, to
activation of the kinase in the test tube after being isolated
from the cell extract. GST-Mek1 with alanine substitutions at
both T327 and T331 exhibits ~60% of the kinase activity of
wild-type GST-Mekl1 in vitro (C. Park and N. M. Holling-
sworth, unpublished results). This result suggests that the un-
activated enzyme has some basal activity which may allow
significant levels of autophosphorylation when concentrated by
the GST pulldown. Furthermore, at least in vitro, Mek1 is able
to phosphorylate amino acids other than T327 and T331. For
Mekl, therefore, in vitro kinase assays measuring autophos-
phorylation are not a good measure of kinase activation in
vivo. The Akt antibodies circumvent this problem. The fact
that both in vivo and in vitro T327 phosphorylation requires

Mekl catalytic activity indicates that Mek1 kinase activation is
due to autophosphorylation.

MEK] function is dependent upon dimerization. Autophos-
phorylation can occur either intramolecularly (in cis) or be-
tween different Mek1 molecules (in trans). Autophosphoryla-
tion in frans could explain the role that Mekl dimerization
plays in creating the BSCR. Although a physical interaction
between Mek1 molecules has yet to be demonstrated biochem-
ically, a large body of genetic evidence exists to support this
idea. First, when protein fusions are generated between Mekl
and different affinity tags, such as GST, LexA, or TAP, a
correlation is observed between the ability of the fusion pro-
tein to suppress the hop1-K5934 Hopl C domain mutant and
the ability of the tag to dimerize. Second, mutations that dis-
rupt GST dimerization fail to suppress hop1-K593A4 but do not
interfere with MEKI function (27). Third, FKBP-MEK]I sup-
presses hopl-K5934 only when dimerization is induced by ad-
dition of ligand. This experiment indicates that dimerization is
the function directly responsible for bypassing the requirement
of the Hopl C domain in the BSCR. Fourth, a HOPI-depen-
dent putative dimerization domain within Mek1 has been iden-
tified in a conserved region of the kinase located immediately
downstream of the catalytic domain. Mutations within this
domain are nonfunctional in untagged Mek1 but can be sup-
pressed by ectopic dimerization conferred by GST.

Although our interpretation has focused on dimerization as
a requirement for activation, an alternative possibility is that
ectopic dimerization mediated by GST or FKBP raises the
threshold concentration of the kinase above the level required
for autophosphorylation to occur. This idea is supported by the
observation that predimerized GST-mek! activation domain
mutants exhibit higher levels of spore viability than untagged
activation domain mutants. Biochemical detection of untagged
Mekl oligomers is necessary to distinguish between these two
possibilities.

A model for Mekl activation. GST-Mek1 exhibits T327
phosphorylation in a hopl-K5934 mutant, indicating that ec-
topic dimerization can bypass the requirement for the Hopl C
domain. Dimerization alone, however, is insufficient for Mek1
kinase activation. Although GST-Mekl is presumably consti-
tutively dimerized in strains lacking DSBs or Hop1/Red1 or
Red1/Mek1 complexes, no T327 phosphorylation is observed.
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FIG. 6. Meiotic time course analysis of mek1-S3204 dmcIA and mekl1-S320D dmclA mutants. MEK] dmclA (NH520::pLP37), mekI-KI99R
dmclA (NH520::pLP36), mekl-S1424 S3204 dmclA (NH520::pLP37-S320A), and mekl1-S320D dmcIA (NH520::pLP37-S320D) mutants were
transferred to Spo medium at 30°C, and samples were taken at 3-h intervals. (A). Meiotic progression measured by DAPI staining of cells to
determine the fractions of binucleate (MI) and tetranucleate (MII) cells. Two hundred cells were counted for each strain at each time point.
(B) DSBs detected at the YCR048w hotspot on chromosome III. (C) Quantitation of the DSB gel shown in panel B.

Therefore, dimerized Mekl must be properly localized to
Hop1/Red1 complexes to become activated, and this activation
still requires DSBs. To explain these results, the following
model for the regulation of Mekl kinase activation is pro-
posed. Hopl/Redl complexes are bound to chromosomes
prior to DSB formation, consistent with cytological data show-
ing that both proteins localize to chromosomes in a spollA
mutant (40) (Fig. 7, step 1). DSBs result in phosphorylation of
both Redl and Hopl (Fig. 7, step 2). Although DSB-depen-
dent phosphorylation of Hopl has been demonstrated (27),
Redl is already phosphorylated in the absence of breaks (L.
Wan and N. M. Hollingsworth, unpublished results), and
therefore DSB-dependent hyperphosphorylation of Redl may
be difficult to detect. Mek1 is then recruited to hyperphosphor-
ylated Red1 via the Mekl FHA domain (Fig. 7, step 3). Cyto-
logical experiments indicate that Mekl colocalization with
Red1 is dependent upon SPOI1 (and therefore DSBs), con-
sistent with this idea (B. Rockmill, personal communication).

Once bound, phosphorylated Hopl C domains promote Mek1
dimerization (Fig. 7, step 4). Dimerization enables Mek1 ki-
nase activation by autophosphorylation of T327 and T331 in
trans (Fig. 7, step 5). The Mekl FHA-phospho-Red1 interac-
tion may be necessary to position the kinase molecules for
autophosphorylation in the dimerized state. Once activated,
the kinase must still be properly localized to function. GST-
mek1-R51A-T327D, a constitutively active allele of Mek1 that
is unable to bind to phospho-Red1, produces inviable spores
(C. Park and N. M. Hollingsworth, unpublished results).
Proper Mekl localization may be necessary for phosphoryla-
tion of target proteins.

Our model for Mek1 activation in response to DSBs shares
similarities with activation of the checkpoint kinase Rad53 in
response to DNA damage (31). Mekl resembles Rad53 in
being a kinase with an FHA domain (although Rad53 has two).
When DNA damage occurs in vegetative cells, Mecl kinase is
activated and phosphorylates Rad9 (37). FHA domains on
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FIG. 7. Model for Mekl activation in response to meiotic DSBs. 1,
Hopl/phospho-Redl complexes are assembled onto chromosomes
prior to DSB formation; 2, introduction of a DSB results in phosphor-
ylation of the C domains of Hop1 molecules in the region of the breaks
and additional phosphorylation of Redl1; 3, DSB-specific phospho-
amino acids on Red1 allow recruitment of Mek1 via the FHA domain;
4, phosphorylated Hop1 C domains promote dimerization of Mekl1; 5,
Mekl is activated by autophosphorylation in trans of the activation
loop. Blue, Hopl; green, Mekl; red, Redl. Arrows indicate DSBs.
Black circles indicate phosphates. Double lines indicates a DNA du-
plex of a chromatid.

Rad53 bind to phosphothreonines on Rad9, which serves as an
adaptor protein that allows Mecl phosphorylation of Rad53
(41). Binding to Rad9 increases the local concentration of
Rad53, thereby allowing autophosphorylation in frans (10).
The Schizosaccharomyces pombe ortholog of Rad53, Cds1, sim-
ilarly requires multiple steps for activation. In this case, Cdsl is
recruited to DNA damage by binding Mrcl, after Mrcl has
been phosphorylated by Rad3 (the S. pombe Mecl ortholog).
Both phosphorylation of Cdsl by Rad3 and dimerization-in-
duced autophosphorylation in trans of threonines in the acti-
vation domain are then required for Cdsl activation (50). Un-
like the case for Rad53 and Cds1, however, phosphorylation by
other kinases outside the activation segment does not appear
to be necessary for Mek1 activation. MS of Mekl1 purified from
meiotic cells detected only four phospho-amino acids. Of
these, phosphorylation of T327 and T331 is required for acti-
vation, S320 is required only under dmc1A-arrested conditions,
and S142 has no obvious phenotypes. Nevertheless, it is in-
triguing to note that similar mechanisms for kinase activation
may either promote repair of DNA damage in vegetative cells
(Rad53 and Cdsl) or suppress intersister recombination in
meiotic cells (Mekl1).

Additional phosphorylation of the activation domain is re-
quired to maintain the BSCR in dmclA-arrested cells. MS
revealed an additional phosphorylation site with a previously

MoL. CELL. BIOL.

unsuspected role in meiosis. S320 is located within the Mekl
activation domain (Fig. 1). Replacement of Mek1 S320 with
alanine results in no apparent phenotypes in an otherwise
wild-type diploid but allows dmcIA diploids to sporulate. The
failure of mek1-S320A4 dmcIA cells to arrest could result from
bypassing the need for DMC! in interhomolog recombination,
as has been observed either when RAD5I or RAD54 is over-
expressed or when HED] is deleted (5, 43, 44). In these situ-
ations, interhomolog recombination enables proper meiotic
chromosome segregation and the production of viable spores.
The spores produced in dmclA strains containing mek-S320A
are dead, however, ruling out this explanation. Alternatively,
phosphorylation of S320 could be required for MEKI to func-
tion in the meiotic recombination checkpoint (35, 49). In this
case, disruption of the checkpoint would allow meiotic pro-
gression without DSB repair, producing dead spores as a result
of broken chromosomes. However, DSBs are efficiently re-
paired in mekI-S3204 dmcIA diploids, indicating that the mei-
otic progression observed in this strain is not due to a defect in
Mek1’s checkpoint function but instead to the failure of Mek1
to create a BSCR. The dmclA arrest and unrepaired breaks
are restored if S320 is replaced with a phosphomimetic amino
acid, demonstrating that a negative charge at this position is
necessary for MEK] function under these conditions. mekl-
$§320A is therefore defective in suppressing intersister DSB
repair, but only when cells are arrested by the absence of
DMC1.

Ectopic dimerization bypasses the need for S320 phosphor-
ylation, as addition of GST to mekI-S320A restores the dmcIA
arrest. Phosphorylation of S320 could promote the initial
dimerization of Mekl in response to DSBs. However this
seems unlikely given that mek-S320A4 alone produces highly
viable spores and therefore must be capable of generating a
BSCR in otherwise wild-type cells. A more likely explanation is
that phosphorylation of S320 is required to maintain Mekl1 in
the dimerized state after a BSCR has been established. Inac-
tivation of Mekl-as by addition of inhibitor to a mekI-as
dmclA diploid results in a rapid repair of DSBs, indicating that
Mek1 must be constitutively active to prevent Rad51-mediated
strand invasion of sister chromatids during meiosis (45). The
requirement for dimerized, active Mek1 may be relatively brief
in wild-type cells, where the need for a BSCR is removed once
strand invasion of the homolog has occurred. In contrast, the
prolonged arrest triggered by dmcIA may require continuous
reinforcement of the dimerized and active state for Mekl, a
process facilitated by phosphorylation of S320. Consistent with
this idea, GST-mekI-T327D has sufficient activity to create
viable spores in an otherwise wild-type meiosis but has a level
of activity insufficient to maintain dmclA arrest. The mainte-
nance of the dimerized state may be necessary either because
phosphatase removal of the T327 and T331 phosphates re-
quires continuous autophosphorylation to keep Mekl acti-
vated or because dimerized Mekl is necessary for efficient
phosphorylation of the target proteins that create the BSCR.

In summary, phosphorylation plays a key role in suppressing
DSB repair between sister chromatids during meiosis. Hop1 is
a DSB-dependent phosphoprotein, and Mek1 recruitment to
Hopl/Redl complexes requires phospho-Redl. Once dimer-
ized, Mekl activates itself by autophosphorylation of con-
served residues in the activation loop. Maintenance of the
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dimerized state may require additional phosphorylation of the
activation loop; whether this would be by Mekl or another
kinase is not yet clear. Finally, Mekl phosphorylation of un-
known proteins specifically suppresses intersister DSB repair
in meiosis.
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