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Development of yeast meiotic chromosome cores into full-length synaptonemal complexes requires the MEK1
gene product, a meiosis-specific protein kinase homolog. The Mek1 protein associates with meiotic
chromosomes and colocalizes with the Red1 protein, which is a component of meiotic chromosome cores.
Mek1 and Red1 interact physically in meiotic cells, as demonstrated by coimmunoprecipitation and the
two-hybrid protein system. Hop1, another protein associated with meiotic chromosome cores, also interacts
with Mek1 but only in the presence of Red1. Red1 displays Mek1-dependent phosphorylation, both in vitro
and in vivo, and Mek1 kinase activity is necessary for Mek1 function in vivo. Fluorescent in situ
hybridization analysis indicates that Mek1-mediated phosphorylation of Red1 is required for meiotic
sister-chromatid cohesion, raising the possibility that cohesion is regulated by protein phosphorylation.
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Meiosis generates haploid gametes from diploid parental
cells through two rounds of chromosome segregation fol-
lowing a single round of DNA replication. Specialized
interactions between homologous chromosomes—pair-
ing, synapsis, and recombination—occur during meiotic
prophase and are essential for the reductional segrega-
tion of chromosomes at meiosis I. Each homolog con-
sists of two sister chromatids that remain associated
throughout the first meiotic division.

During meiotic prophase, homologous chromosomes
become physically associated along their lengths
through a proteinaceous structure called the synaptone-
mal complex (SC; for review, see Roeder 1997). Early in
SC assembly, each pair of sister chromatids develops a
common protein core, referred to as an axial element. As
chromosomes synapse, proteins assemble between the
axial elements to form the central region of the SC. Axial
elements are called lateral elements in the context of
mature complex. The SC extends along the full lengths
of chromosomes at pachytene and then disassembles in
diplotene.

In Saccharomyces cerevisiae, several proteins associ-
ated with the SC have been characterized. The Zip1 pro-

tein localizes along the lengths of synapsed chromo-
somes and is a component of the SC central region (Sym
et al. 1993). The Hop1 and Red1 proteins are components
of axial and lateral elements (Hollingsworth et al. 1990;
Smith and Roeder 1997). red1 mutants fail to form axial
elements or SC (Rockmill and Roeder 1990); hop1 mu-
tants assemble axial elements, but these do not synapse
(Hollingsworth and Byers 1989; Loidl et al. 1994). The
RED1 and HOP1 genes interact in genetic assays (Holl-
ingsworth and Johnson 1993; Friedman et al. 1994; Holl-
ingsworth and Ponte 1997), and the Red1 and Hop1 pro-
teins colocalize on meiotic chromosomes (Smith and
Roeder 1997), suggesting that these gene products par-
ticipate in the same pathway or process.

Characterization of meiotic mutants in budding yeast
and other organisms has provided information about the
functions of the SC. The results suggest that the primary
function of the SC central region is to regulate the dis-
tribution of meiotic crossovers along and among chro-
mosomes (Sym and Roeder 1994). The functions of axial
and lateral elements are less well defined, but there is
some indication that these structures play important
roles in meiotic chromosome segregation. Proper reduc-
tional segregation at meiosis I depends on the formation
of chiasmata, which are chromatin bridges between ho-
mologous chromosomes that correspond in position to
the sites of genetic crossovers. Chiasma function is pre-
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sumed to depend on sister-chromatid cohesion; ho-
mologs are held together at crossover sites because
of cohesion between sister chromatids in regions dis-
tal to chiasmata (Miyazaki and Orr-Weaver 1994). The
yeast red1 mutant is apparently defective in sister-
chromatid cohesion and/or chiasma function because
chromosomes that have undergone crossing-over nev-
ertheless fail to segregate correctly (Rockmill and
Roeder 1990). The hamster Cor1 protein is another can-
didate for a lateral element protein that is involved in
meiotic sister-chromatid cohesion, as Cor1 localizes to
chromosome axes through metaphase I (Moens and Spy-
ropoulos 1995). In fission yeast, the Rec8 protein is
necessary both for formation of linear elements (lateral
element-like structures) and for meiotic sister-chroma-
tid cohesion (Molnar et al. 1995). Rec8 is homologous to
the budding yeast Mcd1/Scc1 protein, which partici-
pates in sister-chromatid cohesion during mitosis
(Guacci et al. 1997; Michaelis et al. 1997). Thus, sister-
chromatid cohesion in mitosis and meiosis may be
mechanistically related.

Despite progress in defining the role of SC proteins
in sister-chromatid cohesion and meiotic chromosome
development, little is known about how these func-
tions are regulated. There is evidence, however, that
protein phosphorylation is important. The rat SCP3
protein, a component of lateral elements, undergoes
a change in phosphorylation during meiotic prophase
(Lammers et al. 1994). The yeast Red1 protein inter-
acts with a phosphatase in the two-hybrid-protein
system (Tu et al. 1996). Additionally, the mouse Atm
and Atr protein kinases, and mammalian homologs of
the fission yeast Chk1 kinase, have been localized to
meiotic chromosomes (Keegan et al. 1996; Flaggs et al.
1997).

The S. cerevisiae MEK1/MRE4 gene encodes a protein
kinase homolog that is expressed specifically in meiosis.
In a mek1 null mutant, meiotic recombination is re-
duced to ∼20% of the wild-type level (Rockmill and
Roeder 1991; Leem and Ogawa 1992). The mek1 mutant
forms multiple, short stretches of SC rather than full-
length complexes (Rockmill and Roeder 1991). Genetic
analysis indicates that MEK1 is in the same epistasis
group as RED1 and HOP1 (Rockmill and Roeder 1991),
and overproduction studies suggest that Mek1, Red1,
and Hop1 interact with a defined stoichiometry (Holl-
ingsworth and Ponte 1997; J.M. Bailis and G.S. Roeder,
unpubl.). A Mek1–b-galactosidase fusion protein local-
izes to the nucleus (Burns et al. 1994), raising the possi-
bility that Mek1 associates with meiotic chromosomes.
Although it has been inferred from genetic data that
Mek1 interacts with Red1 and Hop1 (Hollingsworth and
Ponte 1997), the nature and function of these interac-
tions have not been elucidated. Here, we demonstrate
that the wild-type Mek1 protein functions as a kinase
that phosphorylates Red1 and associates with both Red1
and Hop1. We propose that interaction of Mek1 with
axial and lateral element components promotes SC mor-
phogenesis and establishes meiotic sister-chromatid co-
hesion.

Results

Mek1 associates with meiotic chromosomes

To gain insight into the function of Mek1, anti-Mek1
antibodies were raised and used to localize the protein
within meiotic cells. Meiotic chromosomes that are sur-
face spread and stained with anti-Mek1 antibodies dis-
play numerous foci, indicating that Mek1 associates
with chromosomes (Fig. 1). This staining pattern is spe-
cific for Mek1, as no antibody staining is observed in
spread nuclei from a mek1 null mutant (JM82; data not
shown).

The timing and pattern of Mek1 localization was as-
sessed by staining meiotic chromosomes from wild-type
cells (BR2495) with antibodies to both Mek1 and Zip1.
Chromosomal DNA was stained with 48-6-diamino-2-
phenolindole (DAPI). Zip1 localization indicates regions
where chromosomes are synapsed (Sym et al. 1993;
Smith and Roeder 1997). In early zygotene, spread chro-
mosomes display numerous Zip1-staining foci, corre-
sponding to sites of synapsis initiation. Later in zygo-
tene, when chromosomes are partially synapsed, both
Zip1 dots and linear stretches of Zip1 staining are appar-
ent. At pachytene, chromosomes are fully condensed and
Zip1 localizes continuously along the length of each pair
of homologous chromosomes.

A comparison of the Mek1 and Zip1 localization pat-
terns reveals that Mek1 foci first appear on chromo-
somes in early zygotene, reach a maximum number at
pachytene, and disappear from chromosomes sometime
after pachytene (Fig. 2). In early zygotene, ∼5%–10% of
spread nuclei that display Zip1 foci fail to exhibit Mek1
staining. However, all early zygotene nuclei that display
Mek1 foci also exhibit Zip1 foci (category 1, 24 ± 8 Mek1
foci per nucleus; Fig. 1A–C). Nuclei that display Zip1-
staining dots and linear stretches contain an average of
30 (±8) Mek1 foci per nucleus (category 2; Fig. 1D–F,J–L).
This category peaks at two points (Fig. 2), one before
pachytene and the other after pachytene. The early peak
is likely to represent nuclei in which chromosomes are
partially synapsed (late zygotene); the later peak prob-
ably represents nuclei undergoing SC disassembly (dip-
lotene). At pachytene (category 3), there are 40 (±4) Mek1
foci per nucleus (Fig. 1G–I). Surprisingly, Mek1 chromo-
somal localization persists in spread nuclei from late
time points in which little or no Zip1 is detected (cat-
egory 4, 17 ± 5 Mek1 foci per nucleus; Fig. 1M–O; data
not shown).

To determine whether Mek1 remains associated with
chromosomes during the meiosis I division, spread chro-
mosomes prepared at late time points in meiosis were
double labeled with antibodies to Mek1 and tubulin.
Mek1 foci are observed in spread nuclei that contain a
short meiosis I spindle (Fig. 1M–O) but not in nuclei that
have completed meiosis I or at meiosis II (data not
shown). These results indicate that Mek1 gradually dis-
sociates from chromosomes during the period from dip-
lotene through metaphase I.

To determine whether Mek1 kinase activity is impor-
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tant for its localization, a conserved residue in the Mek1
kinase domain was changed to create the mek1–D290A
mutation. The conserved aspartate residue (D290) is pre-
sumed to be the kinase catalytic site, and mutation of
this residue in other protein kinases abolishes or signifi-
cantly decreases protein kinase activity (Zhou and
Elledge 1993; Sun et al. 1996). The spore viability of the
mek1–D290A mutant is equivalent to that of the
mek1::LYS2 null mutant (18.6% vs. 19.2%, 100 tetrads
analyzed per strain). The mutant Mek1–D290A protein
does, however, localize to chromosomes (Fig. 3M–P);
Mek1 therefore localizes to chromosomes independently
of its presumed kinase activity. Furthermore, the pattern
and timing of localization of the mutant protein are
similar to those of the wild-type Mek1 protein.

The Mek1–b-galactosidase fusion protein (Mek1–b-
gal) shown previously to be nuclear (Burns et al. 1994)
also localizes to chromosomes with a staining pattern
that is indistinguishable from that of the authentic
Mek1 protein (Fig. 3E–H). This fusion protein contains
only the first 63 amino acids of Mek1 and lacks the en-
tire Mek1 kinase domain, indicating that this region of
Mek1 is sufficient for proper localization.

Mek1 colocalizes with Red1 and transiently
with Hop1

To test whether Mek1 colocalizes with Red1 and/or
Hop1, spread nuclei prepared from several time points in
meiosis were double labeled with antibodies to Mek1
and Red1 or Mek1 and Hop1. The Red1 staining pattern
is punctate in early prophase and then becomes some-
what continuous by pachytene (Smith and Roeder 1997).
Hop1 foci reach a maximum number in early prophase;
by late pachytene, Hop1 is largely dissociated from chro-
mosomes (Smith and Roeder 1997). Red1 and Hop1 dis-
play extensive colocalization early in prophase, but the
number of overlapping foci decreases as cells progress
through prophase, and Hop1 dissociates from chromo-
somes while Red1 accumulates (Smith and Roeder 1997).
In the BR2495 strain background, the dissociation of
Hop1 from chromosomes correlates with the association
of Zip1 with chromosomes and therefore with the for-
mation of mature SC (Smith and Roeder 1997).

At least 95% of Mek1 foci in spread nuclei that are in
early zygotene through pachytene colocalize with areas
of Red1 staining (Fig. 3A–D). However, there are usually

Figure 1. Mek1 localizes to chromosomes
during and after synapsis. Spread meiotic chro-
mosomes from wild type (BR2495) were
stained with antibodies to Mek1 (A,D,G,J,M),
antibodies to Zip1 (B,E,H,K) or tubulin (N), and
DAPI (C,F,I,L,O). Categories of Mek1 staining
are indicated at left (see text for explanation).
Scale bar, 2 µm.
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regions of Red1 staining that do not contain Mek1. After
pachytene, Mek1 foci are present even though Red1 has
mostly dissociated from chromosomes (Smith and
Roeder 1997; data not shown). The Mek1–b-gal protein
also colocalizes with Red1 (Fig. 3E–H), reinforcing the

conclusion that the localization pattern of the Mek1–b-
gal protein is similar to that of wild-type Mek1.

In contrast, very few Mek1 foci colocalize with Hop1
foci on spread chromosomes from wild type (Fig. 3I–L).
At 11 hr (early zygotene), an average of 8% (range, 5%–
27%) of Mek1 foci overlap with Hop1 foci. At 13 hr (late
zygotene), an average of 36% (range, 23%–52%) of Mek1
foci overlap with Hop1, whereas an average of 18% over-
lap (range, 10%–25%) is observed at 14 hr (early pachy-
tene). Fortuitous overlap of Mek1 with Hop1 is esti-
mated at ∼6% or less (Gasior et al. 1998). The amount of
overlap between Mek1 and Hop1 varies over time, as
Hop1 is already abundant on chromosomes when Mek1
is first detected, and Hop1 is largely dissociated from
chromosomes when Mek1 foci are at a maximum. This
could be explained if either Mek1 and Hop1 localize to
the same foci, but at different times, or if Hop1 associ-
ates with some of the Red1-staining foci, while Mek1
associates with other sites of Red1 localization.

Genetic assays support the view that Mek1 and Hop1
interact (Hollingsworth and Ponte 1997; J.M. Bailis and
G.S. Roeder, unpubl.), suggesting either that Mek1 and
Hop1 interact transiently or Mek1 replaces Hop1 as
Hop1 dissociates from chromosomes. To test whether
Mek1 kinase activity affects Hop1 dissociation from
chromosomes, spread chromosomes from the mek1–
D290A mutant were double labeled with antibodies to
Mek1 and Hop1 (Fig. 3M–P). Hop1 associates with chro-
mosomes on time in the mutant, but Hop1 dissociation
from chromosomes appears to be delayed compared to
wild type. In early zygotene (11 hr), similar numbers of
Hop1 foci are observed in wild type and mutant (average
of 61 foci per nucleus both in wild type and mutant).
However, by early pachytene (14 hr), the average number

Figure 3. Mek1 localization pattern com-
pared to Red1 and Hop1. A wild-type
spread nucleus (BR2495) was stained with
antibodies to Mek1 (A) and Red1 (B) and
with DAPI (D); (C) fusion of A and B. A
spread nucleus from the mek1–lacZ mu-
tant (JM198) was stained with antibodies
to b-galactosidase (E) and Red1 (F) and with
DAPI (H); (G) fusion of E and F. A wild-type
spread nucleus (BR2495) was stained with
antibodies to Mek1 (I) and Hop1 (J) and
with DAPI (L); (K) fusion of I and J. A
spread nucleus from the mek1–D290A mu-
tant (JM191) was stained with antibodies
to Mek1 (M) and Hop1 (N) and with DAPI
(P); (O) fusion of M and N. All nuclei are
from a 13-hr time point. Areas of yellow in
the merged images indicate overlap. Scale
bar, 2 µm.

Figure 2. Time course analysis of Mek1 and Zip1 localization.
Spread nuclei from wild type (BR2495) were prepared hourly
during meiosis and double stained with antibodies to Mek1 and
Zip1. The frequencies of the four categories of Mek1 localiza-
tion are indicated; at least 100 nuclei were examined per time
point. (Category 1) Early zygotene, punctate Zip1 staining; (cat-
egory 2) Zip1 dots and linear stretches; first peak, late zygotene;
second peak, diplotene; (category 3) pachytene, continuous Zip1
staining; (category 4) meiosis I (MI). The average number of
Mek1 foci per nucleus in categories 1–4 is 24, 30, 40 and 17,
respectively.
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of Hop1 foci per nucleus is 35 in wild type but somewhat
higher (44 foci per nucleus) in the mutant. The delay in
the dissociation of Hop1 from chromosomes is associ-
ated with an increased colocalization of Mek1 with
Hop1. In early pachytene, 80% of Mek1 foci overlap with
Hop1 in mek1–D290A, whereas just 18% of Mek1 foci
on wild-type spread chromosomes overlap with Hop1
foci. This increased colocalization is not due to a delay in
meiosis or to an increase in the number of Mek1 foci
(data not shown). These results argue that Mek1 and
Hop1 localize transiently to the same chromosomal foci
and suggest that Mek1 kinase function promotes Hop1
dissociation from meiotic chromosomes.

Mek1 chromosomal localization depends on Red1
and Hop1

To determine whether Red1 and/or Hop1 are required
for Mek1 localization to chromosomes, anti-Mek1 anti-
bodies were used to stain spread chromosomes prepared
from red1 and hop1 mutants. Both Mek1 and the Mek1–
b-gal protein fail to localize to chromosomes in a red1
null mutant and localize to only ∼5% of spread nuclei
from a hop1 null mutant (strains MY231, JM93, BR2498,
and JM88; data not shown). When whole meiotic cells
from the red1 or hop1 mutant are stained with antibod-
ies to Mek1, Mek1 staining is detected in the cytoplasm
rather than in the nucleus (data not shown).

The inability to detect Mek1 chromosomal localiza-
tion in red1 and hop1 strains is not due to instability of
the Mek1 protein. Anti-Mek1 immunoblots of whole
meiotic cell extracts prepared from red1 or hop1 mutants

detect the Mek1 protein in amounts similar to wild type
(data not shown). In red1 or hop1 mutants containing the
Mek1–b-gal protein, the level of b-galactosidase activity
is similar to that of an otherwise wild-type (i.e., RED1
HOP1) strain [72.8 units of b-galactosidase in wild type
(JM198), 76.2 units in red1 (JM93), and 74.6 units in hop1
(JM88)].

These data indicate that Red1 and Hop1 are required
for Mek1 localization to the nucleus and to chromo-
somes. Taken together with the requirement of Red1 for
Hop1 localization (Smith and Roeder 1997), these obser-
vations imply a specific order of protein association:
Red1, then Hop1, and finally Mek1.

Red1 and Hop1 coimmunoprecipitate with Mek1

Immunoprecipitation experiments were carried out to
determine whether Mek1 physically interacts with Red1
and Hop1. Extracts of sporulating cells were prepared
(see Materials and Methods), and Mek1, Red1, or Hop1
was immunoprecipitated with appropriate antibodies
and analyzed by SDS-PAGE and immunoblotting. Mek1
and Red1 coprecipitate from wild type (BR2495) and
from mek1–D290A (JM191) (Fig. 4A). Mek1 and Hop1
also coimmunoprecipitate from these strains (Fig. 4B).
Other proteins coimmunoprecipitate with Mek1 as well,
as determined by silver staining of protein gels (data not
shown). None of these proteins, including Red1 and
Hop1, are detected in immunoprecipitates from a mek1
null mutant or from a wild-type extract immunoprecipi-
tated using preimmune serum (data not shown).

Colocalization of the Mek1–b-gal protein with Red1

Figure 4. Association of Mek1 with Red1
and Hop1 in meiotic cells. (A) Anti-Mek1
antibodies coprecipitate Red1, and anti-
Red1 antibodies coprecipitate Mek1. (B)
Coimmunoprecipitation of Mek1 and
Hop1. (C) Red1 coprecipitates with the
Mek1–b-gal protein, which contains just
the amino-terminal region of Mek1. Pro-
teins were immunoprecipitated from 1 li-
ter of cells that had been sporulated for 13
hr and then analyzed by SDS-PAGE and
immunoblotting. Antibodies used for im-
munoprecipitation (IP) and for immunob-
lotting (Probe) are indicated on the bottom
of each blot. When antibodies to Hop1 are
used to coimmunoprecipitate Mek1, as in
B, Mek1 is not detected in the hop1 mu-
tant (data not shown). Molecular mass
markers are shown at the right of each blot.
(IgG) Immunoglobulin G. Strains used are
wild type (BR2495), mek1–D290A (JM191),
mek1::LYS2 (JM82), red1::URA3 (MY231),
hop1::TRP1 (BR2498), and mek1–lacZ
(JM198). (wt) Wild type; (DA) mek1–
D290A; (M-bgal) Mek1–b-galactosidase.
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raised the possibility that the amino-terminal region of
Mek1 interacts with Red1. To test this possibility, anti-
bodies to b-galactosidase were used to immunoprecipi-
tate Mek1 and associated proteins from meiotic cell ex-
tracts prepared from a strain in which the Mek1–b-gal
protein is the only source of Mek1 (JM198). Red1 copre-
cipitates with Mek1–b-gal (Fig. 4C), as does Hop1 (data
not shown).

Mek1 interacts with Hop1 in the presence of Red1

The two-hybrid protein system was used to test for a
direct interaction of Mek1 with Red1 or Hop1. Mek1 and
Red1 do interact in the two-hybrid system, and the first
63 amino acids of Mek1 are sufficient to establish this
interaction (Table 1). However, an interaction between
Mek1 and Hop1 is not detected in vegetative cells.

If the interaction between Mek1 and Hop1 requires
Red1, then a Mek1–Hop1 interaction should be detected
in meiotic cells (where Red1 is expressed) or in vegeta-
tive cells producing Red1. This is indeed the case. A
strong interaction between Mek1 and Hop1 is detected
in meiotic cells from wild type, but not from a red1
mutant (Table 1). An interaction between Mek1 and
Hop1 is also observed in vegetative cells overproducing
Red1 (Table1). The greater intensity of interactions ob-
served in meiotic cells compared to vegetative cells may
be due to meiosis-specific protein modification.

Mek1 has protein kinase activity

To test whether the Mek1 homology to serine/threonine
protein kinases is significant for its function, Mek1 pro-
tein kinase activity was examined. Mek1 and associated
proteins were immunoprecipitated from meiotic cell ex-
tracts, and Mek1 phosphorylation capability was then
assayed in vitro.

When anti-Mek1 immunoprecipitates are incubated in
vitro with [g-32P]ATP, a phosphorylated band of the ap-

proximate molecular mass predicted for Mek1 (∼60 kD)
is observed; this band comigrates with the Mek1 protein
as determined by immunoblotting (Fig. 5A). Evidence
that the phosphorylated band is indeed Mek1 was ob-
tained using a Mek1–green fluorescent protein (Mek1–
GFP) fusion as the only source of Mek1. The 75-kD
Mek1–GFP also undergoes phosphorylation in vitro (Fig.
5A). Other phosphorylated bands in the autoradiograph
are likely to represent other proteins that coprecipitate
with Mek1. In contrast to the wild-type Mek1 protein,
the mutant Mek1–D290A protein displays little or no
phosphorylation in vitro, although immunoblotting in-
dicates that the amount of protein present is similar to
that in wild type (Fig. 5A).

A gel mobility shift assay was used to examine
whether the Mek1 protein is itself phosphorylated in
vivo. Mek1 that is immunoprecipitated from wild-type
meiotic cell extracts is present in two mobility forms
(Fig. 5B). The slower migrating form is due to protein
phosphorylation, as treatment with calf intestinal alka-
line phosphatase (CIP) converts most Mek1 to the faster
migrating form (Fig. 5B). Only the faster migrating form
of Mek1 is present in the mek1–D290A mutant, suggest-
ing that Mek1 kinase activity is required for Mek1 phos-
phorylation in vivo.

Red1 displays Mek1-dependent phosphorylation

Because Mek1 exhibits protein kinase activity and Mek1
interacts with Red1 and Hop1, Mek1-dependent phos-
phorylation of Red1 and Hop1 was tested. When Red1
and Hop1 are precipitated from wild-type meiotic cell
extracts with antibodies to Red1 or to Hop1, respec-
tively, these proteins undergo phosphorylation in vitro
(Fig. 6A,B). This phosphorylation depends on Mek1, as
little or no phosphorylation of Red1 or Hop1 is observed
in immunoprecipitates from mek1 mutants. Mek1-de-
pendent phosphorylation of Red1 and Hop1 in vitro is
also observed if anti-Mek1 antibodies are used to immu-
noprecipitate Red1 and Hop1 (data not shown).

Table 1. Two- and three-hybrid protein interactions

Strains
DNA-binding

domaina
Activation

domain Overproduced

b-Galactosidase activity

vegetative meiotic

Wild type (JM239) Mek1 aa 1–497 (pJ54) Red1 (pJ63) 30.0 123.0
Wild type (JM239) Mek1 aa 1–100 (pJ61) Red1 (pJ63) 26.8 91.6
Wild type (JM239) Mek1 aa 1–63 (pJ71) Red1 (pJ63) 30.5 91.5
Wild type (JM239) Mek1 aa 1–497 (pJ54) Hop1 (pJ64) 1.3 93.6
red1::URA3 (JM240) Mek1 aa 1–497 (pJ54) Hop1 (pJ64) N.D. 0.2
Wild type (JM239) Mek1 aa 1–497 (pJ54) Hop1 (pJ64) Red1 (pJ89) 42.0 93.1
Wild type (JM239) Mek1 aa 1–497 (pJ54) vector (pACTII) 1.0 0
Wild type (JM239) Mek1 aa 1–497 (pJ54) vector (pACTII) Red1 (pJ89) 1.1 0
Wild type (JM239) vector (pBG4D-1) Red1 (pJ63) 1.2 0
Wild type (JM239) vector (pBG4D-1) Hop1 (pJ64) 1.2 0

Numbers shown are averages obtained from triplicate cultures that were assayed for vegetative and meiotic b-galactosidase activity,
measured as moles o-nitrophenyl-b-D-galactoside hydrolyzed per minute per milligram of protein (Durfee et al. 1993). Names of yeast
strains and plasmids are indicated in parentheses. (N.D.) Not determined.
a(aa) Amino acids.
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To confirm that the proteins phosphorylated in vitro
are indeed Red1 and Hop1, these proteins were tagged
with a hemagglutinin (HA) epitope to generate Red1–HA
and Hop1–HA fusion proteins. When Red1 is immuno-
precipitated from a strain heterozygous for the RED1–
HA fusion gene, both the band presumed to represent
Red1 and an additional band of slightly greater molecular
mass are observed on the autoradiograph and on the im-
munoblot. This extra band is recognized by both anti-HA
antibodies and anti-Red1 antibodies, indicating that it is
the Red1–HA protein (data not shown). Similar results
were obtained with Hop1–HA (data not shown).

Gel mobility shift assays were employed to assess
Red1 phosphorylation in vivo. When Red1 protein is im-
munoprecipitated from meiotic cell extracts using anti-
Red1 antibodies, two mobility forms of Red1 are ob-
served (Fig. 6C). The slower migrating form is due to
phosphorylation, as treatment with CIP converts much
of the Red1 protein to the faster migrating form (Fig. 6C).
In mek1 mutants, only the faster migrating form of Red1
is observed (Fig. 6C). Thus, Red1 is a phosphoprotein
that displays Mek1-dependent phosphorylation in vivo.

Although Mek1-dependent phosphorylation of Hop1 is
observed in vitro, no obvious gel mobility shift of Hop1
was detected in vivo (data not shown). It is possible that
Hop1 is nonspecifically phosphorylated in vitro but this
phosphorylation is not biologically relevant.

Mek1 kinase activity is required
for sister-chromatid cohesion

One function proposed for Red1 is meiotic sister-chro-
matid cohesion (Rockmill and Roeder 1990; Smith and
Roeder 1997). To determine whether this is the case and
whether Mek1 contributes to sister-chromatid cohesion,
precocious separation of sister chromatids was analyzed
on spread pachytene chromosomes by fluorescent in situ
hybridization (FISH) (Table 2).

In a wild-type pachytene nucleus, chromosomes are
homologously paired and sister chromatids are tightly
associated, resulting in a single FISH signal (class A). The
presence of a doublet (class B) indicates either that ho-
mologs are paired, but not yet fused, or that homologs
have started to separate during meiosis I. During and
after the meiosis I division, but before meiosis II, two
separate signals (class C) are observed. Class C may also
represent prophase nuclei in which homologs have failed
to pair. Mutants that display defects in homolog pairing,
such as red1 and hop1 (Nag et al. 1995), are expected to
show an increase in class C nuclei, even if sister chro-
matids remain tightly associated throughout meiosis I.

Two novel classes of FISH signals are observed in red1
and mek1 mutants and rarely in hop1. Class D nuclei
exhibit a doublet plus an additional signal, whereas class
E nuclei contain three separate signals. In both classes,
one pair of sister chromatids has separated precociously.
The increase in class D and E nuclei in mek1 and red1
indicates that these mutants suffer defects in sister-chro-
matid cohesion (Table 2). The mek1 red1 double mutant
displays a defect in cohesion similar in magnitude to
each of the single mutants, indicating that Mek1 and
Red1 affect sister-chromatid cohesion in the same way.
These observations raise the possibility that Mek1-de-
pendent phosphorylation of Red1 establishes meiotic sis-
ter-chromatid cohesion.

Discussion

Mek1 interacts with components
of meiotic chromosomes

We have demonstrated that the Mek1 kinase localizes to
meiotic chromosomes and specifically promotes mor-
phogenesis of the SC and meiotic sister-chromatid cohe-
sion. The colocalization of Mek1 with Red1 and the de-
pendency of Mek1 localization on both Red1 and Hop1

Figure 5. Mek1 is a phosphoprotein that
displays kinase activity. (A) Mek1 kinase
activity in vitro. Anti-Mek1 immunopre-
cipitates were incubated with [g-32P]ATP,
separated by an 8% SDS–polyacrylamide
gel, and analyzed by autoradiography and
immunoblotting with anti-Mek1 antibod-
ies. (B) Gel mobility shift analysis of Mek1.
Anti-Mek1 immunoprecipitates were un-
treated, treated with CIP, or treated with
CIP plus phosphatase inhibitor (CIP + inh).
Conditions of electrophoresis (20 V for 16
hr) were slower than those used in A. The
Mek1 protein was detected by immunob-
lotting. Molecular mass markers (in kD) are
at right. Strains used are wild type
(BR2495), mek1–D290A (JM191), mek1::
LYS2 (JM82), MEK1::GFP (JM98), and red1
(MY231). (wt) Wild type; (DA) mek1–
D290A; (M-GFP) Mek1–GFP; (pre) preim-
mune serum.
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imply that Mek1 associates with axial elements and SC
lateral elements. Mek1 chromosomal localization, like
that of Red1 and Hop1, does not depend on the initiation
of meiotic recombination or the formation of mature SC
(J.M. Bailis and G.S. Roeder, unpubl.).

Mek1 and Red1 can associate in the absence of Hop1
in the two-hybrid system, and Mek1 and Red1 both
localize to the nucleolus, where Hop1 is not present
(Smith and Roeder 1997; unpubl.). Also, the hop1 mutant
displays only a minor defect in sister-chromatid cohe-
sion, as expected if Mek1-dependent phosphorylation of
Red1 is important for cohesion, and Mek1 and Red1 can
interact in the absence of Hop1. Two observations, how-
ever, suggest that Hop1 normally stabilizes the associa-

tion of Mek1 with Red1. First, Mek1 localization to
chromosomes is detected in only a small fraction of nu-
clei from the hop1 mutant. Second, anti-Mek1 antibod-
ies appear to precipitate less Red1 protein from a hop1
mutant than from wild type (J.M. Bailis and G.S. Roeder,
unpubl.).

Interaction between Mek1 and Hop1 is detected only if
Red1 is also present. Hop1, like Mek1, is dependent on
Red1 for its localization to chromosomes (Smith and
Roeder 1997). The localization requirements of Hop1
and Mek1 support a specific order of protein assembly:
Red1, then Hop1, and finally Mek1. These proteins may
associate with each other on chromosomes, or they may
first assemble into a complex that then localizes to chro-
mosomes. The order of protein assembly is consistent
with the severity of the SC defects observed in the mu-
tants. red1 fails to form any SC or axial elements (Rock-
mill and Roeder 1990), whereas hop1 forms axial ele-
ments that do not synapse (Hollingsworth and Byers
1989; Loidl et al. 1994). mek1 undergoes extensive SC
formation (Rockmill and Roeder 1991).

Experiments presented here indicate that the first 63
amino acids of Mek1 are sufficient to interact with Red1.
The Mek1 amino terminus contains a forkhead-associ-
ated homology domain (FHA) (amino acids 47–102; Hof-
mann and Bucher 1995). FHA domains are also present in
the yeast mitotic protein kinases Rad53 and Dun1 (Zhou
and Elledge 1993; Sun et al. 1996, 1998); the interaction
of the FHA2 domain of Rad53 with Rad9 (Sun et al. 1998)
suggests that this motif serves as a protein-binding do-
main. However, the first 63 amino acids of Mek1 do not
contain the whole FHA domain; only one of three con-
served sequence motifs within the FHA domain is pre-
sent in this region of Mek1.

Much as Rad53 and Dun1 are involved in sensing
DNA damage and transducing signals during vegetative
growth (Zhou and Elledge 1993; Sun et al. 1996), the
interaction between Mek1 and meiotic chromosomal
proteins may function to sense and/or transduce signals
about the progress of synapsis and/or meiotic recombi-
nation (Xu et al. 1997). Consistent with this hypothesis,
a red1 or a mek1 mutation restores sporulation to mu-
tants that arrest at pachytene due to a checkpoint trig-
gered by defects in recombination and/or synapsis (Xu et
al. 1997). Mek1 kinase function is required to effect this
pachytene checkpoint, as the mek1–D290A mutation
also restores sporulation to zip1 (J.M. Bailis and G.S.
Roeder, unpubl.). Xu et al. (1997) have suggested that the
chromosomal context of Mek1 and Red1 is important for
monitoring meiotic recombination; this context may be
established through Mek1-dependent phosphorylation of
Red1.

Hollingsworth and Ponte (1997) have proposed that
phosphorylation of Hop1 or Red1 by Mek1 promotes SC
assembly. In a specific non-null mek1 mutant (mek1-
974), overproduction of Red1 decreases recombination
and viability, whereas overproduction of Hop1 improves
recombination and viability. These observations led to
the speculation that there is an excess of Red1 relative to
Hop1 on chromosomes in the mek1 mutant compared to

Figure 6. Mek1-dependent phosphorylation of Red1. (A) In
vitro phosphorylation of Red1 protein immunoprecipitated
with anti-Red1 antibodies. (B) In vitro phosphorylation of Hop1
immunoprecipitated with antibodies to Hop1. Immunoprecipi-
tates were incubated with [g-32P]ATP, then analyzed by SDS-
PAGE, autoradiography, and immunoblotting with antibodies
to either Red1 (A) or Hop1 (B). Additional phosphorylated bands
may represent other proteins in the immune complex. (C) Gel
mobility shift analysis of Red1. Anti-Red1 immunoprecipitates
were untreated, treated with CIP, or treated with CIP plus in-
hibitor (CIP + inh). Immunoprecipitates were analyzed by
slower conditions of electrophoresis (20 V for 16 hr) than used in
A. The Red1 protein was detected by immunoblotting. Molecu-
lar mass markers (in kD) are at right. Strains used are wild type
(BR2495), mek1–D290A (JM191), mek1::LYS2 (JM82), and
red1::URA3 (MY231). (wt) Wild type; (DA) mek1–D290A; (pre)
preimmune serum.
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wild type. This hypothesis is inconsistent with our ob-
servation that Hop1 appears to assemble onto chromo-
somes normally in the absence of Mek1 but does not
dissociate efficiently. However, our observations can be
reconciled with those of Hollingsworth and Ponte (1997).
We have found that Red1 overproduction decreases re-
combination in wild type and in a zip1 mutant and also
decreases spore viability in zip1 (J.M. Bailis, A.V. Smith,
and G.S. Roeder, in prep.), which strongly suggests that
the effect of Red1 overproduction observed by Holling-
sworth and Ponte (1997) is not specific to the mek1-974
mutant. If the mek1-974 mutant exhibits decreased
Mek1 kinase activity, then overproduction of Hop1
might create more opportunities for Mek1 to phosphory-
late Red1 and/or Hop1 by increasing the number of
Red1–Hop1 complexes available as substrates. Alterna-
tively, the Mek1-974 mutant protein might be defective
in interacting with Red1 and/or Hop1, and overproduc-
tion of Hop1 might promote Mek1 binding by increasing
the number of Red1–Hop1 complexes available.

Mek1 function depends on its kinase activity

Mek1 protein kinase activity is necessary for its meiotic
function, as the mek1–D290A mutant displays a reduc-
tion in spore viability equivalent to that of the mek1 null
mutant. The simplest explanation of these results is that
Mek1 directly phosphorylates Red1; however, an indi-
rect interaction cannot be ruled out. It is possible that
other protein kinases coprecipitate with Mek1 and that
Mek1, like its mitotic counterparts, functions as part of
a protein kinase cascade. Also, it is not yet clear what
signal serves to trigger Mek1 phosphorylation/activa-
tion, or whether this signaling requires other protein ki-
nases. In many cases, kinases require phosphorylation or
autophosphorylation to translocate to the nucleus (for
review, see Jans 1995). However, Mek1 localizes to chro-
mosomes in both the mek1–lacZ and mek1–D290A mu-
tants (which lack kinase activity), suggesting that phos-
phorylation of Mek1 (and Red1) need not occur until
after Mek1 becomes associated with chromosomes. The
fact that Mek1 is not phosphorylated in a red1 mutant
(J.M. Bailis and G.S. Roeder, unpubl.) is consistent with
this hypothesis.

Mek1 may promote Hop1 dissociation
from chromosomes

Hop1 remains associated with chromosomes longer in
mek1 mutants than in wild type, suggesting that Mek1
kinase activity aids in Hop1 dissociation from meiotic
chromosomes, an event that is correlated with the pro-
duction of mature SC (Smith and Roeder 1997). Because
Hop1 is required to promote interhomolog recombina-
tion (Hollingsworth and Byers 1989; Schwacha and
Kleckner 1994), and Hop1 demonstrates DNA-binding
capability (Hollingsworth et al. 1990; Kironmai et al.
1998), it is possible that Hop1 directly associates with
DNA undergoing recombination. The interaction of
Mek1 with Red1 and/or Hop1 might release Hop1 from
the DNA, allowing recombination events to proceed and
synapsis to be completed. This interpretation is consis-
tent with evidence that Mek1 monitors meiotic recom-
bination (Xu et al. 1997) and that Hop1 dissociation from
DNA is slow in an vitro assay from which Mek1 is ab-
sent (Kironmai et al. 1998). However, Hop1 does even-
tually dissociate from chromosomes in the absence of
Mek1, indicating that Mek1 kinase activity is not a pre-
requisite for Hop1 release from chromosomes.

Mek1-dependent phosphorylation of Red1 may
establish meiotic sister-chromatid cohesion

FISH analyses of precocious separation of sister chroma-
tids provide evidence that Red1 plays a role in meiotic
sister-chromatid cohesion and suggests that phosphory-
lation of Red1 by Mek1 regulates this function. Meiotic
sister-chromatid cohesion may involve the phosphoryla-
tion of SC components in organisms other than yeast.
The hamster Cor1 protein is a lateral element compo-
nent that is presumed to play a role in sister-chromatid
cohesion (Moens and Spyropoulos 1995), and the rat ho-
molog of Cor1, SCP3, has been shown to be a phospho-
protein (Lammers et al. 1994). Additionally, two forms of
the yeast Mcd1/Scc1 protein are detected by Western
blots, suggesting that regulation of mitotic cohesion may
also involve protein phosphorylation (Guacci et al.
1997).

It is interesting to note that a defect in sister-chroma-

Table 2. FISH analysis of meiotic sister-chromatid cohesion

Strain

Class A
1
v

Class B
doublet

vv

Class C
2

v v

Class D
doublet + 1
vv v

Class E
3 v

v v Percent PSSC

Wild type (BR2495) 74.0 13.0 13.0 0 0 0
mek1D (JM82) 48.0 14.0 19.0 13.0 6.0 19.0
mek1–D290A (JM191) 49.0 17.0 17.5 15.0 2.0 17.0
red1D (MY231) 38.5 8.5 31.5 11.0 10.5 21.5
hop1D (BR2498) 49.0 12.0 36.0 2.0 1.0 3.0
mek1D red1D (JM235) 56.5 9.0 16.0 11.0 7.5 18.5

Spread meiotic nuclei were prepared after 15 hr in sporulation medium and then hybridized with a probe for chromosome III. Two
hundred nuclei were scored for the number and position of condensed FISH signals; the percentage observed for each class is shown
(see text for explanation). The percentage of precocious separation of sister chromatids (PSSC) was calculated as the sum of class D and
class E nuclei divided by the total number of nuclei scored.
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tid cohesion is associated with a decrease in meiotic re-
combination, suggesting a functional relationship be-
tween cohesion and recombination. In the red1 and
mek1 mutants, recombination is reduced to ∼20% of the
wild-type level (Rockmill and Roeder 1990, 1991; Leem
and Ogawa 1992). Drosophila ord mutants and Schizo-
saccharomyces pombe rec8 mutants also display defects
in both recombination and meiotic sister-chromatid co-
hesion (Miyazaki and Orr-Weaver 1994; Molnar et al.
1995). Recombination might be reduced if cells fail to
discriminate sisters from nonsisters and therefore fail to
favor interhomolog (i.e., nonsister) interactions (Smith
and Roeder 1997). Alternatively, failure to establish sis-
ter-chromatid cohesion may result in chromosomal axes
that are developed improperly and therefore serve as less
suitable substrates for the initiation of interhomolog re-
combination (Schwacha and Kleckner 1997; Xu et al.
1997). On the other hand, it is possible that recombina-
tion contributes to cohesion. Consistent with this pos-
sibility, insertion of a recombination hot spot into a
yeast artificial chromosome enhances sister-chromatid
cohesion (Sears et al. 1994). Also, a defect in sister-chro-
matid cohesion is observed in the dmc1 mutant (Rock-
mill and Roeder 1994), which lacks a meiosis-specific
homolog of the RecA strand exchange enzyme (Bishop et
al. 1992).

Our proposal that Mek1 functions in meiotic sister-
chromatid cohesion may also explain why the mek1 mu-
tant forms short stretches of SC instead of full-length
complexes (Rockmill and Roeder 1991). In the spo76 mu-
tant of Sordaria (Moreau et al. 1985), extensive SC forms,
but there are regions where axial elements are unsyn-
apsed. These axial elements are often split into two,
thinner elements; however, lateral elements within SC
never appear to be subdivided. These observations sug-
gest that Spo76 functions in sister-chromatid cohesion
and that synapsis cannot occur in regions where sisters
are not properly associated (Moreau et al. 1985). Thus,
the interruptions in SC observed in the mek1 mutant
may correspond to regions where meiotic sister-chroma-
tid cohesion has failed.

Materials and methods

Plasmids

Standard methods were used in plasmid constructions (Sam-
brook et al. 1989). pB121 carries the null mek1::LYS2 mutation
(Rockmill and Roeder 1991). pJ68, constructed by K.
Nandabalan (Yale University, New Haven, CT), contains the
SpeI–PvuII fragment of MEK1 inserted at the XbaI site of pGEX-
KG (Guan and Dixon 1991), such that MEK1 is downstream of
glutathione S-transferase and fused in-frame (GST–Mek1).
pR1284 carries an in-frame fusion of the lacZ gene inserted after
189 nucleotides of the MEK1 coding region (Burns et al. 1994).

The mek1–D290A mutation was constructed by PCR using
the method of Zhou and Elledge (1993). The SpeI–HpaI region of
MEK1 containing this mutation was substituted into the SpeI–
HpaI sites of pJ77, which contains the EcoRI–PvuII fragment of
MEK1 inserted into the EcoRI–EcoRV sites of YIp5 (Rothstein
1991). The resulting plasmid, pJ30, contains the mek1–D290A
mutation as confirmed by sequencing.

An in-frame fusion of MEK1 with GFP was constructed as
follows. PCR was used to generate a NotI site immediately pre-
ceding the MEK1 stop codon and a SalI site immediately fol-
lowing the stop codon. An HpaI–SalI fragment of MEK1 (con-
taining the NotI site) was cloned into pB124, which contains the
MEK1 EcoRI–PvuII fragment inserted at the EcoRI–EcoRV sites
of pBR322 (Rockmill and Roeder 1991). Then, the NotI (filled
in)–XbaI fragment of MEK1 was inserted into the NheI (filled
in)–SalI sites of a multicopy plasmid containing the GFP gene
(pCB431; Chua and Roeder 1998), creating pJ23.

For plasmids used in the two-hybrid assay, the RED1-coding
region was amplified such that a BamHI site was introduced
immediately preceding the start codon, and a SalI site was in-
troduced directly before the stop codon. PCR was used to gen-
erate a BglII site in HOP1 just before the start codon and a SalI
site immediately before the stop codon. pJ63 contains the RED1
PCR product (cut with BamHI and SalI) cloned into the BamHI–
XhoI sites of pACTII, which contains the GAL4 activation do-
main (Bai and Elledge 1997). The HOP1 PCR product was cut
with BglII and SalI and inserted into the BamHI–SalI sites of
pACTII to generate pJ64. The MEK1-coding region was ampli-
fied such that a BamHI site was introduced before the start
codon and a SalI site was generated before the stop codon; this
PCR product was cut with BamHI and SalI and ligated into the
BamHI–SalI sites of pBG4D-1, which contains the GAL4 DNA-
binding domain (Durfee et al. 1993), to produce pJ54. pJ61 en-
codes the first 100 codons of Mek1 (on a BamHI–SpeI fragment
of pJ54) in the BamHI–XbaI sites of pBG4D-1. A MEK1 fragment
encoding the first 63 amino acids of Mek1 was generated by
PCR, cut with BamHI and SalI (the SalI site was introduced by
PCR), and cloned into the BamHI–SalI sites of pBG4D-1 to gen-
erate pJ71. The NaeI–AatII fragment containing HIS3 from
pRS423 (Sikorski and Hieter 1989) was cloned into the PmlI–
AatII sites of pYADE4 (Brunelli and Pall 1993), producing pJ88.
Then, to generate pJ89, which contains RED1 downstream of
the ADH1 promoter, the BamHI–SalI RED1 PCR product
(above) was inserted into pJ88 at the BamHI–SalI sites.

Yeast strains

Yeast strains were constructed and maintained with standard
procedures and media (Sherman et al. 1986). Transformation of
yeast was carried out by the lithium acetate procedure of Gietz
et al. (1995). Gene disruptions were confirmed by Southern blot
analysis.

All strains used for cytology and for immunoprecipitations
are isogenic with BR2495 (Rockmill and Roeder 1990). Homo-
zygous mutant red1::URA3 and hop1::TRP1 strains are MY231
and BR2498, respectively (Smith and Roeder 1997). Homozy-
gous mutant mek1::LYS2 (JM82) and mek1–lacZ (JM198) strains
were constructed using pB121 and pR1284, respectively. JM191
(homozygous for mek1–D290A) was generated by two-step
transplacement (Rothstein 1991) using pJ30. The homozygous
mek1::LYS2 red1::URA3 double mutant (JM235) was con-
structed using pB121, and then pV180 (Smith and Roeder 1997).
The haploid parents of JM198 were transformed with either
pNH32-1 (hop1::TRP1; Hollingsworth and Byers 1989) or
pV180, and then mated to produce the homozygous mutant
mek1-lacZ red1::URA3 (JM93) and mek1–lacZ hop1::TRP1
(JM88) diploids. Strain JM98 (MEK1::GFP) is JM82 carrying pJ23.

Strains containing the Red1–HA and Hop1–HA fusion pro-
teins were constructed by PCR as described (Schneider et al.
1995). The PCR products were transformed into yeast, and cor-
rect integration was confirmed by PCR and immunoblotting.
Strains JM241 and JM142 are BR2495 that is heterozygous for
Red1–HA or Hop1–HA, respectively.
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The yeast strain used for the two-hybrid protein system is
JM239, a diploid constructed by inducing mating type switching
of PJ69-4A (James et al. 1996) and mating MATa and MATa

haploid strains. The red1::URA3 mutant version of JM239
(JM240) was constructed using pV180.

Mek1 antibodies

GST–Mek1 protein was purified from Escherichia coli contain-
ing pJ68 by the methods of Guan and Dixon (1991). GST–Mek1
was then used to raise antibodies in rabbits and mice at the
Pocono Rabbit Farm and Laboratory (Canadensis, PA).

Cytology

Meiotic chromosomes were spread and stained with antibodies
as described (Chua and Roeder 1998). Anti-Mek1 antibodies
were affinity purified from serum (Chua and Roeder 1998) and
used at a 1:40 dilution. Anti-rabbit antibodies conjugated to
biotin, or anti-mouse antibodies conjugated to biotin (Zymed
Laboratories), were used at a 1:200 dilution as secondary anti-
bodies. Antibodies labeled with streptavidin conjugated to
Texas red (Jackson ImmunoResearch Laboratories) were used at
a 1:200 dilution to detect primary and secondary antibodies
(Page and Snyder 1992).

Anti-Red1 and anti-Hop1 antibodies (Smith and Roeder 1997),
as well as anti-Zip1 antibodies (Sym et al. 1993), were used at
1:100 dilution. Anti-b-galactosidase antibodies (ICN Biochemi-
cals) were used at 1:40 dilution. Antibodies other than anti-
Mek1 antibodies were detected using rabbit or mouse antibod-
ies conjugated to Oregon green (Molecular Probes). Chromo-
somal DNA was stained with 1 µg/ml DAPI. Images were
recorded and analyzed using a Leitz DMRB microscope and a
Photometrics Imagepoint CCD camera.

To determine the amount of overlap between Mek1, Red1,
and Hop1, the total number of Mek1 foci per spread nucleus per
time point were compared with the number of Mek1 foci that
also contain Red1 or Hop1. Mek1 overlap with Red1 was exam-
ined for at least 200 nuclei. Mek1 overlap with Hop1 was as-
sessed for 200 nuclei both in wild type and in the mek1–D290A
mutant. Fortuitous colocalization was assessed by rotating an
overlay corresponding to one of the two signals by 90°C or
180°C and determining the amount of overlap between the mi-
soriented images, as described by Gasior et al. (1998).

Immunoprecipitations and Western blots

To prepare meiotic cell extracts, cells were grown to saturation
in one liter of YPD (Sherman et al. 1986) supplemented with 60
µg/ml uracil and 40 µg/ml adenine; cells were then pelleted and
resuspended in 3 liters of sporulation medium (2% potassium
acetate). After 13–14 hr, cells were collected by centrifugation
and resuspended in 3 ml of lysis buffer (50 mM Tris, 250 mM

NaCl, 5 mM EDTA, 50 mM NaF, 0.1% NP-40 at pH 7.8) to which
protease inhibitors (100 µg/ml PMSF, 20 µg/ml aprotinin, 10
µg/ml antipain, 10 µg/ml leupeptin, 10 µg/ml pepstatin A;
Sigma) and 1.5 mM dithiothreitol (DTT) were added. Glass beads
(425–600 µm) (Biospec Products; Sigma) were added to three-
fourths of the original volume. Cell lysis was accomplished by
vortexing at 4°C for 15 intervals of 1 min each, with tubes
incubated on ice for 3–5 min between periods of vortexing. After
centrifugation at 15,000 rpm in a SS-34 Sorvall rotor for 20 min
at 4°C, supernatants (containing at least 50 mg of total protein)
were recovered and used for immunoprecipitations.

Immunoprecipitations were carried out at 4°C on a nutator
(Adams/ALA Scientific Instruments). Anti-Mek1 serum (1:200),
anti-Red1 serum (1:500), anti-Hop1 serum (1:500), anti-b-galac-
tosidase antibody (1:500), or preimmune serum (1:500) was
added to each supernatant. After 2 hr, 40 µl of Protein A–Sepha-
rose (Pierce) was added, and incubations were allowed to pro-
ceed for an additional hour. At the start of immunoprecipita-
tions, protease inhibitors were added to final concentrations
twice that originally included for cell lysis. Immune complexes
were collected by centrifugation, washed twice in IP buffer (20
mM Tris, 100 mM NaCl, 2 mM EDTA, 0.05% Tween 20 at pH
7.8), boiled in 6× sample buffer (70% Tris-Cl at pH 6.8, 30%
glycerol, 10% SDS, 0.09 % DTT, 0.01% bromophenol blue), and
fractionated by an 8% SDS–polyacrylamide gel at 100 V for 3–4
hr (Figs. 4, 5A, and 6A,B) or at 20 V for 16 hr (Fig. 5B and 6C).

Gels were blotted onto nitrocellulose (Schleicher & Schuell)
using the Mini-Protean II system (Bio-Rad). For Western blot
analysis (Towbin et al. 1979), filters were incubated in blocking
buffer (5% dry milk and 0.1% Tween 20 in Tris-buffered saline;
Sambrook et al. 1989). After 1 hour, primary antibody was added
to a final dilution of 1:200–1:500. Primary antibody was de-
tected using anti-rabbit antibody conjugated to alkaline phos-
phatase (Jackson ImmunoResearch Laboratories) at a 1:200 di-
lution, followed by CDP-Star (Boehringer Mannheim). Blots
were exposed to Biomax film (Kodak). The Red1 protein mi-
grates at ∼100 kD, as predicted based on sequence; Hop1 mi-
grates as a 70-kD protein, as described (Hollingsworth et al.
1990).

Kinase assays

For in vitro kinase assays, immune complexes were resus-
pended in 75 µl kinase buffer (50 mM Tris, 10 mM MgCl2 at pH
7.0) after two washes in IP buffer. Nonradioactive ATP was
added to 1 µm; 20 µCi of [g-32P]ATP (sp. act. 3000 Ci/mmole,
Amersham) was added and reactions were allowed to proceed
for 20 min at room temperature. SDS-PAGE and blotting to
nitrocellulose were carried out as described above. Filters were
exposed to film overnight to 2 days to assess [g-32P]ATP incor-
poration.

For gel mobility shift analysis, immune complexes were re-
suspended in 75 µl phosphatase buffer (50 mM Tris, 20 mM

MgCl2, 40 mM KCl at pH 8.0) containing 100 µg/ml PMSF. Sixty
units of CIP (Boehringer Mannheim) and 14 µl of 10× phospha-
tase buffer (Boehringer Mannheim) were added to two samples
from wild-type immunoprecipitates; 5 mM b-glycerophosphate,
a phosphatase inhibitor (Sigma), was also added to one of these
samples. Samples were incubated at 30°C for 10 min, and pro-
teins were then analyzed as described above.

Two-hybrid protein assays

JM239 derivatives carrying the various combinations of MEK1
and RED1 or MEK1 and HOP1 plasmids (see Table 1) were
grown to saturation in 2× synthetic complete medium lacking
leucine and tryptophan. Strain JM239 carrying MEK1-, HOP1-,
and RED1-containing plasmids was grown in 2× synthetic com-
plete medium (Sherman et al. 1986) lacking leucine, trypto-
phan, and histidine. One-half of each culture was diluted 1:100,
then grown for an additional 12 hr and collected by centrifuga-
tion. The other half of each culture was diluted 1:1 in YPAD and
grown for 10 hr, then transferred to sporulation medium and
collected 15 hr later (approximately pachytene). b-Galactosi-
dase assays were performed on cells in log phase of vegetative
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growth (Durfee et al. 1993) and on meiotic cells (Chua and
Roeder 1998).

FISH

FISH was carried out as described by Chua and Roeder (1998). A
25-kb fragment of Chromosome III was labeled with digoxi-
genin and then hybridized to spread chromosomes. Antibodies
against digoxigenin conjugated to rhodamine were used to de-
tect the chromosome III probe. Chromosomal DNA was stained
with DAPI.
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