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ABSTRACT Smk1 is a meiosis-specific mitogen-activated protein kinase (MAPK) in
yeast that controls spore differentiation. It is activated by a MAPK binding protein,
Ssp2, upon completion of the meiotic divisions. The activation of Smk1 by Ssp2 is
positively regulated by a meiosis-specific coactivator of the anaphase promoting
complex (APC/C) E3 ubiquitin ligase, Ama1. Here, we identify Isc10 as an inhibitor that
links APC/CAma1 to Smk1 activation. Isc10 and Smk1 form an inhibited complex during
meiosis I (MI). Ssp2 is produced later in the program, and it forms a ternary complex
with Isc10 and Smk1 during MII that is poised for activation. Upon completion of MII,
Isc10 is ubiquitylated and degraded in an AMA1-dependent manner, thereby triggering
the activation of Smk1 by Ssp2. Mutations that caused Ssp2 to be produced before MII,
or isc10Δ mutations, modestly reduced the efficiency of spore differentiation whereas
spores were nearly absent in the double mutant. These findings define a pathway that
couples spore differentiation to the G0-like phase of the cell cycle.
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Differentiation programs that produce specialized cells in multicellular organisms
are often controlled by transcriptional cascades. Protein kinases controlled by

these cascades can generate signaling networks that exist transiently as various steps
in differentiation programs take place. These transitory signaling connections can
define intervals when cells are able to respond to inducing signals in the environment,
and they can also enforce internal dependency relationships, checkpoints, and other
interactions that are unique to specific stages of a program. Despite the significance of
transcriptionally regulated signaling networks for cellular differentiation, their tran-
sience makes them difficult to study, and many questions about signaling in the
context of differentiation programs remain unanswered.

Sporulation is the program in yeast that most closely resembles cellular differenti-
ation in higher eukaryotes. It is induced in a specific cell type (the diploid) by an
external signal (starvation) that induces expression of a transcription factor (Ime1) (1).
Ime1 activates early meiosis-specific genes that are expressed as meiotic DNA replica-
tion, homolog pairing, and genetic recombination take place (2, 3). As cells are
completing recombination, the NDT80 gene is expressed (4, 5). Ndt80 activates middle-
meiosis-specific genes that are expressed as cells pass the meiotic commitment point
and as meiosis I (MI) and MII are carried out (6). During MII, prospore membranes (PSMs)
surround each of the incipient haploids (7). Upon completion of MII, PSMs pinch off to
form four haploid cells within the mother cell. Midlate genes are induced as the
multilayered spore walls are assembled within and around PSMs. Late genes are
expressed during spore maturation. The end products of the program are specialized
cells (spores) that are resistant to a variety of environmental insults.
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Smk1 is a tightly regulated middle-meiosis-specific mitogen-activated protein kinase
(MAPK) that is required for spore morphogenesis (8, 9). Like other MAPKs, it is activated by
phosphorylation of a threonine (T) and tyrosine (Y) in its T-X-Y activation motif. However,
Smk1 is not phosphorylated by a MAPK kinase family member. Instead, it is phosphorylated
by two mechanistically distinct reactions that take place at different stages of meiosis. First,
the T-residue is phosphorylated by the CDK activating kinase, Cak1, during MI (10–12). Next,
an activator protein, Ssp2, binds the monophosphorylated MAPK during MII (13, 14). Ssp2
partially activates Smk1 and thereby triggers the intramolecular autophosphorylation of
Y209 to produce the fully active (doubly phosphorylated) MAPK.

Smk1 is activated long after cells pass the meiotic commitment point, and it is not
directly controlled by the extracellular signals that induce the program. Instead, Smk1
activation is coupled to the completion of MII. One mechanism that prevents Smk1
activation until MII has been completed involves the translational repression of SSP2
mRNA by a meiosis-specific RNA binding protein, Rim4 (14–17). During MII, the meiosis-
specific CDK-like kinase Ime2 phosphorylates Rim4, thereby inactivating Rim4 and
triggering Ssp2 translation. At this point in the program, Smk1 and Ssp2 localize to the
PSMs that are growing around the incipient haploids (14). However, Ssp2 does not fully
activate Smk1 until later in the program, after cells have completed anaphase II. This is
because the activation of Smk1 by Ssp2 requires Ama1, a meiosis-specific coactivator of
the anaphase promoting complex (APC/C) E3 ubiquitin ligase (18, 19).

Ama1 targets multiple regulatory substrates for APC/C-mediated ubiquitylation at
different stages of meiotic development (20–24). It is first active in meiotic prophase
when it targets mitotic cell cycle regulators (Ndd1 and Clb4) for destruction (20). This
is essential for elongating prophase I, when homolog pairing and recombination take
place. ama1Δ cells therefore carry out MI prematurely and independently of the
recombination checkpoint. Despite these defects, ama1Δ mutants complete the mei-
otic divisions. However, they are defective in exiting from the cell cycle after MII has
been completed (24, 25). PSMs grow around the meiotic products in the absence of
AMA1, but they fail to pinch off, and ama1Δ mutant cells do not assemble spores (23,
26). Although Smk1 and Ssp2 localize to PSMs, and Smk1 is phosphorylated by Cak1 on
its activation loop T in the ama1Δ mutant, Smk1 is underphosphorylated on Y209, and
it is largely inactive (18). While the low level of active Smk1 could be an indirect
consequence of the ama1Δ arrest, it is also possible that Ama1 directly targets an
inhibitor that prevents Ssp2 from activating Smk1.

In this work, we identified a meiosis-specific protein, Isc10, as an inhibitor of Smk1
that links APC/CAma1 to Smk1 activation. Our data support a model in which Isc10 binds
to Smk1 during MI to form inhibited complexes. Cak1 phosphorylates the activation
loop T of Smk1 at this time. During MII, the Ssp2 activator is translated and it binds to
the inhibited complexes to form ternary complexes that are poised for activation. Upon
completion of MII, Isc10 is degraded in an APC/CAma1-dependent manner. This allows
Ssp2 to activate Smk1, triggering the autophosphorylation of the activation loop Y, thus
generating the dually phosphorylated MAPK that controls spore differentiation. For
simplicity, the inhibited/poised/active (IPA) model for Smk1 activation is presented
in Fig. 1 and we refer to this model throughout this paper as supportive data are
presented. This model explains how the transcriptional cascades of meiosis and
posttranscriptional mechanisms generate MAPK complexes that connect spore
differentiation to the completion of nuclear segregation. Similar interactions may
play a role in controlling differentiation-specific protein kinases that connect
cytodifferentiation programs to the G0 phase of the cell cycle in multicellular
organisms.

RESULTS
Ssp2 interacts with Isc10 in ama1� cells. To address the hypothesis that Ama1

regulates an inhibitor that prevents Ssp2 from activating Smk1, Ssp2 tagged with the
6�His-biotinylation site-6�His tandem affinity tag (HBH) (27) was purified from post-
meiotic wild-type (WT) and ama1Δ cells treated or not treated with the cross-linking
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reagent dithiobis(succinimidylpropionate) (DSP). Proteins were then digested with
trypsin and analyzed by mass spectrometry (MS). Previous studies showed that the
ama1Δ mutation sharply decreased the amount of Smk1 that can be copurified with
Ssp2– glutathione S-transferase (GST) (18). However, Smk1 peptides (normalized for
Ssp2-HBH peptides) were abundant in both the wild-type and ama1Δ samples (Table 1;
see also Table S1 in the supplemental material). Thus, if Ama1 targets an inhibitor that
prevents Ssp2 from activating Smk1, the inhibitor likely destabilizes the Ssp2/Smk1
interaction rather than preventing Ssp2 from binding Smk1 in the cell.

In addition to Smk1, other proteins were detected at significant levels in the
wild-type and ama1Δ samples. One protein of interest is Isc10, a meiosis-specific
protein of previously unknown function that was present at a level comparable to that
of Smk1 in the ama1Δ sample but was present at a sharply reduced level in the
wild-type sample (the normalized ama1Δ mutant/wild-type strain Isc10 peptide abun-

FIG 1 IPA pathway model for Smk1 activation. The model posits that different Smk1 complexes exist at
different stages of meiosis. The small (ATP binding) and large (substrate binding) lobes of the MAPK are
represented as purple spheres, with the activating phosphates in yellow. The newly identified inhibitor
Isc10 is shown in red, and the two kinase activating segments of Ssp2 that are connected by a flexible
linker are shown in green. See text for details.

TABLE 1 Proteins cross-linked to Ssp2-HBH from postmeiotic ama1Δ cells ranked by iBAQ
intensitya

Gene(s) Protein description

iBAQ intensity
ama1�/
WT iBAQ
ratio

ama1�
mutant WT strain

SMK1 Sporulation-specific MAPK 2.6E�08 1.1E�08 2.3
ISC10 Meiosis-specific protein 1.9E�08 8.1E�06 22.7
SSA1 Heat shock protein 1.4E�08 6.8E�07 2.1
HTB1, HTB2 Histone H2B 7.6E�07 2.3E�07 3.3
SSA2 Heat shock protein 5.6E�07 8.4E�06 6.6
GSC2, FKS1 1,3-Beta-glucan synthases 5.1E�07 2.4E�06 21.2
OSW2 Outer-spore-wall protein 3.2E�07 7.6E�06 4.2
PIL1 Sphingolipid long-chain-responsive protein 2.5E�07 8.2E�06 3.0
YGR273C Uncharacterized protein 2.4E�07 8.6E�06 2.7
PAB1 Polyadenylate binding protein 2.1E�07 8.7E�06 2.5
NOP58 Nucleolar protein 58 1.6E�07 5.9E�06 2.6
DTR1 Dityrosine transporter 1.5E�07 6.9E�05 21.2
CPR3 Peptidyl-prolyl cis-trans isomerase 1.4E�07 5.7E�06 2.4
aThe intensities of cross-linked samples from wild-type (WT) cells are shown for comparison and were used
to calculate severalfold enrichment in the ama1Δ mutant.
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dance ratio is 23). These findings raise the possibility that Isc10 is an inhibitor that is
persistently bound to Smk1 and Ssp2 in postmeiotic ama1Δ cells.

In addition to Isc10, a number of other less abundant proteins were identified and
some of these were overrepresented in the ama1Δ sample. These proteins included
Gsc2 (a glucan synthase), Dtr1 (a dityrosine transporter), and Osw2 (required for spore
wall assembly). All of these proteins function in spore wall morphogenesis (28–30), and
Gsc2 is known to interact with Smk1 (31). These cross-linked proteins may represent
targets that are associated with Smk1/Ssp2 in cells that are blocked at the ama1Δ arrest
point. Further studies are required to test these connections. The experiments de-
scribed below focus on the role of Isc10 in the Smk1 pathway.

APC/C regulates Smk1 autophosphorylation through Isc10. We hypothesized
that Isc10 is an inhibitor that prevents Ssp2 from activating Smk1 in ama1Δ cells. If so,
isc10Δ cells might bypass the requirement of Ama1 for Smk1 activation. To test this, the
fractions of Smk1 that were autophosphorylated on the activation loop tyrosine
(pY209) were compared in postmeiotic cells deleted for AMA1 and/or ISC10 (Fig. 2). As
previously reported, the ama1Δ mutation substantially reduced Smk1 autophosphor-
ylation. The isc10Δ mutation had a modest effect on Smk1 autophosphorylation in
otherwise wild-type cells. Importantly, isc10Δ restored Smk1 autophosphorylation in
the ama1Δ background. Swm1 (Apc13) is a nonessential component of the core APC/C
that is required for normal spore formation (32–34). A swm1Δ mutation decreased the
level of autophosphorylated Smk1, while the isc10Δ swm1Δ background had nearly
wild-type levels. Collectively, these findings indicate that isc10Δ cells can bypass the
requirement of the APC/C for Smk1 activation. Although Swm1 is a core subunit of the
APC/C and the APC/C is essential for both mitotic and meiotic chromosome segrega-
tion, swm1Δ cells grow normally during vegetative growth and they complete MI and
MII (32, 34). Nevertheless, swm1Δ mutants do not assemble normal spore walls in some
genetic backgrounds (W303), and they slowly formed aberrant spore walls in the
genetic background used in this study (SK1). These data raise the possibility that Swm1
plays an especially important role in promoting the Ama1-dependent function of the
APC/C.

To further characterize the role of Isc10 in the Smk1 pathway, epitope-tagged forms
of Smk1 and Ssp2 were monitored at various times during meiotic development in WT,
ama1Δ, isc10Δ, and ama1Δ isc10Δ cells using electrophoresis through acrylamide gels
containing Phos-tag, which specifically slows the migration of phosphorylated proteins
(Fig. 3) (11). Smk1 and Ssp2 were undetectable in vegetative cells, and they were first
detected at 5 h and 6.5 h postinduction, respectively, consistent with the activation of

FIG 2 isc10Δ cells bypass the requirement of APC/CAma1 for Smk1 autophosphorylation. Cells of the
indicated genotypes containing a His8-HA epitope-tagged form of Smk1 (Smk1-HH) were transferred to
sporulation medium and collected at 7.5 h postinduction, when most of the cells had completed MII
(68% to 75% of cells in all samples had completed MII). Cells were lysed and Smk1-HH was purified using
denaturing conditions, and Smk1 and Smk1-pY209 were analyzed by immunoblotting. The pY209 levels
normalized for Smk1 in the mutants are shown as a percentage of the wild-type levels (pY209/Smk1,
n � 3).
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their promoters by Ndt80 and the translational repression of SSP2 mRNA by Rim4 as
previously described (14, 15, 35). These findings suggest that isc10Δ and ama1Δ
mutations had no effect on the transcription or translation of Smk1 and Ssp2. While the
slower-migrating, doubly phosphorylated form of Smk1 was barely detectable in the
ama1Δ samples, the phosphorylation profile of Smk1 in the isc10Δ ama1Δ strain
resembled the wild-type profile. These findings further support the conclusion that the
isc10Δ mutation bypasses the requirement of Ama1 for Smk1 activation. As previously
reported, Smk1 is persistent in the ama1Δ background (18). Whether this is because
Ama1 directly regulates Smk1 stability or indirectly influences Smk1 stability by block-
ing the program has not been established.

Isc10 is degraded in an APC/CAma1-dependent manner. ISC10 was previously
identified as a meiosis-specific gene based on its expression (36). More-recent studies
indicated that it is controlled by a middle meiotic promoter (2, 3). We analyzed the Isc10
protein tagged with the Myc epitope in meiotic time courses from wild-type, ama1Δ,
and swm1Δ cells (Fig. 4A). Isc10-Myc was undetectable in vegetative cultures, and it
accumulated in parallel with Smk1 starting around 5 h postinduction and reached its
maximal concentration at around 6.5 h in all of the strains tested. Although the patterns

FIG 3 isc10Δ restores Smk1 autophosphorylation without influencing the timing or level of Smk1 or Ssp2
production. Cells of the indicated genotypes were collected at various times (in hours) postinduction and
analyzed by Phos-tag–acrylamide electrophoresis and immunoblotting. Smk1 phosphorylated on T207
by Cak1 migrates in this gel system as a closely spaced doublet with unphosphorylated Smk1, while the
doubly phosphorylated isoform of Smk1 migrates above (Smk1-P). Cdc28 was used as a loading control.

FIG 4 Isc10 is a middle-meiotic protein that is regulated by APC/CAma1. (A) ama1Δ and swm1Δ increase the level
of Isc10 during meiosis. Wild-type, ama1Δ, and swm1Δ cells containing ISC10-Myc were transferred to sporulation
medium, and samples were withdrawn at the indicated times (in hours), resolved by electrophoresis in parallel, and
blotted to a single membrane that was probed with the indicated antibodies to allow the levels of Isc10 to be
compared between strains. (B) Quantitation of the protein levels shown in panel A. (C) Isc10 is ubiquitylated in an
AMA1-dependent manner. ISC10-HBH (WT) and ISC10-HBH ama1Δ cells were transferred to sporulation medium, the
proteosomal inhibitor MG132 in DMSO (�) or DMSO alone (�) was added at 5.5 h postinduction as cells were
completing MI, samples were withdrawn at the indicated times, and the Isc10-HBH was purified using nickel beads.
Proteins were resolved by electrophoresis and blotted to a single membrane that was analyzed for Isc10-HBH or
ubiquitin immunoreactivity as indicated. Cdc28 was used as a loading control. The relative amounts of ubiquity-
lated Isc10 were determined by dividing the total amount of ubiquitin (Ub) immunoreactivity by the Isc10
immunoreactivity.
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of Isc10 and Smk1 accumulation were similar, Isc10 was present for a shorter time than
Smk1 in wild-type cells. In particular, Isc10-Myc levels decreased substantially in wild-
type cells between the 6.5-h and 8-h time points, when MII was being completed. Smk1
levels remained high during this interval, and they persisted until later in the program.
These observations suggest that Isc10 was degraded as Smk1 activation was occuring.
Importantly, the reduction in Isc10 that occurred between the 6.5-h and 8-h time points
in wild-type cells was not observed in the ama1Δ and swm1Δ mutants. In addition, the
overall levels of Isc10 were higher in the ama1Δ and swm1Δ cells (Fig. 4B). Taken
together, these findings are consistent with Isc10 being targeted for degradation in an
APC/CAma1-dependent manner and with Isc10 degradation being required for Smk1
activation (see model in Fig. 1).

To test whether Isc10 is ubiquitylated during meiosis, ISC10-HBH cells with and
without AMA1 were treated with a proteosome inhibitor (MG132) as MI was being
completed (5.5 h postinduction). Isc10-HBH was subsequently purified using nickel
beads at different times after MG132 had been added, and the purified fractions were
analyzed by immunoblotting (Fig. 4C). A band of ubiquitin immunoreactivity that
migrated slightly slower than the major Isc10-HBH band and ladders of higher-
molecular-weight ubiquitin immunoreactivity were detected in all of the samples.
MG132 treatment increased the amount of high-molecular-weight ubiquitin immuno-
reactivity in the wild-type samples. These immunoreactive species were reduced in the
ama1Δ samples. These findings suggest that Isc10-HBH is polyubiquitylated in a
pathway that requires APC/CAma1. The persistent Isc10-HBH observed in the ama1Δ
background may therefore have been related to an absence of proteosomal degrada-
tion.

Isc10 interacts with Smk1 and Ssp2 in meiotic yeast cells. The kinase activating
domain (KAD) of Ssp2 is located at its C terminus, and the KAD fused to glutathione
S-transferase (Ssp2KAD-GST) can bind Smk1 and trigger the autophosphorylation of its
activation loop (13, 14). Smk1 autophosphorylation is reduced when AMA1 is deleted
from wild-type or SSP2KAD-GST cells (18). These findings show that Ssp2KAD-GST, which
is easier to study than the full-length protein due to increased solubility, can be used
to study how Ama1 controls Smk1 activation. We purified Ssp2KAD-GST from postmei-
otic wild-type, ama1Δ, isc10Δ, and isc10Δ ama1Δ cells and compared the levels of Smk1
that were present in the purified preparations (Fig. 5A). As previously reported (18), the
ama1Δ mutation substantially reduced the amount of Smk1 that copurified with
Ssp2KAD-GST. The isc10Δ mutation restored the amount of copurified Smk1 in the
ama1Δ mutant. These results, taken together with the finding that Ssp2 can be
cross-linked to Smk1 in the presence or absence of AMA1, suggest that an Isc10/Smk1/
Ssp2 complex exists in the ama1Δ background and that Isc10 destabilizes the interac-
tion between Smk1 and Ssp2 (P-complexes diagrammed in Fig. 1).

We next analyzed the interaction of Smk1-HH with Isc10-Myc and Ssp2KAD-GST (Fig.
5B). As expected, Smk1-HH purified from wild-type extracts was enriched for Ssp2KAD-
GST and was active based on the results of the pY209 autophosphorylation assay
(A-complexes in Fig. 1). Isc10-Myc was undetectable in the wild-type extracts, consis-
tent with it being degraded upon completion of meiosis. Also as expected, Smk1-HH
purified from ama1Δ cells was inactive based on the pY209 assay. These Smk1-HH
preparations were enriched for Isc10-Myc. They were also enriched for Ssp2KAD-GST,
but the level of enrichment was lower than that seen with the wild type. These findings
are consistent with Smk1 existing in an inactive ternary complex with Isc10 and Ssp2
in postmeiotic ama1Δ cells (P-complexes in Fig. 1).

To further study the complexes, Isc10-HBH was purified with nickel beads from
postmeiotic SMK1-GST SSP2-Myc ama1Δ cells. Smk1-GST and Ssp2-Myc were both
enriched in the purified Isc10-HBH preparations (Fig. 5C). Notably, Smk1-GST was
enriched to similar extents in the purified Isc10-HBH preparations from cells with and
without SSP2. Ssp2-Myc was also enriched in the purified Isc10-HBH preparations from
cells with and without SMK1, but the level of enrichment was higher when SMK1 was
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present. These findings are consistent with the ability of Isc10 to independently bind
Smk1 and Ssp2 (P-complexes in Fig. 1). As described above, Isc10 accumulates during
MI in parallel with Smk1. These findings suggest that Smk1 and Isc10 interact to form
a complex during MI before Ssp2 is translated (I-complexes in Fig. 1).

Isc10 interacts with Smk1 and Ssp2 in bacteria. To test whether Isc10 can directly
bind Smk1 and Ssp2, a maltose binding protein (MBP)-tagged form of Isc10 (MBP-Isc10)
was coexpressed with either Smk1 or Ssp2KAD-GST in bacteria. The enrichment of Smk1
or Ssp2KAD-GST in affinity-purified MBP-Isc10 preparations was then tested (Fig. 6A).

FIG 5 Isc10 interacts with Smk1 and Ssp2 in postmeiotic ama1Δ cells. (A) The isc10Δ mutant bypasses the
requirement of Ama1 for formation of a stable Ssp2/Smk1 complex. Postmeiotic wild-type, ama1Δ, isc10Δ, and
ama1Δ isc10Δ cells containing SMK1-HH and SSP2KAD-GST were harvested 7.5 h after they had been transferred to
sporulation medium. Extracts were prepared under native conditions, and Ssp2KAD-GST was purified using
glutathione-agarose. The bound and input fractions were analyzed by immunoblotting with the indicated
antibodies. (B) Smk1-HH interacts with Ssp2 and Isc10 in ama1Δ cells. Postmeiotic wild-type and ama1Δ cells
containing SMK1-HH, ISC10-Myc, and SSP2KAD-GST were harvested and extracts prepared as described for panel A.
The extracts were incubated with nickel beads to bind Smk1-HH, and the bound and input fractions were analyzed
by immunoblotting with the indicated antibodies. (C) Ssp2 and Smk1 can bind to Isc10 independently. Postmeiotic
ama1Δ cells containing ISC10-HBH SSP2-Myc and SMK1-GST were harvested and extracts prepared as described for
panel A. Isc10-HBH was purified from the extracts using nickel beads, and the bound and input fractions were
analyzed by immunoblotting with the indicated antibodies. The leftmost lane (ISC10) lacked the HBH tag and
served as a negative control. All of the samples analyzed as described for this figure were from cells that had
completed �75% MII as assayed by fluorescence microscopy of DAPI-stained samples.

FIG 6 Reconstitution of Isc10/Smk1/Ssp2 signaling complexes in bacterial cells. (A) Isc10 can bind Smk1 indepen-
dently of Ssp2 and vice versa. MBP or MBP-Isc10 was coexpressed with Ssp2KAD-GST (upper two rows) or Smk1
(lower two rows) as shown. Extracts from these cells were were bound to amylose beads, and the enrichment for
Smk1 or Ssp2KAD-GST was analyzed in the input (I), unbound (U), and bound (B) fractions by immunoblotting. (B)
Isc10 prevents Ssp2 from activating Smk1 in bacterial cells. Untagged Cak1, MBP-Isc10, or Ssp2KAD-GST and
untagged Smk1, Smk1-T207A (T/A), or Smk1 Y209F (Y/F) were coexpressed in bacterial cells, and total cellular
extracts were analyzed with the indicated antibodies. The first lane contained extract from bacteria that expressed
only Smk1 as a negative control (-control). (C) Isc10, Smk1, and Ssp2 interact in all possible combinations in the
bacterial expression system. An extract of bacterial cells expressing MBP-Isc10, Ssp2KAD-GST, or Smk1-HH was
prepared, and these proteins were purified using amylose, glutathione, or nickel beads, respectively. Input (I),
unbound (U), and bound (B) fractions were then analyzed for the indicated proteins by immunoblotting.
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These experiments showed that Isc10 was able to bind Smk1 or Ssp2 independently in
the absence of additional yeast factors.

Cak1 phosphorylates Smk1 on T207 and Ssp2 triggers the autophosphorylation of
Smk1 on Y209 when these proteins are coexpressed in bacteria (13). We coexpressed
MBP-Isc10 with Ssp2KAD-GST, untagged Cak1, and untagged Smk1 in various combi-
nations in the bacterial system (Fig. 6B). We also tested the Smk1-T207A and Smk1-
Y209F mutants, which cannot be phosphorylated by Cak1 and cannot undergo auto-
phosphorylation, respectively. As previously reported, Ssp2KAD-GST activated the
autophosphorylation of Smk1 on Y209 in the presence or absence of Cak1 as measured
using the pY209 immunoassay. MBP-Isc10 almost completely inhibited the ability of
Ssp2 to activate Smk1 autophosphorylation. These findings indicate that the presence
of Isc10 is sufficient to extinguish the activation of Smk1 by Ssp2 in the absence of
additional yeast factors.

We next coexpressed MBP-Isc10, Ssp2KAD-GST, and Smk1-His6 in bacteria and
purified each of these proteins using amylose, glutathione, and nickel beads, respec-
tively. The purified preparations were then tested for the individual proteins and
autophosphorylated Smk1 (Fig. 6C). The amylose-purified MBP-Isc10 sample was en-
riched for both Ssp2KAD-GST and Smk1-His6. The Smk1-His6 in these preparations was
inactive as measured using the pY209 autophosphorylation assay. This purified material
may have represented a mixture of Isc10/Smk1 and Isc10/Ssp2/Smk1 complexes (I- and
P-complexes in Fig. 1) and an Isc10/Ssp2 complex (not diagrammed in Fig. 1). The
affinity-purified Ssp2KAD-GST sample also contained Smk1-His6, but, in contrast to the
purifed MBP-Isc10 samples, much of the Smk1-His6 in these preparations was active as
measured with the pY209 autophosphorylation assay. This preparation also contained
some Isc10. These findings are most consistent with a fraction of the purified Ssp2KAD-
GST existing in a complex only with Smk1 (A-complexes), with Isc10 and Smk1
(P-complexes), and with Isc10. Purified Smk1-His6 was significantly enriched for
Ssp2KAD-GST and Isc10, and much of the Smk1 in these preparations was autophos-
phorylated on Y209. While the reason that autophosphorylated Smk1 was enriched in
these preparations is unclear, a possible explanation is that Isc10 sterically interferes
with the interaction of Smk1-His6 with the nickel affinity resin, thereby biasing the
results toward recovery of A-complexes and active Smk1. Taken together, these data
are consistent with the bacterial extracts containing I, P, and A complexes as dia-
grammed in Fig. 1.

Parallel pathways link Smk1 activation to the completion of meiosis. The isc10Δ
mutation had no discernible effect on MI and MII as monitored by fluorescence
microscopy of DAPI (4=,6-diamidino-2-phenylindole)-stained cells. Nevertheless, many
of the meiotic products in isc10Δ cells were not surrounded by spore walls even at
extended times postinduction. Thus, the fraction of these cells that contained four
spores (tetrads) was reduced by 35% and the fraction of cells lacking spores or
containing two spores (dyads) was increased by a corresponding fraction (Fig. 7). It has
previously been reported that hyperactivation of Ime2 by deletion of its regulatory C
terminus (referred to below as IME2*) also decreased the fraction of meiotic cells that
form tetrads (37), and we confirmed that this is the case in our strain background. Ime2
is known to downregulate Rim4, and Rim4 represses SSP2 mRNA by binding to its 5=
untranslated region (UTR) (14–17, 35). One explanation for these results is that the
precocious translation of Ssp2 is responsible for the decreased tetrad formation in the
IME2* strain. To address this, we placed the SSP2 open reading frame under the control
of the SMK1 promoter (referred to below as SSP2*), which produces Ssp2 precociously
(at the same time as Smk1). SSP2* cells completed MI and MII on schedule, but many
of the meiotic products were not encapulated by spore walls and tetrad formation was
reduced. These findings suggest that the precocious translation of Ssp2 is sufficient to
explain the reduced tetrad/dyad ratio of IME2*. Interestingly, the isc10Δ mutation in
combination with either IME2* or SSP2* reduced tetrad formation by �90%. Taken
together, these experiments indicate that the IME2/RIM4/SSP2 pathway prevents Smk1
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activation until MII is under way by delaying translation of Ssp2 and that Isc10 prevents
Ssp2 from activating Smk1 until MII has been completed. We propose that both of
these pathways delay Smk1 activation and spore morphogenesis until cells have
completed the meiotic divisions and entered the G0-like phase of the cell cycle (Fig. 7C).
These pathways thereby couple spore differentiation to the G0-like phase of the cell
cycle.

DISCUSSION

This study was motivated by the finding that Ama1 promotes activation of the Smk1
MAPK (18, 19). On the basis of this observation, Isc10 was identified as an inhibitor that
couples APC/CAma1 to Smk1 activation. Our findings show that Isc10 prevents Smk1
activation until MII has been completed and support the IPA model diagrammed in Fig.
1. In this model, Smk1 and Isc10 are produced as cells enter MI. Cak1 phosphorylates
Smk1’s activation loop during MI (whether Cak1 has a preference for free Smk1 or for
Smk1 that is bound by Isc10 is not known). Smk1-pT207/Isc10 (I-complexes) are
catalytically inactive not only because they are bound by the Isc10 inhibitor but also
because Ssp2, which is essential for kinase activation, has not yet been translated.
During MII, PSMs grow around the incipient haploids. Ime2 phosphorylates the Rim4
translational repressor during MII, and this triggers the translation of a set of mRNAs
that includes Ssp2 mRNA. Ssp2 colocalizes with Smk1-pT207 and Isc10 at PSMs to form
complexes that are poised for activation (P-complexes). In this model, APC/CAma1 is
required for ubiquitin-dependent proteosomal destruction of Isc10 upon completion of
MII. This allows Ssp2 to activate Smk1, which then autophosphorylates Y209 to gen-
erate the doubly phosphorylated high-activity form of the kinase (A-complexes) that
controls spore differentiation.

Previous studies have shown that Ssp2 in A-complexes interacts with Smk1 via two
domains that resemble RNA recognition motifs (kinase activating RRM-like motifs, or
KARLS, are indicated as green spheres in Fig. 1) (38). Although KARLs 1 and 2 can bind
Smk1 independently, binding of both KARLs is required for Smk1 activation. This study
raises the possibility that Isc10 in P-complexes specifically prevents one of the KARLs
from interacting with Smk1. If so, the Ssp2/Smk1 interaction in P-complexes is expected
to be less stable than the Ssp2/Smk1 interaction in A-complexes since the binding
affinity in A-complexes would approximate the product of the individual KARL/Smk1
binding affinities. This could explain why less Smk1 was recovered with Ssp2KAD-GST
from postmeiotic ama1Δ cells than from wild-type cells. According to this model, Ssp2,
Smk1, and Isc10 form a switch in P-complexes in which one of the KARLs binds Smk1
and the second KARL is poised to engage the MAPK and activate catalysis upon
downregulation of Isc10 (Fig. 1, middle panel).

Cells that lacked the Isc10 inhibitor and that also precociously produced the Ssp2

FIG 7 ISC10 and the IME2/RIM4 pathway couple spore differentiation to the completion of MII. (A) Photomicrographs of meiotic samples. Cells of the indicated
genotype were incubated in sporulation medium for 36 h and stained with DAPI, and phase-contrast (PHASE) or fluorescence (DAPI) images were recorded.
IME2* indicates strains that are homozygous for the hyperactivated IME2-ΔC241 allele, and SSP2* indicates strains that are homozygous for the prSMK1-SSP2
allele that produces a SSP2 mRNA that is not translationally repressed by Rim4. (B) Quantitation of spore differentiation. Cells that had completed MII were
scored for the presence of tetrads or triads, dyads, and no detectable spores/monads. Greater than 85% of the cells completed MII in all cases. The data
represent averages of results from 100 cells in experiments performed in triplicate. (C) A model for the genetic interactions tested in these experiments. See
text for details.
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activator (SSP2* isc10Δ and IME2* isc10Δ cells) completed MII, and yet most of these
meiotic products were not surrounded by spore walls. Thus, mutants that lack Smk1
activity and mutants that precociously activate Smk1 form defective spores. These
findings demonstrate that Smk1 activation must be delayed until the meiotic divisions
have been completed and highlight the importance of coordinating activation of the
Smk1 MAPK with the cell cycle.

According to the IPA model, Ama1 triggers Smk1 activation. The regulation of Ama1
during meiotic development is complex (20–24, 39, 40). As described above, it super-
imposes meiotic regulation on prophase. At the same time, its activity toward proteins
such as securin is inhibited by a regulatory subunit of the APC/C, Mnd2 (21, 22). In
addition, Ama1 is inhibited by the M-phase form of CDK. As cells complete MII, Ama1
is activated, likely by inhibition of Mnd2 and by the removal of inhibitory phosphates
from Ama1 itself. The translation of Ama1 mRNA is also upregulated at this time, and
this plays an essential role in inducing cell cycle exit following MII (24, 41, 42). This is
the point in the program when Isc10 is degraded and Smk1 is activated, suggesting a
mechanism for coupling activation of the MAPK to the G0 phase of the cell cycle.

Although the isc10Δ mutation bypasses the requirement of AMA1 for Smk1 activa-
tion, both the single ama1Δ mutants and double ama1Δ isc10Δ mutants blocked
meiotic development shortly after MII had been completed. Indeed, the ama1Δ and
ama1Δ isc10Δ phenotypes were indistinguishable in analysis by light microscopy. Thus,
proteins in addition to Isc10 must be downregulated by APC/CAma1 to allow completion
of the program. It has been proposed that Ama1 targets the Ndt80 transcription factor
and the Cdc5 polo-like kinase and that this plays an essential role in promoting exit
from the cell cycle following MII (24). It has also been proposed that Ama1 targets SspI,
a component of the leading edge of the PSM, for destruction after MII has been
completed and that this plays a role in closing the membrane around the haploid
products (26). Further studies are required to define the essential set of APC/CAma1

targets that control exit from MII and spore formation.
Cytodifferentiation typically takes place in the G0 phase of the cell cycle. Although

the mechanisms that couple cytodifferentiation to G0 are incompletely understood, it
is known that APC/CCdh1, which is activated upon completion of the M phase, can play
a role in this process in multicellular organisms (43). While the role of Cdh1 has been
best studied during neuronal differentiation, Cdh1 also appears to be important in
coupling other differentiation programs to the cell cycle by influencing the length of
the G1 phase and also by regulating transcription and signaling once a cell is in G0.
Cdh1 is downregulated during meiotic development in yeast (44), and it plays no
obvious role in controlling spore formation. Ama1 and Cdh1 are similar in several
respects. They share similar amino acid sequences and perform similar biochemical
functions, and they are both inactivated during M phases and upregulated as cells
complete chromosome segregation. In addition, they both connect differentiation to
the G0 phase of the cell cycle. These connections make targets of Cdh1 that inhibit
MAPKs and MAPK-like kinases attractive candidates for coupling differentiation to the
G0 phase of the cell cycle in multicellular organisms.

MATERIALS AND METHODS
Yeast strains and culture conditions. All yeast strains used in this study were in the SK1 back-

ground (Table 2). Cells were grown in YEPD (1% yeast extract, 2% peptone, 2% glucose) supplemented
with adenine to 40 �g/ml or with SD (0.67% yeast nitrogen base without amino acids, 2% glucose, and
nutrients essential for auxotrophic strains) at 30°C. Sporulation assays were performed by inoculating
cells from YEPD into YEPA (1% yeast extract, 2% peptone, 2% potassium acetate) supplemented with
adenine to 40 �g/ml and growing them overnight at 30°C to a density of 107 cells/ml. Cells were pelleted
by centrifugation, washed, and resuspended in sporulation medium (2% potassium acetate, 10 �g/ml
adenine, 5 �g/ml histidine, 30 �g/ml leucine, 7.5 �g/ml lysine, 10 �g/ml tryptophan, 5 �g/ml uracil) at
1.5 � 107 cells/ml and incubated in a roller drum at 30°C.

To construct the SSP2-HBH strains, three overlapping PCR fragments containing the C-terminal
coding sequence of SSP2, pFA6a-HBH-TRP1, and the 3= UTR of SSP2 were joined by PCR and this fragment
was used to transform haploid yeast strains that were used to generate JTY133 and ARY106 by standard
genetic methods. To construct the ISC10-HBH strains, three overlapping PCR fragments containing the
C-terminal coding sequence of ISC10, pFA6a-HBH-hphMX4, and the 3= UTR sequence of ISC10 were
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joined by PCR and this fragment was used to transform haploid yeast strains that were used to generate
ARY129, ARY136, ARY138, ARY157, and ARY158 by standard genetic methods. The HBH fragments were
generated using plasmids described by Tagwerker et al. as the templates (45) (Addgene plasmids 26874
and 26873). To construct the ISC10-13Myc strain, four overlapping PCR fragments containing the
C-terminal coding sequence of ISC10, pFA6a-13Myc, hphMX4, and the 3= UTR sequence of ISC10 were

TABLE 2 Yeast strains used in this study

Strain Genotypea Reference or source

JTY4 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ssp2Δ/ssp2Δ 11
JTY133 MATa/MAT� SMK1-3HA::HIS3/SMK1-3HA::HIS3 SSP2-HBH::TRP1/SSP2-HBH::TRP1 his3Δ/his3Δ This study
ARY106 MATa/MAT� SMK1-3HA::HIS3/SMK1-3HA::HIS3 ama1::HIS3/ama1::HIS3 SSP2-HBH::TRP/SSP2-HBH::

TRP1 his3Δ/his3Δ
This study

ARY107 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 isc10::kanMX4/isc10::kanMX4 This study
ARY108 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 isc10::kanMX4/isc10::kanMX4 ama1::TRP1/ama1::TRP1 This study
ARY109 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 swm1::kanMX4/swm1::kanMX4 This study
ARY110 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 swm1::kanMX4/swm1::kanMX4

ama1::TRP1/ama1::TRP1
This study

ARY111 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 isc10::kanMX4/isc10::kanMX4
swm1::kanMX4/swm1::kanMX4

This study

ARY112 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ama1::TRP1/ama1::TRP1 isc10::kanMX4/isc10::kanMX4
swm1::kanMX4/swm1::kanMX4

This study

ARY113 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 isc10::kanMX4/isc10::kanMX4
SSP2-13Myc::kanMX6/SSP2-13Myc::kanMX6

This study

ARY114 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ama1::TRP1/ama1::TRP1 SSP2-13Myc::kanMX6/SSP2-
13Myc::kanMX6 isc10::kanMX4/isc10::kanMX4

This study

ARY117 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 This study
ARY118 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ama1::TRP1/ama1::TRP1 This study
ARY119 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 SSP2-13Myc::kanMX6/SSP2-13Myc::kanMX6 This study
ARY120 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ama1::TRP1/ama1::TRP1

SSP2-13Myc::kanMX6/SSP2-13Myc::kanMX6
This study

ARY121 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ISC10-13Myc::hphMX4/ISC10-13Myc::hphMX4 This study
ARY122 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ama1::TRP1/ama1::TRP1

ISC10-13Myc::hphMX4/ISC10-13Myc::hphMX4
This study

ARY125 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ISC10-13Myc::hphMX4/ISC10-13Myc::hphMX4
SSP2-Δ137-GST::TRP1/SSP2-Δ137-GST::TRP1

This study

ARY126 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 ISC10-13Myc::hphMX4/ISC10-13Myc::hphMX4
ama1::TRP1/ama1::TRP1 SSP2-Δ137-GST::TRP1/SSP2-Δ137-GST::TRP1

This study

ARY131 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 SSP2-Δ137-GST::TRP1/SSP2-Δ137-GST::TRP1 This study
ARY132 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 SSP2-Δ137-GST::TRP1/SSP2-Δ137-GST::TRP1

ama1::TRP1/ama1::TRP1
This study

ARY133 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 isc10::kanMX4/isc10::kanMX4
SSP2-Δ137-GST::TRP1/SSP2-Δ137-GST::TRP1

This study

ARY134 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 SSP2-Δ137-GST::TRP1/SSP2-Δ137-GST::TRP1 isc10::
kanMX4/isc10::kanMX4 ama1::TRP1/ama1::TRP1

This study

ARY127 MATa/MAT� SMK1-GST::kanMX6/SMK1-GST::kanMX6 SSP2-13Myc::kanMX6/SSP2-13Myc::kanMX6
ama1::TRP1/ama1::TRP1

This study

ARY129 MATa/MAT� SMK1-GST::kanMX6/SMK1-GST::kanMX6 SSP2-13Myc::kanMX6/SSP2-13Myc::kanMX6
ama1::TRP1/ama1::TRP1 ISC10-HBH::hphMX4/ISC10-HBH::hphMX4

This study

ARY136 MATa/MAT� smk1::LEU2/smk1::LEU2 SSP2-13Myc::kanMX6/SSP2-13Myc::kanMX6
ama1::TRP1/ama1::TRP1 ISC10-HBH::hphMX4/ISC10-HBH::hphMX4

This study

ARY138 MATa/MAT� SMK1-GST::kanMX6/SMK1-GST::kanMX6 SSP2-13Myc:URA3::kan/SSP2-13Myc:Ura3::kan
ama1::TRP1/ama1::TRP1 ISC10-HBH::hphMX4/ISC10-HBH::hphMX4

This study

ARY157 MATa/MAT� ISC10-HBH::hphMX4/ISC10-HBH::hphMX4 pdr5::TRP1/pdr5::TRP1 This study
ARY158 MATa/MAT� ISC10-HBH::hphMX4/ISC10-HBH::hphMX4 pdr5::TRP1/pdr5::TRP1

ama1::TRP1/ama1::TRP1
This study

ZKY12 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 swm1::kanMX4/swm1::kanMX4
ISC10-13Myc::hphMX4/ISC10-13Myc::hphMX4

This study

ZKY14 MATa/MAT� isc10::kanMX4/isc10::kanMX4 ime2-Δc241-HA6::kanMX6/ime2-Δc241-HA6::kanMX6 This study
ZKY15 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2

leu2::pSMK1-SSP2-GST::TRP1/leu2::pSMK1-SSP2-GST::TRP1
This study

ZKY17 MATa/MAT� SMK1-HH::LEU2/SMK1-HH::LEU2 isc10::kanMX4/isc10::kanMX4
leu2::pSMK1-SSP2-GST::TRP1/leu2::pSMK1-SSP2-GST::TRP1

This study

608 MATa/MAT� ime2-Δc241-HA6::kanMX6/ime2-Δc241-HA6::kanMX6 37
ZKY35 MATa/MAT� his4/his4 This study
ZKY41 MATa/MAT� his4/his4 isc10::kanMX4/isc10::kanMX4 This study
aThe genetic background for all strains in this table was SK1 carrying the following markers: ura3 leu2::hisG trp1::hisG lys2 ho::LYS2. The strains were phenotypically His
negative and were his4 and/or his3 except where the HIS genotype is indicated.
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joined by PCR and this fragment was used to transform haploid yeast strains that were used to generate
diploid strains ARY121, ARY122, ARY125, ARY126, and ZKY12 by standard genetic methods. The 13Myc-
kanMX6 fragment used for this overlapping PCR was generated using a plasmid described by Bahler et
al. as a template (Addgene plasmid 39294) (46). To construct isc10::kan and swm1::kan deletion strains,
PCR fragments generated from the YKO deletion strain collection (47) using primers corresponding to
sequences approximately 250 bp upstream and downstream of the replaced open reading frames (ORFs)
were used to transform haploid yeast strains that were used to generate ARY107, ARY108, ARY109, and
ARY110 by standard genetic methods.

Plasmids. Plasmids used in this study are listed in Table 3. Smk1, Smk1-T207A, Smk1-Y209F,
Smk1-HH, Cak1, and Ssp2KAD-GST (SSP2ΔN137-GST) were expressed in Escherichia coli strain BL21(DE3) in
various combinations using the pET-DUET-1 coexpression plasmid system as previously described (13).
To produce Isc10 in this system, a full-length ISC10 gene was synthesized with codon optimization for E.
coli expression (ISC10CO sequence available upon request) by GenScript Biotech Corporation. The plasmid
used to produce a MBP-ISC10CO fusion with the elements of the fusion separated by a PreScission
protease (Pre) site was constructed in 3 steps. In the first step, a PCR fragment containing MBP-Pre-
SSP2265�371 flanked by NotI and NcoI sites was generated using plasmid pTP47 as a template. This
fragment was digested and subcloned into similarly digested pACYC-Duet-1 (Novagen). In the second
step, the NheI restriction endonuclease site located at nucleotide 1752 in the pACYC-Duet vector was
removed using site-directed mutagenesis. In the third step, the resulting plasmid was digested with NheI
(located between MBP and SSP2 coding sequences) and NotI (located downstream of SSP2 in the
polylinker) and ligated to a similarly digested ISC10CO PCR fragment with its initiator ATG contained
within an NheI site and a NotI site located after its termination codon, generating pZK6. pZK11 was
constructed by subcloning a MBP-Pre PCR fragment flanked by NotI and NcoI sites from pTP47 into a
similarly digested pACYC-Duet-1 vector. To construct the plasmid that directs the production of both
Cak1 and MBP-ISC10, the CAK1 coding sequence was excised from pJT122 by digestion with AfIII and
XhoI and this fragment was ligated into similarly digested pZK6 to produce pZK12. The insertions in all
of these plasmids were sequenced in their entirety.

Ssp2-HBH cross-linking and tandem affinity denaturing purification. A total of 2.5 � 109 cells per
strain were collected at 7 h 15 min and 8 h 15 min after transfer to sporulation medium and were washed
in 1� phosphate-buffered saline (PBS), resuspended in 1� PBS, and split in half. One half of each sample
from each time point was treated with dithiobis(succinimidyl propionate) (DSP) in dimethyl sulfoxide
(DMSO) to reach a final concentration of 2 mM, and the other half was treated with an equal volume of
DMSO. The samples were incubated at room temperature for 40 min on a rocking platform, and the
reaction was quenched by the addition of Tris (pH 7.4) to reach a 20 mM final concentration and
incubated for an additional 15 min at room temperature. Cells were collected by centrifugation and
frozen at �80°C. The sample was thawed on ice, resuspended in lysis buffer (8 M urea, 300 mM NaCl,
0.5% NP-40, 50 mM sodium phosphate, 50 mM Tris-Cl, pH 8.0) supplemented with protease inhibitors at
the concentrations specified (48) and disrupted using three 40-s pulses of a model 24 Mini-Beadbeater
with 1 min cooling on ice in between pulses. The 7 h 15 min and 8 h 15 min samples were pooled, and
the proteins were purified by tandem affinity purification as described previously (49). In brief, proteins
were first purified using nickel beads and eluted with a low-pH buffer containing EDTA. The pH was
readjusted, and the samples were loaded onto streptavidin beads, washed extensively with 2% SDS, and
stored in ammonium carbonate at 4°C.

Mass spectrometry analyses. Trypsin digestion was performed on beads, and the digests were
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on a Q Exactive HF mass
spectrometer (Wistar proteomics facility). MS/MS spectra generated from the LC-MS/MS runs were
searched using full tryptic specificity against the UniProt Saccharomyces cerevisiae database plus the
Ssp2-HBH sequence using the MaxQuant 1.6.0.16 program. Protein quantification was performed using
unique plus razor peptides (nonunique peptides assigned to the most abundant protein group).
False-discovery rates for protein and peptide were set at 1%.

Protein levels (expressed as intensity-based absolute quantification [iBAQ] values) from the cross-
linked (�DSP) WT and ama1Δ samples were normalized for Ssp2-HBH levels (Table 1; see also Table S1
in the supplemental material). iBAQ intensities equal to zero in each data set were substituted with the
lowest detectable iBAQ intensity for that sample to calculate the severalfold enrichment relative to the

TABLE 3 Plasmids used in this study

Plasmid Description Reference or source

pJT72 pET-30b � SMK1 13
pJT111 pETDuet-1 � SSP2ΔN137-GST 13
pJT115 pETDuet-1 � SSP2ΔN137-GST � SMK1 13
pJT122 pACYCDuet-1 � CAK1 13
pJT128 pETDuet-1 � SSP2ΔN137-GST � SMK1-Y209F 13
pJT130 pETDuet-1 � SSP2ΔN137-GST � SMK1-T207A 13
pJT132 pETDuet-1 � SSP2ΔN137-GST � SMK1-6HIS 13
pTP47 pETDuet-1 � MBP-Pre-SSP2coΔN265 This study
pZK6 pACYCDuet-1 � MBP-Pre-ISC10co This study
pZK11 pACYCDuet-1 � MBP-Pre This study
pZK12 pACYCDuet-1 � MBP-Pre-ISC10co � CAK1 This study
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negative-control (-DSP) sample. False positives, defined as proteins that showed less than 3-fold
enrichment, were filtered out. The remaining hits were ranked by decreasing iBAQ abundance in the
ama1Δ samples (Table 1). The iBAQ abundance values for those hits in the wild-type sample are also
shown for comparison. The severalfold change enrichment values representing cross-linked hits from the
ama1Δ samples relative to the WT samples were calculated to identify candidate proteins that were
enriched in the ama1Δ samples.

Purification of proteins. To prepare total cellular extracts for immunoblotting, cells were lysed with
NaOH, and proteins were precipitated with trichloroacetic acid (TCA) and solubilized with 8 M urea as
described previously (50). This protocol maximizes extraction of membrane-associated proteins from TCA
precipitates and has been shown to result in efficient extraction of proteins from PSMs.

Smk1 tagged with His8 and the hemagglutinin (HA) epitope (Smk1-HH) was purified under dena-
turing conditions as previously described (11). In brief, 2 � 108 cells were collected by centrifugation and
lysed with 2 M NaOH. Proteins were precipitated with TCA, washed with acetone, resuspended in
denaturing buffer (6 M guanidine hydrochloride, 100 mM NaHPO4, 10 mM Tris-Cl, pH 8.0), and purified
using nickel beads. Samples were eluted in sample buffer containing 200 mM imidazole and were
analyzed by gel electrophoresis.

Purification of Ssp2KAD-GST was performed as described previously (14). Briefly, 5 � 108 cells were
collected by centrifugation and resuspended in 1 ml of lysis buffer (150 mM NaCl, 5 mM MgCl2, 25 mM
Tris-Cl, pH 7.4) and protease inhibitors. The cells were lysed using three 40-s and one 30-s pulses of a
model 24 Mini-Beadbeater with 1 min of cooling on ice between pulses, and NP-40 was added to reach
a final concentration of 0.5%. A low-speed centrifugation step was used to separate the whole-cell
extract from the beads, and centrifugation at 15,000 rpm and 4°C for 10 min was used to clarify the
lysates. Lysates were added to 80 �l of glutathione-Sepharose 4B, and the resulting mixture incubated
for 4 h at 4°C with end-over-end rotation. The beads were washed 4 times with lysis buffer and eluted
with 25 mM reduced glutathione–25 mM Tris HCl (pH 7.4). The eluted proteins were precipitated with
trichloroacetic acid (TCA), washed with acetone, and analyzed by gel electrophoresis.

To purify Isc10-HBH and Smk1-HH proteins under native conditions, 5 � 108 cells were collected
using centrifugation and resuspended in 1 ml of lysis buffer (300 mM NaCl, 5 mM MgCl2, 50 mM Tris-Cl,
pH 8.0) containing protease inhibitors. The cells were lysed, NP-40 was added, and clarified lysates were
prepared by centrifugation as described in the preceding paragraph. Lysates were added to 100 �l of
nickel-nitrilotriacetic acid (Ni-NTA)–agarose and incubated with end-over-end rotation for 4 h at 4°C. The
beads were washed four times with lysis buffer, boiled in sample buffer containing 200 mM imidazole,
and analyzed by gel electrophoresis.

MG132 treatment and Isc10 ubiquitylation. MG132 in DMSO or an equivalent volume of DMSO
was added to ISC10-HBH pdr5Δ cells with or without AMA1 5.5 h after they had been transferred to
sporulation medium, when approximately 50% of the cells had completed MI. The cells were incubated
at 30°C for various intervals, collected by centrifugation, and lysed with 2 M NaOH. Proteins were
precipitated with TCA, resuspended in denaturing buffer (6 M guanidine hydrochloride, 100 mM NaHPO4,
10 mM Tris-Cl, pH 8.0), purified using nickel beads, eluted in sample buffer containing 200 mM imidazole,
and analyzed by gel electrophoresis.

Immunoblotting. Samples were resolved by electrophoresis on 8% acrylamide gels. Proteins were
transferred to Immobilon-P membranes and probed with mouse anti-HA.11 (1:10,000), mouse anti-Myc
(1:5,000), or mouse anti-GST (1:500). Smk1-pY209 analyses were performed as previously described (11).
Mouse PSTAIR antibody (Sigma; 1:10,000) was used to detect Cdc28p as loading control, and a rabbit
antiubiquitin antiserum (Dako; 1:500) was used to detect ubiquitylated proteins. Horseradish peroxidase
(HRP)-conjugated goat anti-mouse immunoglobulin G antibody (1:7,500) or HRP-conjugated anti-rabbit
antibody (1:5,000) was used as a secondary antibody. Streptavidin-conjugated HRP (1:7,500) was used to
detect HBH-tagged proteins.

Protein samples analyzed using Phos-tag–acrylamide gels were prepared as described above, except
that EDTA was omitted from the gel-loading buffer. Samples were electrophoresed through an 8%
acrylamide gel containing 50 �M Phos-tag–acrylamide and 100 �M MnCl2. After electrophoresis, the gel
was washed in transfer buffer with 2 mM EDTA for 20 min followed by 1 mM EDTA for 10 min and 10 min
with transfer buffer as described previously (11). Proteins were transferred to Immobilon-P membranes
and analyzed as described above.

Microscopy. For assessment of meiotic progression, cells that had been incubated in sporulation
medium for 36 h were fixed with ethanol, stained with DAPI, and photographed under wet mount
conditions using a Nikon Optiphot equipped for epifluorescence as previously described (8). Sporulation
efficiency was analyzed by phase-contrast microscopy.
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