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Smkl1 is a meiosis-specific mitogen-activated protein kinase (MAPK) in Saccharomyces cerevisiae that controls spore morpho-
genesis. Similar to other MAPKs, it is controlled by dual phosphorylation of its T-X-Y activation motif. However, Smk1 is not
phosphorylated by a prototypical MAPK kinase. Here, we show that the T residue in Smk1’s activation motif is phosphorylated
by the cyclin-dependent kinase (CDK)-activating kinase, Cak1l. The Y residue is autophosphorylated in an independent intramo-
lecular reaction that requires the meiosis-specific protein Ssp2. Although both SMK1 and SSP2 are expressed as middle-meiosis-
specific genes, Smk1 protein starts to accumulate before Ssp2. Thus, Smk1 exists in a low-activity (pT) form early in sporulation
and a high-activity (pT/pY) form later in the program. Ssp2 must be present when Smk1 is being produced to activate the auto-
phosphorylation reaction, suggesting that Ssp2 acts through a transitional intermediate form of Smk1. These findings provide a
mechanistic explanation for how Smk1 activity thresholds are generated. They demonstrate that intramolecular autophosphory-
lation of MAPKs can be regulated and suggest new mechanisms for coupling MAPK outputs to developmental programs.

Mitogen—activated protein kinases (MAPKs) are ubiquitous
signal-transducing enzymes that control a wide spectrum of
biological processes, including cell division, differentiation, and
survival. The canonical MAPK module consists of an upstream
MAPK kinase kinase, a MAPK kinase, and a MAPK (1, 2). Recep-
tor-ligand interactions at the cell surface couple to signaling mol-
ecules that activate MAPK kinase kinases, which phosphorylate
residues on the activation loop of MAPK kinases, which in turn
phosphorylate conserved threonine (T) and tyrosine (Y) residues
in the activation loop of MAPKs. Activated MAPKs dispense
phosphate to serine (S) and T residues in downstream regulatory
molecules. The transfer of phosphate to the activation loop of
MAPK by MAPK kinase can occur through a nonprocessive
mechanism that is able to generate a switch-like increase in MAPK
activity (3).

While many MAPKs are activated by canonical MAPK mod-
ules, some MAPKs are activated through noncanonical pathways
that can involve autophosphorylation of their T-X-Y motifs (4, 5).
For example, although p38 can be activated in many cell types in
response to stress signals by a canonical MAPK module in T cells,
p38 can also undergo intermolecular (trans) autophosphorylation
on its activating T residue when zeta-chain-associated protein ki-
nase 70 (Zap70) phosphorylates a distal residue on p38 following
T-cell receptor activation (6). In addition, p38 undergoes inter-
molecular autophosphorylation of the T and Y in its T-X-Y motif
when it is recruited into protein complexes by transforming
growth factor B-activated protein kinase binding protein (TAB1)
(7). Other examples of MAPKs that are activated by noncanonical
pathways include Erk7, which is activated by intramolecular (cis)
autophosphorylation of the Y in its T-X-Y activation motif (8),
and Erk8, which autophosphorylates its activation motif in an
apparently intramolecular fashion (9). Indeed, these findings are
reminiscent of studies carried out prior to the discovery of canon-
ical MAPK signaling in which the Erkl and Erk2 MAPKs pro-
duced in Escherichia coli were shown to autophosphorylate their
T-X-Y motifs (10-13). In these early studies, the autophosphory-
lation of Erk2 on its activating Y residue was shown to be intra-
molecular. More-recent studies have shown that the Fus3 MAPK
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from Saccharomyces cerevisiae can undergo intramolecular auto-
phosphorylation of its activating Y residue when complexed with
the Ste5 scaffolding protein (14). These data suggested that intra-
molecular autophosphorylation could play a role in regulating
Erk1, Erk2, and Fus3. However, extracellular ligands couple to the
activation of these MAPKs through canonical MAPK activation
pathways, and the significance of these autophosphorylation re-
actions has not been established.

Smk1 is a meiosis-specific MAPK that controls spore forma-
tion in budding yeast (15). Similar to other MAPKs, Smk1 is acti-
vated by phosphorylation of the T-X-Y motifin its activation loop
(16, 17). However, it is atypical in several respects. First, SMK1 is
tightly regulated by the transcriptional cascade of sporulation, be-
ing expressed exclusively in meiotic cells around the time the nu-
clear divisions are taking place (15, 18). Second, while many
MAPKSs can be activated to yield switch-like (all-or-none) re-
sponses to small changes in the concentration of extracellular li-
gands, Smkl does not appear to function as a switch. Instead,
sequential increases in Smk1 activity thresholds play a role in co-
ordinating multiple steps in the spore morphogenesis program
(19). Third, MAPK kinase family members are not required for its
activation (20). Taken as a whole, these observations indicate that
Smk1 is activated during meiotic development by a noncanonical
mechanism that generates graded catalytic outputs instead of
switch-like responses.

Genetic studies have provided some insight into the regulation
of Smkl. CAKI, which encodes the cyclin-dependent kinase
(CDK)-activating kinase, was isolated as a multicopy suppressor
of the spore formation defect of a temperature-sensitive smkI mu-
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tant, suggesting that Cakl functions positively in the Smk1 path-
way (21). Cakl1 activates Cdc28, the sole essential CDK in yeast, by
phosphorylating T169 in its activation loop (22-24). Therefore,
Cakl is required for vegetative growth. However, mutants of
Cdc28 that contain an acidic residue substitution for amino acid
T169 and additional hyperactivating substitutions bypass the re-
quirement of CAK1 for viability (25). Studies of one of these by-
pass mutants (cdc28-43244) revealed that the requirement of Cak1
for Smk1 activation is Cdc28 independent (17). Moreover, phe-
notypic analyses of the cdc28-43244 cakIA strain showed that
Cakl is also required for the activation of Ime2 (26), a meiosis-
specific kinase with sequence similarity to both CDKs and MAPKs
(27,28). Despite the suggestions that Cak1 could be a direct Smk1-
activating kinase (17, 21), it is unclear whether Cak1 directly phos-
phorylates the T and/or the Y residues of Smkl, whether Cakl
activates another kinase (such as Ime2) that in turn phosphoryl-
ates Smk1, or whether some combination of these mechanisms
contributes to Smk1 activation.

Further insight into the mechanism of Smk1 activation was
generated by a screen of a subset of yeast deletion mutants that are
defective in spore formation. In this study, the deletion of SSP2
was found to reduce the relative abundance of the phosphorylated
form of Smk1 (20). SSP2 is required after prospore membrane
closure, before the spore-specific layers of the spore wall are as-
sembled (29-31). AMAI, which encodes a meiosis-specific activa-
tor of the anaphase-promoting complex E3 ubiquitin-ligase (32—
36), was also identified in the deletion mutant screen. In addition,
Ime2 has been shown to increase the fraction of Smkl that is
phosphorylated (37).

The transcriptional cascade of sporulation produces early,
middle, and late sets of gene transcripts as different steps in mei-
otic development are taking place. Almost all of the SMKI path-
way members are expressed as tightly regulated middle genes. This
set of genes is expressed as cells exit meiotic prophase, enter the
meiotic divisions (MI/MII), and form spores (38). Middle gene
induction is controlled by the opposing activities of a transcrip-
tional repressor named Suml and a meiosis-specific transcrip-
tional activator named Ndt80 (39). Suml and Ndt80 bind ele-
ments in middle promoters termed middle sporulation elements
(MSEs) in a mutually exclusive (competitive) fashion (40). Suml
represses middle promoters in vegetative cells and early in meiotic
development, until it is removed from MSEs late in prophase of
meiosis I (around the pachytene stage) (41, 42). NDT80 is itself
controlled by a Sum1-responsive MSE (43, 44), and the removal of
Suml triggers a positive autoregulatory loop in which Ndt80
binds to its own promoter, leading to high-level NDT80 transcrip-
tion (45). This is accompanied by the competitive displacement of
Suml and activation of middle promoters. Removal of Sum1 re-
pression is sufficient to cause moderate expression of SMK1 (in-
dependent of Ndt80) (18, 40, 41). Once the Ndt80-positive auto-
regulatory loop is in force, SMK1 is expressed to a higher level, and
SMK1 pathway genes, including SSP2, are expressed. Although
CAK1 is ubiquitously expressed, its mRNA increases as middle
genes are induced (46, 47). IME2 is expressed early in sporulation,
but its mRNA also increases as middle genes are induced (46, 48).
Thus, Smk1 is controlled by tightly choreographed interactions
between the transcriptional cascade and the signaling molecules
that regulate its activation state.

In this study, we show that Cakl is a direct Smk1-activating
kinase that phosphorylates Smkl on T207. Y209 appears to be
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phosphorylated by Smk1 itself in an intramolecular reaction that
requires SSP2. The SSP2 requirement for Smk1 activation and the
temporally offset patterns of Smk1 and Ssp2 protein production
generate an early pool of Smk1 that is phosphorylated on T207
and a later pool of Smk1 that is phosphorylated on both T207 and
Y209. Phenotypic analyses of strains expressing smkl phosphosite
mutants indicate that the T207-phosphorylated form of Smk1
functions to promote early events in spore morphogenesis while
the dually phosphorylated form of Smk1 promotes later steps in
spore wall formation. These findings indicate that intramolecular
phosphorylation can be developmentally regulated and suggest a
novel mechanism for coupling MAPK signaling outputs to transcrip-
tional cascades. The transcription of both SMK1 and SSP2 s activated
by Ndt80, and their mRNAs accumulate around the same time. How-
ever, while Smk1 is translated shortly after its mRNA accumulates,
Ssp2 is translated only after a significant lag. These findings suggest
that translational derepression of SSP2 mRNA can trigger the phos-
phorylation of the activating Y in the Smk1 MAPK.

MATERIALS AND METHODS

Yeast strains, plasmids, and culture conditions. All yeast strains used in
this study are in the SK1 background (Table 1). The set of strains contain-
ing the wild-type, T207A, Y209F, T207/Y209F, and K69R forms of SMKI-
3XHA-HIS3MX6 were derived by standard genetic crosses from strains
LH331, LH408, LH510, LH412, and LH405, respectively (16). To con-
struct the SMK1-HH allele, 8 histidine codons and the hemagglutinin
(HA) epitope coding sequence were fused in frame to the carboxy-termi-
nal end of SMKI using the HH-URA3 cassette in yeast strain LRY253 as
described by Chen et al. (49). The ssp2A SMKI1-HH strain JTY4 was de-
rived by crossing a haploid derivative of LRY253 with a haploid ssp2A
strain, PSY3-B, which contains a precise deletion of the SSP2 open reading
frame (31). The SSP2-13MYC-KANMX6 allele was constructed by inte-
gration of PCR fragments as described previously (50). The ura3::Pgpp;-
GAL4(848).ER::URA3 P, ;-NDT80::TRP1I alleles used in the GOY19
NDT80-inducible system were derived by standard genetic methods from
strain YGS91, which was generated in the laboratory of Jacqueline Segall
using strains and plasmids described by Benjamin et al. (48).

The plasmids used in this study are listed in Table 2. pLAK51 was
constructed by inserting the Kpnl/Sall fragment containing the SMK1
gene from pLAK40 (15) into the same sites of pRS314. The SMKI-HA
CEN TRP plasmids pAS44 (wild-type SMK1), pAS52 (smkl1-T207A),
PAS40 (smk1-Y209F), and pAS48 (smk1-T207A,Y209F) were constructed
by replacing the BgIII-PstI fragment of pLAK51 with the BglII-PstI frag-
ment from YCpSL1, YCpSL9, YCpSL8, and YCpSL3, respectively (17).
The BgllI site is located in the SMK1 open reading frame 553 bp down-
stream of the translational start, between codon K69 and the T-X-Y acti-
vation loop codons, while the PstI site is located 577 bp downstream of the
SMKI1 termination codon and is not in the SMK1I genomic clone. The
mseA SMKI 2pm URA3 plasmids pAS16 (smk1-T207A), pAS12 (smkl-
Y209F), and pAS8 (smkl1-T207A,Y209F) were constructed by replacing
the KpnI-BglII fragment from pSL9, pSL8, and pSL5 with the KpnI-BglII
fragment insert from pSL6 (17). The endogenous Kpnl site is located 219
bp upstream of the initiator ATG of SMK1. pAS1 (smk1-K69R) was gen-
erated by replacing the Styl fragment of pLAK51 with the Styl fragment
insert from pLH326. The endogenous StyI sites are located 83 bp and 892
bp downstream of the SMK1 initiator ATG. The smkI-K69R CEN TRP
activation loop mutant plasmids pAS29 (smkI-K69R), pAS36 (smkI-
K69R,Y207A), pAS24 (smkI-K69R,Y209F), and pAS33 (smkl-
K69R,T207A,Y209F) were constructed by replacing the BglII-PstI frag-
ment of pAS1 with BglII-PstI fragment inserts from YCpSL1, YCpSL9,
YCpSL8, and YCpSL3, respectively.

Vegetative yeast cultures were maintained in yeast extract-peptone-
dextrose (YEPD) (1% yeast extract, 2% peptone, 2% glucose) containing
40 pg/ml adenine or SD medium (0.67% yeast nitrogen base without
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TABLE 1 Yeast strains used in this study

Source or

Strain Genotype reference

ALY60 MATa/MATao ura3/ura3 leu2::hisG/leu2::hisG trpl:hisG/trp1::hisG lys2/lys2 his4/his4 ho::LYS2/ho::LYS2 20
SMK1-3XHA-KANMX6/SMK1-3X HA-KANMX6

ALY62 MATa/MATo ura3/ura3 leu2::hisG/leu2::hisG trp1::hisG/trp1:hisG lys2/lys2 ho::LYS2/ho::LYS2 smk1::LEU2/smk1::LEU2 20

LH416 MATa/MATa ura3/ura3 leu2/leu2 trpl1 AFA/trp1AFA lys2/lys2 his3/his3 ho::hisG/ho::hisG 16
SMKI1-HIS3MX6/SMK1-3X HA-HIS3MX6

LRY342 MATa/MATo ura3/ura3 leu2/leu2 trp] AFA/trp1 AFA lys2/lys2 his3/his3 ho::hisG/ho::hisG This study
smk1-T207A-3X HA-HIS3MX6/smk1-T207A-3X HA-HIS3MX6

LRY343 MATa/MATa ura3/ura3 leu2/leu2 trpl AFA/trp1 AFA lys2/lys2 his3/his3 ho::hisG/ho::hisG This study
smk1-Y209F-3X HA-HIS3MX6/smk1-Y209F-3X HA-HIS3MX6

LRY344 MATa/MATa ura3/ura3 leu2/leu2 trpl1 AFA/trp1AFA lys2/lys2 his3/his3 ho::hisG/ho::hisG This study
smk1-T207A,Y209F-3X HA-HIS3MX6/smk1-T207A,Y209F-3X HA-HIS3MX6

LRY373 MATa/MATo ura3-SK1/ura3 leu2::hisG/leu2 trp1::hisG/trp]1 AFA lys2-SK1/lys2 his3/his4 ho::LYS2/ho::hisG This study
smkl1-Y209F-3X HA-HIS3MX6/smkl1::LEU2

JLY3 MATa/MATo ura3/ura3 leu2::hisG/leu2::hisG trpI::hisG/trp1::hisG lys2/lys2 ho:LYS2/ho::LYS2 26
CDC28-43244/CDC28-43244

JLY4 MATa/MATa ura3/ura3 leu2::hisG/leu2::hisG trp1:hisG/trp1:hisG lys2/lys2 ho::LYS2/ho::LYS2 CDC28-43244 cak1A:: 26
TRP1/CDC28-43244 caklA::TRPI

CMY95 MATa/MATo ura3/ura3 trpl::hisG/trp1:hisG lys2/lys2 his4/his4 ho::LYS2/ho::LYS2 SSP2-13MYC-KANMX6/SSP2- This study
13MYC-KANMX6 SMK1-3X HA-KANMX6/SMK1-3X HA-KANMX6

CMY58 MATa/MATo ura3/ura3 leu2::hisG/leu2::hisG trpI:hisG/trp1::hisG lys2/lys2 ho:LYS2/ho::LYS2 ssp2A/ssp2A This study

LRY274 MATa/MATo ura3/ura3 leu2/leu2 trp] AFA/trp1 AFA lys2/lys2 his3/his3 ho::hisG/ho::hisG This study
smk1-K69R-3X HA-HIS3MX6/smk1-K69R-3X HA-HIS3MX6

LRY287 MATa/MATo ura3/ura3 leu2::hisG/leu2 lys2/lys2 trp1-hisG/trpAFA his3/his4-N ho::LYS2/ho::hisG This study
smkI1-K69R-3X HA-HIS3MX6/SMK1

YGS91 MATa/ ura3 lys2 leu2::hisG trp1::hisG his3 ho::LYS2 ura3::Pgpp,;-GAL4(848).ER::URA3 P, ,-NDT80::TRP1 J. Segall

GOY19 MATa/MATo ura3/ura3 leu2::hisG/leu2::hisG lys2/lys2 trp1::hisG/trp1::hisG his3/HIS3 ho:LYS2/ho::LYS2 SMK1- This study
3XHA-HIS3/SMK1-3X HA-HIS3 SSP2-13MYC-KANMXG6/SSP2-13MYC-KANMXG6 ura3::Pgpp,;-GAL4(848).ER::
URA3/ura3:Pgpp,,-GAL4(848).ER:URA3 P, ,-NDT80:TRP1/Pg,, ,-NDT80:: TRP1

LRY253 MATa/MATo ura3/ura3 leu2::hisG/leu2::hisG trpl::hisG/trp1:hisG lys2/lys2 his4/his4 ho::LYS2/ho::LYS2 This study
SMKI1-HH::LEU2/SMKI1-HH::LEU2

PSY3B MATa leu2::hisG his4-B lys2 ho:LYS2 ura3 canl 31

JTY4 MATa/MATo ura3/ura3 leu2::hisG/leu2::hisG trpI:hisG/trpl:hisG lys2/lys2 his4/his4 ho::LYS2/ho::LYS2 SMKI1-HH:: This study

LEU2/SMKI1-HH::LEU2 ssp2A/ssp2A

amino acids, 2% glucose, nutrients essential for auxotrophic strains). For
sporulation experiments, cells were grown overnight in YEPA (1% yeast
extract, 2% peptone, 2% potassium acetate) containing 40 pg/ml adenine
to a density of 107 cells/ml (mid-logphase). Cells were collected by cen-
trifugation, washed in 2% potassium acetate, and resuspended to 4 X 107

TABLE 2 Plasmids used in this study

Reference
Plasmid Markers or source
pRS314 CEN TRPI 51
YEp352 2pm URA3 52
pLAKS51 pRS314 + SMK1-HA This study
pLH326 pBluescript SK + smk1-K69R-3X HA 16
pAS1 pLac51 + smkI-K69R-3X HA This study
pAS44 pLac51 + SMK1-3XHA This study
pAS52 pLac51 + smkI-T207A-3X HA This study
pAS40 pLac51 + smkI-Y209F-3X HA This study
pAS48 pLac51 + smkl1-T207A,Y209F-3X HA This study
pSL6 YEp352 + SMK1-3X HA AMSE 17
pAS16 pSL6 + smkI1-T207A-3X HA This study
pAS12 pSL6 + smkl1-Y209F-3X HA This study
PAS8 pSL6 + smkl1-T207A,Y209F-3X HA This study
pAS36 pAS1 + smk1-T207A-3X HA This study
pAS24 PAS1 + smk1-Y209F-3X HA This study
PAS33 PASI + smkl1-T207A,Y209F-3X HA This study
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cells/ml in sporulation medium (2% potassium acetate, 10 g/ml ade-
nine, 5 wg/ml histidine, 30 pg/ml leucine, 7.5 pg/ml lysine, 10 pg/ml
tryptophan, 5 pg/ml uracil) and placed on a roller drum at 30°C. Synchro-
nous sporulation in the estradiol-inducible NDT80 system was carried out
essentially as described previously (53). In brief, sporulation was induced
as described above. At 6 h postinduction, B-estradiol was added to 2 uM
to induce expression of NDT80.

Electrophoresis and immunoblot analyses. Yeast cells harvested at
different times after transfer into sporulation medium were lysed with
NaOH, and proteins were prepared by trichloroacetic acid precipitation
as previously described (20). Samples were electrophoretically resolved
through 8% polyacrylamide (29:1 acrylamide-bis-acrylamide) gels con-
taining 100 uM MnCl, and 100 wM Phos-tag acrylamide at 40-mA con-
stant current. After electrophoresis, the gel was soaked in transfer buffer
with 1 mM EDTA for 10 min and then transfer buffer without EDTA for
10 min at room temperature. Proteins were transferred to an Immo-
bilon-P membrane and probed for HA with a 1:10,000 dilution of
HA.11 monoclonal antibody (Berkeley Antibody Company), for Myc
with a 1:5,000 dilution of 9E10 anti-c-Myc monoclonal antibody
(Berkeley Antibody Company), for Cdc28 with a 1:10,000 PSTAIR
monoclonal antibody (Sigma), for Ndt80 with a 1:25,000 rabbit poly-
clonal antibody (a gift from Kirsten Benjamin), and for Cakl with a
1:10,000 dilution of a 2.2-mg/ml mouse monoclonal antibody (a gift
from Philip Kaldis). A donkey anti-mouse IgG conjugated to alkaline
phosphatase (Jackson Immuno Research Laboratories) was used at
1:5,000 to detect immunoreactivity.
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Fluorescence assays. The fluorescence assay for the incorporation of
dityrosine into insoluble material was carried out using a modification of
the method of Briza et al. (54, 55). Briefly, yeast cells were collected from
liquid sporulation cultures onto nitrocellulose filters using a fritted glass
funnel connected to a vacuum apparatus. The filter was subsequently
placed cell side up into a petri dish containing ascal wall lysis buffer (350
plof 100 mM NaCl, 10 mM EDTA, 50 mM -mercaptoethanol [pH 5.8],
and 70 pl glusulase), incubated at 37°C for 3 h, blotted cell side up on
Whatman 3MM filter paper to remove excess buffer, and placed cell side
up in a petri dish containing 300 pl of concentrated NH,OH for 2 min.
Fluorescence was visualized by illuminating the filter with a hand-held
304-nm UV light and photography through a blue filter.

In vitro kinase assays. Cakl-glutathione transferase (Cak1-GST) ki-
nase and Cdk2 were generously provided by Philip Kaldis (23). Smk1-HA
and Smk1-T207A-HA were transcribed and translated in a 100-pl TNT
reaction volume (Promega) as per the manufacturer’s protocol, diluted
1:10 in phosphate-buffered saline supplemented with 0.05% Tween 20
and protease inhibitors at the concentration specified by Schindler and
Winter (56), and immunoprecipitated using rabbit anti-HA antisera
(Santa Cruz Biotechnology Inc.) and protein A/G magnetic beads
(Pierce). The sample was washed six times in phosphate-buffered saline
containing 0.05% Tween 20 and twice in kinase buffer (20 mM Tris-HCI,
5 mM MgCl,, 1 mM dithiothreitol [DTT]), 30% of the bead-immunopre-
cipitate complex was mixed with 20 ng of GST-Cak1 in 36 pl kinase buffer
on ice, and the reaction was initiated by adding 4 .l of 100 mM ATP
containing 10 p.Ci [y->*P]ATP. The positive-control Cdk2 substrate was
used at 4 ng/reaction. After incubation at 30°C for 45 min, the reaction
was terminated by the addition of an equal volume of 2X gel loading
buffer, and the proteins were fractionated by electrophoresis through 8%
polyacrylamide gels. Proteins were then transferred to nylon membranes,
and the membrane was exposed to a Phosphorlmager screen. Subse-
quently, the filter was tested for HA and Cakl immunoreactivity as de-
scribed above, to control for levels of these proteins in the reactions.

Y209 phosphospecific antiserum. A peptide containing residues 201
to 214 of Smk1 with phosphotyrosine at position 209 and an additional
carboxy-terminal cysteine (C) (TVQPHITNYpVATRWGC; the phosphor-
ylated residue is underlined) was coupled through the C residue to key-
hole limpet hemocyanin, and the complex was injected subcutaneously
into two rabbits (Research Genetics). Booster injections were performed
at 4 and 8 weeks after primary immunization. Animals were sacrificed at
12 weeks, and antibody was affinity purified from pooled sera by using the
phosphorylated peptide conjugated to Affigel and absorbed against the
nonphosphorylated peptide conjugated to Affigel. We were unable to de-
tect a phosphospecific signal by immunoblot analyses of total cellular
extracts from meiotic cells. Therefore, we used a set of SMK1-HH strains,
which contain 8 histidine codons and the hemagglutinin (HA) epitope
fused to the carboxy terminus of SMKI. Smkl-HH was purified from
meiotic cells that had been collected at 6.5 h (when Smk! is monophos-
phorylated) and 9.5 h (when Smk1 is dually phosphorylated) using nickel
beads under denaturing conditions as described by Chen et al. (49). An-
alytical amounts of the purified protein were analyzed for HA immuno-
reactivity, and comparable amounts of Smk1-HH (the yield from approx-
imately 10® cells) were resolved by electrophoresis through gels lacking
Phos-tag, since the variable amounts of Ni in the Smk1-HH preparations
appeared to influence sample migration when Phos-tag was present. Im-
munoblot analyses were carried out using a 1:1,000 dilution of the Y209p
phosphospecific antisera.

Miscellaneous assays and procedures. For light microscopy, cells
were fixed with ethanol and stained with DAPI (4',6-diamidino-2-phe-
nylindole) as previously described (15). Cells were photographed under
wet mount using a Nikon Optiphot equipped for epifluorescence. For the
quantitation of refractile spores, asci that had completed MII (4 DAPI-
staining foci) were scored for the presence of refractile spores using phase-
contrast optics. Data are presented as the fraction of MII-positive asci that
contain 2 or more refractile spores. Although the 2-spore cutoff was cho-
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sen to eliminate the contribution of preferential nonsister spore packag-
ing, which produces dyad spores in asci that have completed MII under
certain nutritional conditions and in certain genetic backgrounds (57),
dyad spores in MII-positive asci were rare in all samples assayed in this
study (in all cases less than 5% of the MII-positive asci). Two hundred
MII-positive cells were counted for each strain, and the entire set of mu-
tants quantitated in this study were analyzed together to facilitate com-
parison. For electron microscopy, cells were pelleted and fixed in 2.5%
glutaraldehyde in 0.13 M cacodylate buffer (pH 7.4). Cells were postfixed
with 1% osmium tetroxide for 1.5 h and dehydrated through a graded
series of ethanol. Cells embedded in Spurr low-viscosity resin were sliced
ultrathin (600 A), mounted on copper grids, and stained with saturated
aqueous uranyl acetate and Reynold’s lead citrate. Sections were photo-
graphed with a JOEL 1010 transmission electron microscope at 60 or 80
kV. For quantitating electron microscopy images, background levels of
nonsporulating cells were excluded from the analyses and only asci con-
taining more than 1 visible spore were counted. Spores were sorted into 3
phenotypic classes depending on ultrastructural features. The first class
resembled the wild type. While the inner and outer layers of wild-type
spore walls were readily distinguishable in our preparations, it is often not
possible to identify all four layers since this requires optimal staining and
this can vary even within a single sample grid. Therefore, spore walls were
scored as the wild type if there was evidence of electron-lucent (inner wall)
layer material surrounded by electron-dense (outer coat) material irre-
spective of further structural detail. The second phenotypic class of spores
were surrounded only by the electron-lucent material that resembles in-
ner spore wall layers. Spores were sorted into this class irrespective of the
thickness of the layers or whether the 2 inner layers could be differenti-
ated. The third phenotypic class was heterogeneous and contained spores
that were surrounded by aberrant structures that did not resemble wild-
type or inner layers. This class contained abnormal electron-dense stain-
ing structures that did not surround inner layers, structures that were
devoid of recognizable structure, and some spores that appear to have
been blocked at the prospore membrane stage. RNA was prepared and
analyzed by Northern blotting using DNA probes that were radioactively
labeled using random priming and the large (Klenow) fragment of DNA
polymerase I from E. coli as previously described (58).

RESULTS

The Smk1 T-X-Y activation loop is phosphorylated on T207 and
Y209 through two independent reactions. Smk1 is produced ex-
clusively in sporulating cells and first appears late in meiotic pro-
phase after the Sum1 repressor has been removed from the SMK1
promoter (5 to 6 h postinduction in the rapidly sporulating SK1
genetic background) (41, 42). Subsequently, Smk1 accumulates to
a high level as active Ndt80 is produced and the meiotic divisions
(MI and MII) are occurring (between 6 and 8 h). As Smk1 accu-
mulates, it is activated by phosphorylation. Smk1 protein levels
remain high as spore morphogenesis takes place (between 8 and
10 h). After spore walls are formed, the level of Smk1 declines until
only background levels are present at 24 h.

Phosphorylated Smk1 can be electrophoretically resolved from
nonphosphorylated Smk1 in polyacrylamide gels, but singly and
dually phosphorylated forms of Smkl comigrate in these assays
(Fig. 1A, upper panel). However, when Phos-tag acrylamide is
included in the electrophoretic system, singly and dually phos-
phorylated forms of Smk1 can be resolved (Fig. 1A, lower panel).
Smk1 from cells at 6.5 h following meiotic induction is mono-
phosphorylated, while Smk1 at later time points is dually phos-
phorylated. These modifications require T207 and Y209 since they
are not observed in an smkl1-T207A,Y209F mutant (Fig. 1B). In
addition, Smk1-T207A and Smk1-Y209F are both monophos-
phorylated. These findings suggest that T207 and Y209 in the ac-
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FIG 1 Phosphorylation of Smkl on T207 and Y209. (A) Diploid SMK1-HA
cells were transferred to sporulation media for the indicated times (in hours).
Total protein extracts were fractionated by electrophoresis in the presence (+)
or absence (—) of Phos-tag acrylamide as indicated and analyzed by immuno-
blotting using an HA antibody. (B) Meiosis was induced in an smkIA strain
harboring the low-copy-number (CEN-based) SMKI-HA plasmids with the
indicated activation loop mutations (TA, T207A; YF, Y209F). Samples were
collected 9.5 h after meiotic induction and analyzed by electrophoresis
through Phos-tag gels and immunoblotting using an HA antibody. (C) The
indicated strains were harvested 24 h after meiotic induction. DNA was stained
with DAPI, and cells were viewed by phase-contrast (left column) and fluores-
cence (right column) microscopy. (D) Two independent isolates of the indi-
cated strains were harvested 24 h after meiotic induction, collected on filters,
and assayed for the incorporation of dityrosine in the outer spore wall using
the fluorescence assay. 1P, monophosphorylated; 2P, dually phosphorylated.

tivating motif of Smk1 are phosphorylated during meiotic devel-
opment and that phosphorylation of the T and Y residues can
occur independently.

Spore formation can be monitored by direct microscopic ob-
servation and by using a fluorescence-based filter assay that mea-
sures the incorporation of dityrosine, a sporulation-specific com-
ponent normally found in the outer layer of the spore wall into
insoluble material (54). In previous studies, it was shown that
single-copy (CEN) plasmids harboring smkI-T207A, smkl-
Y209F, or smkI-T207A,Y209F did not complement the smkIA
spore formation defect using these assays. However, smkI-Y209F,
but not smkl-T207A, expressed from multicopy (2p) plasmids
complemented the smkIA defect (17). We tested the phenotypes
of these mutations in their normal chromosomal context and
found that the smkI-T207A and smk1-T207A,Y209F homozygote
sporulation phenotypes were indistinguishable from the smkIA
phenotype (<2% of the cells that completed MII formed refractile
spore walls when viewed by phase-contrast microscopy, with 200
asci counted for each strain) (Fig. 1C). In addition, these strains
were negative in the fluorescence assay (Fig. 1D). In contrast, 65%
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of the smkl1-Y209F homozygotes that completed MII contained
refractile spores (compared to 97% of the wild-type cells), and
these cultures produced an intermediate signal in the fluorescence
assay (Fig. 1C and D). Thus, T207 is required for detectable SMK1
function using these phenotypic assays, while Y209 is required for
efficient completion of late steps in spore formation.

Cak1 phosphorylates Smk1 on residue T207. Previous studies
demonstrated that CAK1 is a dosage suppressor of the sporulation
defect of a temperature-sensitive smkI hypomorph and that Cak1
promotes Smk1 activation (21). SMKI is not expressed in mitotic
cells due to the presence of the Suml transcriptional repression
complex, which binds to the MSE in the SMK1 promoter (44). A
mutation in the SMKI1 MSE that eliminates Sum1 binding (re-
ferred to here as mseA) leads to SMKI derepression and accumu-
lation of Smk1 protein in vegetative cells (18, 44). This allows for
analysis of Smkl in the cdc28-43244 background, which does not
require Cakl1 for vegetative growth (25). To test the Cakl-depen-
dent phosphorylation of Smk1, cdc28-43244 haploids containing
or lacking CAK1 were transformed with plasmids expressing wild-
type, smk1-T207A, smk1-Y209F, and smk1-T207A,Y209F from the
mseA promoter. A singly phosphorylated form of Smk1 is pro-
duced in CAKI cells but not in cakIA cells, and mutation of T207
abolishes this phosphomodification, while mutation of Y209 does
not (Fig. 2A). These findings are consistent with Cakl being re-
quired for the phosphorylation of T207 but not Y209. The absence
of Y209 phosphorylation in mitotic cells implies that some other
meiosis-specific factor is required for the phosphorylation of this
residue.

To further establish whether Cakl phosphorylates Smkl on
T207, Smk1 and Smk1-T207A were produced in a coupled tran-
scription/translation in vitro system. These proteins were immu-
noprecipitated and incubated with purified Cakl-GST in the
presence of radioactive ATP. Mammalian Cdk2 was used as a pos-
itive-control substrate in these experiments. As shown in Fig. 2B,
Cak1-GST transfers phosphate to Smk1 in vitro. The T207A sub-
stitution sharply reduced the Cakl-dependent incorporation of
radioactivity into the mutant Smk1-T207A protein (relative spe-
cific activity of Smk1-T207A is 18% * 3% of Smk1, n = 3). While
the radioactive, wild-type Smk1 protein migrated slightly slower
than unlabeled protein (the gels used in these experiments did not
contain Phos-tag), radioactive Smk1-T207A protein comigrated
with unlabeled protein, suggesting that a different residue in Smk1
is being phosphorylated at a low level when T207 is not present.
Cakl and Smk1 were identified as interacting proteins in a ge-
nome-wide 2-hybrid study (59). We have confirmed that Cakl
and Smkl interact using the yeast 2-hybrid system (data not
shown). Taken as a whole, these data indicate that T207 in Smk1 is
directly phosphorylated by Cak1 in vitro and in vivo. The reduced
level of Cakl-dependent phosphate incorporation into Smkl-
T207A may reflect the spurious transfer of phosphate onto one or
more unidentified residues in Smk1 when T207 is rendered non-
phosphorylatable and the local concentration of Cakl relative to
Smk1-T207A is high as a result of protein-protein interactions.

SSP2 promotes the phosphorylation of Smkl on residue
Y209. A previous screen of deletion strains that are defective in
spore formation revealed that the relative amount of phosphory-
lated Smk1 is reduced in an ssp2A mutant (20). However, the
mono and diphosphorylated Smk1 species were not resolved in
these studies. SSP2 is controlled by a tightly regulated middle-
meiotic promoter that is activated by Ndt80 (but not repressed by
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FIG 2 Cakl phosphorylates Smk1 on T207. (A) Smk1-HA was constitutively
produced using the mseA promoter in cdc28-43244 (hyperactivated) CAK1
(+) and caklA (—) mitotic cells, and proteins were analyzed by electrophore-
sis through Phos-tag gels and immunoblotting using an HA antibody. (B)
Phosphotransferase assays containing the indicated proteins were carried out
in the presence of **P-labeled ATP. The proteins were resolved on electropho-
retic gels and transferred to a membrane, and radioactivity was recorded using
a phosphorimager (**P). Lane 1, Cak1-GST; lane 2, mammalian Cdk2; lane 3,
Smk1 immunoprecipitated from an in vitro transcription/translation (TNT)
reaction; lane 4, Smk1-T207A immunoprecipitated from a TNT reaction; lane
5, mammalian Cdk2 plus Cak1-GST; lane 6, immunoprecipitated Smk1 plus
Cak1-GST; lane 7, immunoprecipitated Smk1-T207A plus Cakl-GST. The
positions of the proteins are indicated by arrows. The same filter was subse-
quently assayed for Cakl or HA (Smkl) immunoreactivity (Ab) as indicated.
The incorporation of radioactivity into the Cak1 band requires the GST moiety
since untagged Cakl does not undergo autophosphorylation in these assays.

Ab

Sum1) (40, 46). While SSP2 is required for spore morphogenesis,
the biochemical function of the Ssp2 protein is unknown (30, 31).
To examine the relationship between the phosphorylated forms of
Smk1 and Ssp2, cells were analyzed by immunoblot assays at dif-
ferent times following the induction of sporulation. As shown in
Fig. 3A, high levels of Smk1 protein are present at 6.5 h following
meiotic induction, while high levels of Ssp2 are not present until
around 8.0 h. Importantly, Smk1 is monophosphorylated prior to
the accumulation of Ssp2 and dually phosphorylated once Ssp2 is
present.

To further investigate the relationship between SSP2 and
SMK1, the accumulations of singly and doubly phosphorylated
Smk1 in the wild-type and ssp2A strains were compared at differ-
ent times during meiotic development (Fig. 3B). Smk1 appears at
the same time (starting around 5 h), and the fraction of Smk1 that
is monophosphorylated at 5 and 6.5 h is indistinguishable in wild-
type and ssp2A cells. However, the dually phosphorylated form of
Smk1 that appears at the later time points in wild-type cells (8 and
9.5 h postinduction) is completely absent in the ssp2A mutant.
These observations suggest that SSP2 is required for the phos-
phorylation of Y209.
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Interestingly, the absence of dually phosphorylated Smk1 in
the ssp2A mutant is accompanied by a reduction in the total
amount of Smk1 protein (compare the 9.5-h time points in Fig.
3B). This reduction is not a consequence of differences in meiotic
kinetics, since the fractions of cells that completed MI and MII are
similar (Fig. 3B). These observations suggest either that Smk1 is
unstable or that Smkl translation is impaired in the ssp2A back-
ground (see below for further discussion).

To test whether SSP2 is required for the phosphorylation of
Smk1 on Y209, the set of skl phosphosite mutants was examined
in the ssp2A strain at a late time point in meiosis (9.5 h). The
Smk1-T207A mutant protein, in which Y209 is available for phos-
phorylation, was unphosphorylated in ssp2A cells, while both
Smk1-Y209F and wild-type Smkl were monophosphorylated
(Fig. 3C). These data suggest that SSP2 is specifically required for
the phosphorylation of Smkl on Y209. To further establish that
this is the case, we used an antiserum that is specific for the Y209-
phosphorylated form of Smk1. In these experiments, an allele of
SMK1 that had been tagged with 8 consecutive histidine (H) res-
idues and an HA epitope tag (SMKI-HH) was used. Smk1-HH
was purified from wild-type and ssp2A meiotic cells collected at
6.5 h postinduction (when Smk1 is monophosphorylated) and at
9.5 h postinduction (when Smk1 is dually phosphorylated in the
wild-type strain but monophosphorylated in the ssp2A back-
ground). Equivalent amounts of purified Smk1-HH were resolved
by electrophoresis and assayed by immunoblot analyses with the
Y209 phosphospecific antiserum (Fig. 3D). Y209 phosphospecific
immunoreactivity was detected only in wild-type cells and only at
the later (9.5 h) time point, confirming that Smk1 is phosphory-
lated on Y209 late in meiotic development in an SSP2-dependent
fashion.

Smkl1 is autophosphorylated in cis on residue Y209. In order
to test whether autocatalysis plays a role in Y209 phosphorylation,
a catalytically inactive form of Smkl1 containing a mutation in its
ATP-binding pocket (K69R) was analyzed. Smk1-K69R is pre-
dominantly monophosphorylated (Fig. 4A). Smk1-K69R,T207A
is not detectably phosphorylated (Fig. 4B). These findings are con-
sistent with Smk1 autophosphorylating residue Y209. In contrast,
Smk1-K69R and Smk1-K69R,Y209F proteins are monophosphor-
ylated, thereby demonstrating that the Cakl-dependent phos-
phorylation (on T207) is unaffected by the catalytic K69R substi-
tution in Smkl1.

To further test the mechanism of Smk1 autocatalysis, the phos-
phorylation of a heterozygous strain expressing an epitope-tagged
(HA), catalytically inactive (K69R) copy of SMKI and an un-
tagged wild-type copy of SMK1 was analyzed. If autocatalysis takes
place in an intermolecular reaction, the nontagged, wild-type pro-
tein is expected to phosphorylate the tagged, catalytically inactive
protein. In an intramolecular reaction, the wild-type Smk1 would
be unable to phosphorylate the catalytically inactive form of the
protein, resulting in monophosphorylated HA-tagged Smk1. Im-
munoblot analysis of the heterozygous smkI-K69R-HA/SMKI
strain showed only a singly phosphorylated form of Smkl-
K69R-HA (Fig. 4C). These data are consistent with Smk1 auto-
phosphorylating Y209 in an intramolecular reaction. Neverthe-
less, the hypothesized autophosphorylation reaction must be
tightly controlled, since autophosphorylation is undetectable
when Smk1 isolated from meiotic cells (16) or Smkl1 produced in
the in vitro transcription/translation system (Fig. 2) is assayed in
vitro.
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FIG 3 Phosphorylation of Smkl on Y209 requires Ssp2. (A) Extracts from meiotic cells were prepared at the indicated times postinduction and analyzed by
electrophoresis through Phos-tag gels and immunoblotting. A single filter was sequentially analyzed using anti-Myc (upper panel; Ssp2) or anti-HA (lower panel;
Smk1) antibodies. (B) Sporulation was induced in wild-type (wt) and ssp2A strains as indicated, and Smk1-HA was analyzed as described for panel A. Cdk1
(Cdc28), which is present at a constant level throughout sporulation, was monitored using a PSTAIR antibody as a loading control. The fraction of cells that had
completed MII at each time point is indicated below the immunoblots (1 = 100). (C) smkIA ssp2A strains harboring low-copy-number (CEN-based) Smk1-HA
plasmids with the indicated activation loop mutations (TA, T207A; YF, Y209F) were collected 9.5 h following transfer to sporulation medium, and Smk1-HA was
analyzed as described for panel A. (D) Smk1-HH proteins were purified from wild-type and ssp2A meiotic cells collected 6.5 h and 9.5 h after transfer to
sporulation medium. Comparable amounts of Smk1-HH were resolved by electrophoresis in gels lacking Phos-tag and analyzed by immunoblotting using

phosphospecific Y209p peptide antisera (Y209p) or an anti-HA antibody (Smk1).

The smk1-Y209F and ssp2A phenotypes are similar. If the sole
function of SSP2 is to promote the autophosphorylation of Smk1
on Y209, then the ssp2A and smkI-Y209F sporulation phenotypes
should be similar. ssp2A and smk1-Y209F cells were compared by
light microscopy (Fig. 5A, columns 1 and 2) and by using the
fluorescence assay (Fig. 5B). Consistent with previously published
reports, we find that less than 1% of the ssp2A cells that have
completed MII form refractile spore walls when viewed by light
microscopy (n = 200 asciin all cases). We also find that ssp2A cells
are negative in the fluorescence assay. While Sarkar et al. observed
that nuclei in the ssp2A strain became fragmented after meiosis
had been completed (31), we did not observe extensive nuclear
fragmentation at the 24 h time point (Fig. 5A, column 2). This may
reflect differences in the sporulation media used in the two studies
(the 2% acetate used in this study may osmotically stabilize nu-
clear structures, in contrast to the 1% acetate used by Sarkar et al.).
In contrast to the ssp2A strain, 65% of the smkl1-Y209F/smkl-
Y209F homozygotes that completed MII formed refractile spores,
and these spores generated a weak signal in the fluorescence assay
(Fig. 5; see also Fig. 1C and D). These data show that the ssp2A
homozygote has a more severe sporulation defect than the smkI-
Y209F homozygote. We also tested the sporulation phenotype of
an smkI-Y209F/smkIA heterozygote. In contrast to the smkl-
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Y209F/smkI-Y209F homozygote, a fluorescence signal was unde-
tectable in the smkI-Y209F/smk1A heterozygote, and <2% of the
smk1-Y209F/smkIA asci contained refractile spores. Thus, a 50%
reduction in the copy number of smkl-Y209F dramatically re-
duces spore formation, and the smkIl-Y209F/smklA and ssp2A
homozygote sporulation phenotypes are indistinguishable in
these assays.

To gain additional insight into the relationship between the
ssp2A and smkI-Y209F phenotypes, cells that had been incubated
in sporulation medium for 24 h were examined using thin-section
electron microscopy (Fig. 5A, columns 3 and 4). In the wild-type
control sample, 98% of the spores were surrounded by multilay-
ered spore walls characteristic of mature spores (n = 71 spores
counted). In contrast to the wild-type spore walls, 95% of the
meiotic products in the ssp2A cells were surrounded by only inner
electron-lucent spore wall layers (n = 71). In many cases the ssp2A
spore wall layers appear thicker than normal, and as previously
described, membranous structures/remnants not present in wild-
type cells are seen within the ssp2A spores (30). Moreover, spher-
ical structures that are smaller than spores but that appear to be
surrounded by inner spore wall-like layers were present (white
arrows in column 3). We observed a strikingly similar spore wall
defect in the smkl-Y209F/smkIA heterozygote (89% of spores
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FIG 4 Smkl is autophosphorylated on residue Y209. (A) Extracts from wild-
type SMKI-HA (upper panel) and smk1-K69R-HA (lower panel) strains pre-
pared at the indicated times after transfer to sporulation medium were ana-
lyzed by electrophoresis through Phos-tag gels and immunoblotting using an
HA antibody. (B) Samples from an smkIA/smkIA strain harboring the indi-
cated low-copy-number (CEN-based) Smk1-HA plasmids were harvested 9.5
h after meiotic induction and assayed as described for panel A. (C) SMK1/
SMKI1-HA (WT/WT-HA), smkI1-K169R/smk1-K169R-HA (KR/KR-HA), and
SMK1/smkI-K169R-HA (WT/KR-HA) cells were harvested 9.5 h following
meiotic induction and assayed as described for panel A.

were surrounded by only the inner layers, 4% resembled wild-
type, and 7% were blocked at other stages; n = 85). In contrast to
the phenotype of the smk1-Y209F heterozygote, most of the spores
in the smkI-Y209F/smk1-Y209F homozygote were surrounded by
spore walls that resembled those of the wild type (62%). Of the
remaining spores in the homozygote, 35% appear to be sur-
rounded only by inner layers, and 4% appear to have blocked
spore morphogenesis at an early stage prior to the deposition of
the inner layers (n = 69). As a control, we also analyzed the smkI-
T207A,Y209F homozygote, which had the most severe phenotype
(47% of the spores were surrounded by only inner layers, and 53% of
the spores appeared to have been blocked at an early stage in spore
morphogenesis; n = 93). Taken as a whole, these data show that the
ssp2A and single-copy smkI-Y209F strains have strong sporulation-
defective phenotypes that are indistinguishable, while the two-copy
smkI-Y209F strain undergoes some steps in spore wall formation,
leading to partially defective spore walls. These findings suggest that
in addition to promoting autophosphorylation, SSP2 modestly in-
creases SMK1 activity by an additional mechanism. This mechanism
might involve the stabilization or translational activation of SmkI,
since as described above, a decreased amount of Smk1 is present at the
later stages of the program in the ssp2A mutant (Fig. 3B). It is there-
fore possible that the phenotype of ssp2A is entirely due to a deficiency
in SMK1 activity (see Discussion).

Ssp2 is unable to promote autophosphorylation of preexis-
tent Smk1. We next asked whether Smk1 translated in vegetative
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FIG 5 The smkl-Y209F/smkIA phenotype is indistinguishable from the
ssp2A/ssp2A phenotype. (A) Cells with the indicated genotypes were harvested
24 h after meiotic induction. Samples were stained with DAPI and images
recorded using phase-contrast (column 1) and fluorescence (column 2) mi-
croscopy. Aliquots of these samples were stained with uranyl acetate and ex-
amined by thin-section electron microscopy. A representative low-magnifica-
tion electron micrograph (column 3) and corresponding high-magnification
electron micrograph (column 4) are shown. Each black arrow in column 3
points to the center of a magnified area shown in column 4 for reference. The
elongated vertices of the stars in column 4 point to the inner layers of the spore
wall. Note that in the wild type (wt), these inner layers are surrounded by
the chitin/chitosan and the electron-dense dityrosine coat (outer layers). In the
smk1-Y209F/smk1-Y209F (YF/YF) spores, the indicated inner layers (star) are
surrounded by the chitin/chitosan layer and dityrosine coat resembling wild-
type spore walls, while the inner layers surrounding the adjacent spore (indi-
cated by the short upward-pointing vertex of the star) are absent. While the
inner layers are present in ssp2A and smk1-Y209F/smk1A (YF/smk1A) spores,
the outer layers are missing in almost all spores. The white arrows in the ssp2A
and YF/smkIA samples in column 3 point to the supernumerary vesicles that
appear to be surrounded by inner spore wall layers. (B) Sporulating cells of the
indicated genotypes were harvested 24 h after meiotic induction in duplicate,
equivalent numbers of cells were collected on filters, and the incorporation of
dityrosine into insoluble material was assayed using the fluorescence assay.

cells can be phosphorylated on Y209 once these cells are induced
to sporulate. For this purpose, we used the set of plasmids that
express SMKI from the mseA promoter. Because mseA eliminates
binding of the Sum1 repressor and the Ndt80 activator, SMK1 is
not only derepressed in vegetative cells but also uninducible in
meiotic cells (18). Most of the Smk1 that is present in sporulating
cells harboring these plasmids was therefore translated prior to
meiotic induction. The wild-type, T207A, Y209F, and T207A
Y209F forms of SMKI were expressed from mseA promoters in
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vegetative diploid cells, and the proteins were compared with the
proteins present in sporulating cells 9.5 h postinduction, after
Ssp2 had been translated (Fig. 6). Although the fraction of Smk1
that is monophosphorylated increased during sporulation, this
increase is a consequence of residue T207 phosphorylation since it
was completely absent in the smk1-T207A and smk1-T207A,Y209F
strains. The increase in Cakl-dependent T207 phosphorylation
that takes place in meiotic cells is consistent with the transcrip-
tional induction of CAKI during sporulation (CAKI mRNA and
Cakl protein increase first as early genes are induced and more
substantially as middle genes are induced) (46, 47). Notably, in the
meiotic samples, wild-type Smk1 was monophosphorylated and
Smk1-T207A was not detectably phosphorylated. Thus, Smk1
that is produced in vegetative cells cannot undergo the SSP2-de-
pendent autophosphorylation of Y209 despite the fact that the
same pool of protein can be phosphorylated on T207 by Cakl.
While the experiment whose results are shown in Fig. 6 was car-
ried out in an smkIA background harboring the indicated mseA-
SMK1-HA plasmids, identical results were obtained when a wild-
type SMKI (untagged) background harboring the same plasmids
was assayed (data not shown). The absence of SSP2-dependent
autophosphorylation of Y209 in these experiments is therefore
not an indirect consequence of an SMK1 deficiency. One explana-
tion for the lack of Y209 phosphorylation in these experiments is
that Ssp2 acts on a transient intermediate form of Smk1 (present
during translation or protein folding).

Ssp2 is translated just prior to the accumulation of the dou-
bly phosphorylated form of Smkl. To further investigate the
connection between Smk1 autophosphorylation and SSP2, we uti-
lized a strain in which NDT80 is controlled by an estradiol-induc-
ible promoter (48, 53). In this genetic background, cells that have
been transferred to sporulation medium stall in the pachytene
stage of MI prophase due to NDT80 insufficiency. NDT80 induc-
tion causes exit from pachytene and the synchronous completion
of MI, MII, and spore formation. We monitored Ndt80, Smkl,
and Ssp2 proteins and mRNAs from cells at different times follow-
ing estradiol addition (Fig. 7). NDT80 mRNA and Ndt80 protein
accumulate at the earliest postinduction time point tested (45 min
following estradiol addition). The series of slowly migrating forms
of Ndt80 whose relative abundance increases during the first 2 h
after estradiol addition are consistent with Ndt80 being activated
by phosphorylation (48, 60-62).

SMKI mRNA levels increase as the slowly migrating forms of
Ndt80 accumulate. An increase in Smk1 protein closely follows
the increase in SMKI mRNA, and Smkl protein levels peak
around the 180 min time point. Importantly, dually phosphory-
lated Smk1 protein is undetectable prior to the 180 min time
point, while much of the Smk1 after 180 min is dually phosphor-
ylated. Significantly, Ssp2 protein starts to accumulate at this 180
min time point. The near-simultaneous appearance of Ssp2 and
dually phosphorylated Smk1 is consistent with the coincident ap-
pearance of Ssp2 and dually phosphorylated Smk1 in cells that
express NDT80 from its endogenous promoter (Fig. 3A).

To further examine the temporal relationship between Ssp2
production and Smk1 phosphorylation, the experiment was re-
peated and samples were withdrawn every 10 min around the
interval when the dually phosphorylated form of Smkl starts to
accumulate (as Smk1 is autophosphorylating Y209). In this exper-
iment, the dually phosphorylated form of Smk1 increased rapidly
between 220 and 230 min. Ssp2 is present prior to this transition at
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FIG 6 Smk1 produced prior to meiotic induction is not autophosphorylated
on Y209 in sporulating cells. Vegetative smkIA SSP2-MYC cells harboring
plasmids expressing the indicated SMK1-HA mutant from the mseA promoter
were transferred to sporulation medium. Samples were taken at 0 h and at 9.5
h and analyzed by electrophoresis through Phos-tag gels and immunoblotting
using an HA (Smk1) or a MYC (Ssp2) antibody. There is more Smk1 in the
mitotic cells (left) than in the meiotic cells (right) due to degradation of Smk1
that takes place during the 9.5-h interval. The mitotic and meiotic Smk1 signals
were analyzed in the same blot, but the exposure of the meiotic samples was
approximately 4 times as long as the mitotic exposure to facilitate the compar-
ison of the relative levels of phosphorylated Smk1 in mitotic and meiotic cells.
TA, T207A; YF, Y209F; wt, wild type.

220 min, yet its mobility changes as the doubly phosphorylated
form of Smk1 appears.

Interestingly, the translation of SSP2 mRNA is delayed relative
to the translation of NDT80 or SMK1 mRNAs. Even though SSP2
mRNA is present at relatively high levels at the 90 and 135 min
time points in Fig. 7A, Ssp2 protein is undetectable in these sam-
ples and quantitation of protein and mRNA levels shows that
there is a significant delay in the translation of Ssp2 compared to
Smk1 (Fig. 7B). These observations are consistent with ribosome-
profiling studies, which demonstrate that SSP2 mRNA is a mem-
ber of a set of meiotic mRNAs that are present as the nuclear
divisions are taking place but not engaged by ribosomes until rel-
atively late in meiotic development (63). These findings suggest
that the apparent translational derepression of SSP2 that occurs as
cells complete MII controls the appearance of Ssp2 and Smkl
autophosphorylation.

DISCUSSION

This study demonstrates that the meiosis-specific Smkl MAPK is
activated by two mechanistically distinct phosphotransferase re-
actions that take place at different stages in meiotic development.
In the first reaction, the newly synthesized Smk1 that is translated
after middle genes are induced is phosphorylated on residue T207
by Cakl. This reaction generates a pool of monophosphorylated
Smk1 as MI is taking place. Cakl is present in a constitutively
active form in vegetative cells (22-24, 64). However, CAKI ex-
pression increases above its vegetative level as middle genes are
induced and Smk1 levels are rising (46, 47). Taken together, these
findings suggest that the accumulation of partially activated
Smk1-T207p is largely controlled by NDT80. Despite the tight
connection between the transcriptional cascade of sporulation
and the accumulation of the monophosphorylated form of Smkl1,
it should be pointed out that all of the experiments in this study
were carried out in the absence of environmental glucose and
nitrogen, which are known to negatively regulate other protein
kinases that control meiotic processes (39). Whether the phos-
phorylation of Smk1 on T207 is controlled by nutritionally regu-
lated signaling pathways independent of the transcriptional cas-
cade remains to be established.
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FIG 7 Smk1 phosphorylation in synchronized meiotic cells. (A) A strain expressing NDT80 from an estradiol-inducible promoter was transferred to
sporulation medium for 6 h to enrich for pachytene-arrested cells (0 hours). B-Estradiol was added, and samples were withdrawn every 45 min. A
vegetatively growing sample (V), a sample without any B-estradiol (at a time corresponding to the 360 min time point) (N), and a sample 24 h after
B-estradiol addition (greater than 90% spores) were also analyzed. Progression through meiosis was assayed by counting DAPI-stained cells (upper
panel). Veg, nuclei from vegetatively growing cells; MI, binucleated cells that had completed MI; MII, the sum of cells that were tri- or tetranucleated.
Samples were analyzed by immunoblotting of proteins resolved on Phos-tag gels using the indicated antibodies or by Northern blot analysis of total RNA
using probes specific for the indicated mRNAs. Cdc28, whose levels are constant throughout meiosis, and the ethidium bromide (EtBr)-stained rRNA
from the gel used in the Northern blot analysis are shown to control for total protein and RNA, respectively. (B) Quantitation of SMK1 and SSP2 mRNA
and proteins from data shown in panel A. (C) Smk1 and Ssp2 were analyzed by immunoblot analyses of Phos-tag gel-resolved proteins taken at 10-min
intervals after the addition of B-estradiol. Only the time points when Ssp2 accumulates and Smk1 autophosphorylation is taking place are shown for
simplicity. Note the correlation of the lower electrophoretic form of Ssp2 (not resolved when proteins are analyzed on gels lacking Phos-tag and therefore
likely to be a dephosphorylated form of Ssp2) and Smk1 autophosphorylation (Smk1-2P).

The second reaction that activates Smk1 is the SSP2-dependent
phosphorylation of residue Y209, which takes place around the
time that cells complete MII. While the phosphorylation of T207 MI
appears to be sufficient to partially activate Smk1 (as evidenced by
the partial sporulation deficiency of smk1-Y209F), the phosphor-
ylation of Y209 appears to be unable to activate Smk1 unless T207 smk1
is also phosphorylated (as evidenced by the null-like smk1-T207A
phenotype). These findings suggest that the low (T207p) form of
Smk1 promotes early steps in spore morphogenesis that take place
as cells are undergoing the meiotic divisions, while the high
T207p/Y209p state triggers events that occur after cells have com-
pleted MII (see model in Fig. 8).

Wagner et al. previously described a collection of temperature-
sensitive smkl hypomorphs that block meiotic development at
different stages in spore morphogenesis. In that study, increases in
smk1 allelic dosage were shown to promote stepwise advancement
of the spore morphogenesis program (19). For example, at a semi- FIG 8 Model for the es.tablishment of Smk1 catalytic thresholds by Cakl-

.. o . - . dependent phosphorylation of T207 and Ssp2-dependent autophosphoryla-
Permlsswe temperature (27.5°C), 1nc0rp0rat1.0n ofdltyr031.ne.3 O 451 of Y209. Dashed lines indicate proteins, and the solid line indicates Smk1
insoluble material was nearly undetectable in cells containing 1

catalytic activity. The Ssp2-dependent changes in Smk1 protein level are not
copy of smki-4, while cells containing 2 copies of smkI-4 incor-  shown for simplicity. See the text for details.
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porated wild-type levels of dityrosine. Moreover, a 2-copy smk1-4
strain produced <5% refractile spores, while a 3-copy smkil-4
strain produced >90% refractile spores. The switch-like transi-
tions caused by changes in smkI allelic dosage suggest that quan-
titative changes in Smk1 MAPK activity play a role in coordinating
spore morphogenesis. The phenotypic analyses of the ssp2A and
smk1 phosphosite mutant phenotypes reported in this study are
consistent with the Wagner et al. report in several respects. First,
the ssp2A/ssp2A and smkI-Y209F/smkl1A sporulation phenotypes
(which are indistinguishable) resemble the smkI-4/smkIA semi-
permissive-temperature phenotype (all of these mutants produce
background levels of refractile spores that are fluorescent negative
and contain inner spore but not outer spore wall layers as assayed
by electron microscopy). Second, similar to smkl-4, small in-
creases in smk1-Y209F dosage dramatically increased the fraction
of cells that formed refractile spores (a 1-copy smk1-Y209F strain
produces <2% refractile spores, and a 2-copy strain produces
65%). These observations are consistent with the phosphorylation
of T207 partially activating Smk1 and with the quantitative model
for Smk1 phosphoregulation depicted in Fig. 8.

While our genetic data indicate that Smk1-Y209F is partially
active, a previously published study reported that Smk1-Y209F
protein isolated from meiotic cells, in contrast to wild-type Smk1,
showed only background levels of catalytic activity against a mam-
malian MAPK (Erk1/2) substrate (Elk1) in vitro (16). One expla-
nation for the apparent discrepancy between the genetic and bio-
chemical experiments is that the phosphorylation of Smkl on
T207 increases Smk1 catalytic activity only modestly. Indeed,
Pierce et al. showed that one can reduce SMK1 expression by more
than 90% without causing detectable sporulation defects (18).
These observations raise the possibility that a relatively low level of
Smkl catalytic activity (which might have been missed in the bio-
chemical assay) can have significant effects on spore morphogen-
esis. Alternatively, the phosphorylation of T207 might increase the
activity of Smk1 substantially, but only for a restricted subset of
phosphoconsensus sites that are poorly represented in the appar-
ently high-K,, surrogate substrate used in the in vitro study. Enzy-
matic analyses of purified Smk1 that is singly and doubly phos-
phorylated are needed to establish whether the low/high T-X-Y
activity toggle hypothesis illustrated in Fig. 8 is accompanied by
significant changes in substrate specificity.

A key finding in this study is that Y209 phosphorylation re-
quires SSP2. However, our attempts to influence the phosphory-
lation of Smk1 by ectopically expressing the SSP2 open reading
frame (using the GALI promoter) in cells harboring the mseA-
SMK1-HA plasmid have been unsuccessful. Although there are
many possible explanations for these negative data, they do raise
the possibility that additional regulatory features that are present
only in meiotic cells promote the SSP2-dependent phosphoryla-
tion of Smkl. AMAI and IME2 have been shown to promote
Smkl activation (20, 37), and the role of these meiosis-specific
genes in controlling the SSP2-dependent activation of Smkl re-
quires further investigation.

Although SSP2 mRNA is present in cells that are undergoing
the meiotic divisions, Ssp2 protein is not translated until cells are
completing MII (compare the kinetics of MII with the Smk1 phos-
phorylation pattern in Fig. 7A). These observations are consistent
with the ribosome profiling experiments of Brar et al., which
showed that SSP2 translational efficiency (ribosomal occupancy/kb
of mRNA) increases by about 3 orders of magnitude around the
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time that cells are completing MII (63). Interestingly, the earliest
detectable forms of Ssp2 are electrophoretically distinguishable
from the later forms of the protein, and the later Ssp2 electropho-
retic forms temporally correlate with the appearance of dually
phosphorylated Smk1 (Fig. 7A and C). These observations suggest
that regulatory interactions operating at the level of Ssp2 transla-
tion and modification of the Ssp2 protein control the Smk1 auto-
phosphorylation reaction. We speculate that these regulatory in-
teractions couple the autocatalytic Y209 reaction to exit from MII.

Smk1 produced in vegetative cells using the mseA promoter
system is unable to be modified on Y209 when these cells are
transferred to sporulation medium. However, the vegetatively
produced Smk1 in these experiments is phosphorylated on T207,
suggesting that it is appropriately folded. There are several possi-
ble explanations for the inability of Ssp2 to promote the Y209
reaction on a preexisting pool of Smk1, including sequestration of
Smk1 that is translated in vegetative cells in a compartment in-
compatible with the reaction, or inactivation of the vegetatively
produced Smk1 by a modification that we have not detected. Nev-
ertheless, our favored class of model to explain these data is that
Ssp2 promotes the intramolecular autophosphorylation of a tran-
sitional intermediate form of Smk1.

Two different families of S/T kinases have been shown to au-
tophosphorylate activation loop residues via reactions that re-
quire transitory intermediates. The best-characterized example is
the dual-specificity tyrosine phosphorylation-regulated protein
kinase (DYRK) from Drosophila, which has been shown to auto-
phosphorylate a Y residue in its activation loop as it is being trans-
lated (65, 66). Once DYRK is released from the ribosome, it is
unable to carry out this reaction. Another example is GSK38,
which autophosphorylates a Y residue in an intramolecular reac-
tion that requires the Hsp90 chaperone (67). Similar to the
DYRKs, mature GSK3 is unable to carry out this activating reac-
tion. We suggest that the autophosphorylation of Smk1 on Y209
occurs either as the protein is emerging from the ribosome
(cotranslationally, as is seen with DYRK) or shortly after it is re-
leased from the ribosome (during folding of the Smk1 protein, as
is seen with GSK3). In this class of model, the inability of folded
Smk1 produced in vegetative cells to autophosphorylate on Y209
would be due to structural barriers in the mature protein that
prevent it from adopting the transitional intermediate structure.

How does Ssp2 promote the intramolecular transfer of phos-
phate to Y209? One possibility is that Ssp2 directly interacts with
Smkl to stabilize the hypothesized Smk1 intermediate or to force
it into a structure that promotes autophosphorylation prior to the
final stages of protein folding. In the case of class 2 DYRKs, a
conserved region from the amino terminus (termed the NAPA
domain), is required for autophosphorylation of the activating Y
residue, and this domain can complement the cotranslational au-
tophosphorylation defect of an amino-terminally truncated
DYRKI1 mutant in trans (68). Although protein segments resem-
bling the DYRK NAPA domain are not present in Ssp2, it is con-
ceivable that regions of Ssp2 function in a NAPA-like fashion.
Another class of model to explain the role of SSP2 in promoting
Smk1 autophosphorylation is that Ssp2 stalls protein translation
when the hypothesized Smk1 intermediate has emerged from the
ribosome, thus increasing transitional-form dwell time. However,
translational stalling is rare in eukaryotes and stalled ribosomes on
SMKI mRNA were not detected in ribosome profiling experi-
ments (63). Another possibility is that Ssp2 promotes Smk1 auto-
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phosphorylation by directing Smkl translation to a subcellular
location where a protein with a NAPA-like function resides or by
influencing NAPA-like activities associated with ribosomes. Fur-
ther work is required to elucidate how Ssp2 promotes Smk1 auto-
phosphorylation. It will be interesting to learn whether related
pathways activate MAPK autophosphorylation during develop-
mental programs in animals.
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