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ABSTRACT

Meiosis-specific pre-mRNA splicing in budding yeast embraces multiple pre-mRNA targets grouped into regulons defined by
their genetic requirements for vegetatively optional splicing factors (e.g., splicing enhancer Mer1 and the U1 snRNP subunit
Nam8) or snRNA modifications (trimethylguanosine caps). Here, we genetically demarcate a complete meiotic splicing regulon
by the criterion of cDNA bypass of the requirement for the governing splicing regulators to execute sporulation. We thereby
show that the Mer1 and Nam8 regulons embrace four essential pre-mRNAs: MER2, MER3, SPO22, and AMA1. Whereas Nam8
also regulates PCH2 splicing, PCH2 cDNA is not needed for sporulation by nam8D diploids. Our results show that there are no
essential intron-containing RNAs missing from the known roster of Mer1 and Nam8 targets. Nam8 is composed of three RRM
domains, flanked by N-terminal leader and C-terminal tail segments. We find that the RRM2 and RRM3 domains, and their
putative RNA-binding sites, are essential for yeast sporulation, whereas the leader, tail, and RRM1 modules are not.
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INTRODUCTION

The budding yeast Saccharomyces cerevisiae, which has been
a powerful model system to elucidate the composition and
function of the core pre-mRNA splicing machinery (Fabrizio
et al. 2009), relies heavily during meiosis on controlling the
mode of alternative splicing known as intron retention
(Nilsen and Graveley 2010). The yeast meiotic developmen-
tal program entails a shift in the processing patterns of target
pre-mRNAs from a vegetative ‘‘off’’ state, in which single
introns are included, to a meiotic ‘‘on’’ state, in which the
target introns are removed. The initial discovery of Mer1-
regulated meiotic splicing of the MER2 pre-mRNA and the
appreciation that Mer1 functions together with Nam8 to
compensate for inherently weak introns are landmarks in the
field (Engebrecht et al. 1991; Nandabalan et al. 1993;
Spingola and Ares 2000).

The 523-aa Nam8 protein is a subunit of the yeast U1
snRNP (Gottschalk et al. 1998). Nam8 contains three tandem
RRM domains, and is inessential for yeast mitotic growth,
but is essential for yeast sporulation because it promotes
splicing of a set of mRNAs that encode proteins required for

meiotic recombination and cell division (Nakagawa and
Ogawa 1997; Spingola and Ares 2000). Nam8-dependent
splicing of four meiotic mRNAs—AMA1, MER2, MER3, and
SPO22—is activated by the meiotic splicing regulator Mer1
(Engebrecht et al. 1991; Nakagawa and Ogawa 1999; Cooper
et al. 2000; Spingola and Ares 2000; Munding et al. 2010; Qiu
et al. 2011a). Mer1 is a 270-aa polypeptide composed of two
functional modules: a C-terminal KH domain implicated in
RNA binding and an N-terminal domain that interacts with
the spliceosome and promotes splicing of target mRNAs
(Spingola et al. 2004; Qiu et al. 2011a). Mer1 is produced
only in meiotic cells under the control of the meiotic tran-
scription factor Ime1 (Engebrecht and Roeder 1990). Mer1
activates splicing by binding to an intronic splicing enhancer
sequence (59-AYACCCUY-39) present in the AMA1, MER2,
MER3, and SPO22 pre-mRNAs (Spingola and Ares 2000;
Qiu et al. 2011a). Mer1 bound to the intronic enhancer is
thought to promote assembly of the U1 and U2 snRNPs on
the pre-mRNA (Balzer and Henry 2008). Transcripts subject
to Mer1/Nam8 splicing regulation have suboptimal 59 splice
sites that dictate their reliance on the otherwise inessential
Mer1 and Nam8 splicing factors (Nandabalan et al. 1993;
Spingola et al. 2004; Qiu et al. 2011a). Based on the shared
genetic requirements in cis and trans for their splicing, it is
posited that AMA1, MER2, MER3, and SPO22 comprise
a meiotic splicing ‘‘regulon.’’

3Corresponding author.
E-mail s-shuman@ski.mskcc.org.
Article published online ahead of print. Article and publication date are

at http://www.rnajournal.org/cgi/doi/10.1261/rna.2792011.

1648 RNA (2011), 17:1648–1654. Published by Cold Spring Harbor Laboratory Press. Copyright � 2011 RNA Society.

mailto:s-shuman@ski.mskcc.org


Recent studies have identified the PCH2 and SAE3 pre-
mRNAs as targets of regulated meiotic splicing governed
by different splicing factors and RNA features (Qiu et al.
2011a,b). The PCH2 and SAE3 pre-mRNAs have consensus 59

splice sites, lack intronic Mer1 enhancer elements, and do not
rely on Mer1 for their splicing in vivo (Qiu et al. 2011a,b).
SAE3 splicing during meiosis depends on Tgs1, the methyl-
transferase enzyme that forms the TMG cap found on the
spliceosomal U1, U2, U4, and U5 snRNAs (Qiu et al. 2011b).
Tgs1 methyltransferase activity is inessential for vegetative
growth of S. cerevisiae, but is required for sporulation (Qiu
et al. 2011b). The dependence of SAE3 splicing on TMG caps
is dictated by its nonconsensus intron branchpoint sequence
and a masking secondary structure at the branchpoint (Qiu
et al. 2011b). SAE3 splicing does not rely on Nam8. In
contrast, splicing of PCH2 pre-mRNA during meiosis is
codependent on Nam8 and Tgs1. For PCH2, a long 59 exon
and a nonconsensus intron branchpoint dictate Nam8 and
Tgs1 dependence (Qiu et al. 2011a,b). Thus, Nam8 partici-
pates in two distinct meiotic splicing regulons.

These findings highlight new modes of tunable splicing
during development and the presence of at least three
genetically distinct meiotic splicing regulons in budding
yeast. Two key questions arise. Are there additional yeast
meiotic splicing regulons? Do we have a complete roster
of the relevant pre-mRNA targets for any of the several
meiotic regulons we know about? In the present study, we
address the second question.

Our working definition of a ‘‘complete’’ meiotic splicing
regulon is the ability to rescue the sporulation defect of a
deletion mutant of the splicing controller by expressing
intronless (cDNA) versions of the set of essential meiotic
RNAs that are targeted by that controller. Prior efforts to
accomplish this for Mer1 and Nam8 have not succeeded,
insofar as expression of intronless cMER2, intronless cMER3,
or a combination of cMER2 plus cMER3, did not fully res-
cue the sporulation defects of nam8D or mer1D diploids
(Engebrecht et al. 1991; Nakagawa and Ogawa 1999). The
results of our survey of all presently identified meiotic
spliced mRNAs (Juneau et al. 2007) for splicing deficien-
cies in nam8D diploids during attempted sporulation, and
of specific tests of Mer1-dependence (Qiu et al. 2011a),
suggest that we might indeed be able to delineate complete
Mer1 and Nam8 and regulons by complementation with
a wider net of cDNAs. Our approaches, and the issues at
stake, are described below.

RESULTS AND DISCUSSION

Defining the Mer1 regulon

Our results suggested a four-membered Mer1 regulon em-
bracing MER2, MER3, AMA1, and SPO22 (Qiu et al. 2011a).
To test its completeness, we introduced pairs of intronless
cDNAs into inessential chromosomal loci of mer1D SK1

haploids of opposite mating types (cMER2 plus cMER3 in
mer1D MATa and AMA1 plus SPO22 in mer1D MATa),
mated them to generate mer1D diploids expressing all four
intronless Mer1 targets, and then assessed their sporulation
efficiency. In parallel, we analyzed wild-type SK1 (positive
control), mer1D SK1 with no cDNAs (negative control),
wild-type SK1 expressing pairs or all four of the cDNAs, and
mer1D SK1 expressing only two of the cDNAs. If we could
bypass the mer1D mutation by any of these maneuvers, then
the results would define the regulon as complete (at least with
respect to targets essential for sporulation). If we could not
obtain bypass, then we would surmise that: (1) either there
are additional RNA targets of Mer1 splicing control not yet
identified, or (2) Mer1 performs extra functions in the spor-
ulation program unrelated to meiotic pre-mRNA splicing.

Figure 1 shows the kinetics of sporulation of wild-type
SK1 diploids with or without meiotic cDNA expression.
Wild-type SK1 with no cDNAs synchronously formed asci
between 8 and 12 h after transfer to sporulation medium and
attained 95% sporulation efficiency at 24 h. Coexpression of
the MER2, MER3, AMA1, and SPO22 cDNAs under the
control of their native promoters caused a modest but
reproducible reduction in the rate and extent of sporulation
(70% at 24 h), but did not affect the lag time between
induction of meiosis and the initial appearance of four-spore
asci (Fig. 1, top) or the viability of the spores contained
within asci, as gauged by tetrad dissection (Table 1). Spore
viability was 98% in the wild-type strain versus 97% in the

FIGURE 1. Effects of ectopic cDNA expression on sporulation by
wild-type diploids. Wild-type diploids with the indicated cDNAs
integrated at the chromosomal LEU2 or URA3 locus were examined
by light microscopy at the indicated times after transfer to sporulation
medium. The percentages of the cell population comprising four-
spore asci are plotted as a function of time. Each datum is the average
of three independent experiments 6SEM.
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wild-type strain coexpressing the four cDNAs. Whereas
pairwise coexpression of MER2 and MER3 cDNAs had little
or no impact on sporulation kinetics or efficiency at 24 h
(92%), the pairwise coexpression of AMA1 and SPO22
cDNAs elicited decrements in the rate and extent of spor-
ulation (56% at 24 h) that echoed the effects of expressing all
four cDNAs (Fig. 1, top). To investigate this phenomenon
further, we constructed wild-type SK1 diploids expressing
single AMA1 or SPO22 cDNAs and monitored their spor-
ulation kinetics in parallel with a ‘‘no cDNA’’ wild-type
control. Whereas the SPO22 cDNA had little impact on
sporulation rate or yield (86% at 24 h vs. 93% for no
cDNA), the AMA1 cDNA slowed sporulation and reduced
24-h efficiency to 59% (Fig. 1, bottom). We surmise that
precocious expression of AMA1 is moderately deleterious to
the yeast meiotic program (discussed further below).

mer1D diploids were grossly defective in sporulation, as
expected, yielding only 6% asci after 24 h (Fig. 2, top). The
key finding was that coexpression of the MER2, MER3,
AMA1, and SPO22 cDNAs in mer1D diploids reversed the
defect and restored sporulation efficiency to 73% (Fig. 2, top),
comparable to the 70% level attained by wild-type diploids
coexpressing the four cDNAs. Spore viability was 94% in the
mer1D strain coexpressing the four cDNAs (Table 1). Pairwise
expression of MER2 and MER3 cDNAs in mer1D diploids
conferred no benefit (6% sporulation at 24 h). However,
a partial gain-of-function to 27% sporulation was attained by
coexpressing AMA1 and SPO22 cDNAs in mer1D diploids
(Fig. 2, top). These results establish that the Mer1 splicing
regulon embraces the MER2, MER3, AMA1, and SPO22 pre-
mRNAs and no other meiotically essential intron-containing
transcripts. They also suggest a hierarchy of importance of
regulon members during the meiotic program, whereby
feeble splicing of AMA1 and/or SPO22 has a greater impact
than inefficient splicing of MER2 and MER3.

Defining the Nam8 regulon

The U1 snRNP subunit Nam8 controls splicing of the Mer1
regulon plus the PCH2 pre-mRNA (Qiu et al. 2011a).
Because a pch2D mutant is competent for sporulation in an

otherwise wild-type background (San-Segundo and Roeder
1999), we tested whether the expression of cDNA for the
other four Nam8 targets, pairwise or en bloc, could rescue
the severe sporulation defect of a nam8D SK1 diploid (1%
asci at 24 h). The results are shown in Figure 2 (bottom).
Again, the instructive finding was that coexpression of
the MER2, MER3, AMA1, and SPO22 cDNAs in nam8D

diploids restored sporulation efficiency to 66%. Spore via-
bility was 97% in the nam8D strain coexpressing the four
cDNAs (Table 1). Whereas pairwise expression of MER2
and MER3 cDNAs in nam8D diploids was inconsequential
(2% sporulation), coexpression of AMA1 and SPO22 cDNAs
elicited a modest recovery (15% sporulation). We conclude
that the Mer1 and Nam8 splicing regulons embrace the same
set of four essential meiotic pre-mRNAs: MER2, MER3,
AMA1, and SPO22.

Domain requirements for Nam8 function in meiosis

Nam8 is a 523-aa polypeptide that includes three RRM
domains (Fig. 3). The closely spaced RRM1–RRM2 tandem
unit is preceded by a 40-aa N-terminal leader peptide and
separated from the downstream RRM3 domain by a hydro-
philic 63-aa inter-RRM linker peptide rich in Ser, Asn, and
Gln. Distal to RRM3 is a hydrophilic 130-aa C-terminal
extension that is also rich in Ser, Asn, and Gln (Fig. 3A). An
alignment of the primary structures of S. cerevisiae and
Ashbya gossypii Nam8 helped guide the design of serial

TABLE 1. Meiotic regulon cDNA expression does not affect spore
viability

Strain Spore viability

WT 98% (164/168)
WT + cMER2 cMER3 cAMA1 cSPO22 97% (166/172)
mer1D + cMER2 cMER3 cAMA1 cSPO22 94% (166/176)
nam8D + cMER2 cMER3 cAMA1 cSPO22 97% (179/184)

Cultures of the indicated diploids strains were evaluated 24 h after
induction of meiosis. Spore viability was gauged by tetrad dissec-
tion and quantified as the percent of spores germinating to form
macroscopic colonies after incubation for 2 d at 30°C on YPD agar
medium. The values in parenthesis are the numbers of viable
spores over the total number of spores harvested.

FIGURE 2. cDNA rescue defines the Mer1 and Nam8 splicing
regulons. mer1D and nam8D diploids with the indicated cDNAs
integrated at the chromosomal LEU2 or URA3 locus were examined
by light microscopy at the indicated times after transfer to sporulation
medium. The percentages of the cell population comprising four-
spore asci are plotted as a function of time. Each datum is the average
of three independent experiments 6SEM.
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N- and C-terminal truncations of S. cerevisiae Nam8 at the
putative domain (or subdomain) boundaries indicated by
the forward and reverse arrowheads in Figure 3A. In
a previous study, we tested the truncated NAM8 alleles
for their ability to support vegetative growth of nam8D cells
in a variety of synthetic lethal genetic backgrounds, e.g.,
with tgs1D, lea1D, mud1D, and mud2D (Qiu et al. 2011a).
We found that the leader, tail, and RRM1 were dispensable
for Nam8 vegetative functions. In contrast, deleting RRM1
and RRM2 together (or together with the inter-RRM
linker) exerted different effects in different synthetic back-
grounds, ranging from retention of full or partial activity to
ablation of function, as gauged by cell growth.

Our aim in the present study was to directly probe the
structure-function relationships of Nam8 in meiosis by intro-
ducing truncated and mutated NAM8 alleles into SK1 nam8D

diploids and examining their kinetics and efficiencies of spor-
ulation. The results are summarized in bar graph format
Figure 3B, which shows the percents of four-spore asci 24 h
after transfer of the diploids to sporulation medium. The
sporulation efficiencies of the NAM8 and nam8D strains were
93% and 2%, respectively. Whereas deletion of the N-terminal
leader in NAM8-(41-523) had little or no effect on sporula-
tion efficiency (88%), further deletion of the RRM1 module
in NAM8-(151-523) reduced sporulation efficiency to 43%
(Fig. 3B). Extending the N-terminal deletions to include RRM2
and part of the inter-RRM linker in NAM8-(251–523) and
NAM8-(281–523) elicited more severe decrements, to 13%
and 18% sporulation, respectively. The incremental de-
letion of all of the inter-RRM linker up to the proximal

margin of RRM3 in NAM8-(304–523) supported only 3%
sporulation, thus mimicking the nam8D null strain. We
conclude that RRM2 and the inter-RRM segment are crit-
ical for Nam8 meiotic function and that the domain re-
quirements for Nam8 activity during yeast meiosis are
more stringent than during vegetative growing of several
Nam8-dependent strains.

Whereas truncation of the Nam8 C terminus to position
454 had little or no impact [85% sporulation of the NAM8-
(1–454) strain], further deletion to position 400 virtually
abolished Nam8 meiotic function [4% sporulation by
NAM8-(1–400) diploids] (Fig. 3B). Combining the ‘‘active’’
N-terminal leader and C-terminal trailer peptide deletions
in mutant allele NAM8-(41–454) resulted in retention of
full meiotic activity (88% sporulation), signifying that the
leader and trailer are not functionally redundant. The effects
of C-terminal deletions on Nam8 meiotic functions are
concordant with their impact on essential Nam8 activities
in vegetative cells (Qiu et al. 2011a). The segment between
401 and 454, deletion of which abolishes all Nam8 func-
tions, meiotic and vegetative, contains a glutamine patch
(QVQQQQPGLQQ412), but is otherwise unremarkable.

Effects of alanine mutations in RRM2 and RRM3
on Nam8 function in meiosis

The RRM fold comprises a four-stranded b-sheet flanked
on one side by two a-helices. RRM domains typically bind
RNA along the exposed surface of the b-sheet opposite the
a-helices (Sickmier et al. 2006). The central b1 and b3

FIGURE 3. Nam8 domain organization and requirements for sporulation. (A) The amino acid sequence of S. cerevisiae (Sce) Nam8 from
residues 28–523 is aligned to the sequence of A. gossypii (Ago) Nam8. Positions of amino acid side chain identity/similarity are denoted by d above
the sequence. RNP2 and RNP1 motifs of the RRMs are indicated by brackets under the sequence. Positions within the motifs of the RRM2 and
RRM3 domains that comprise the putative RNA-binding surface and were subjected to alanine cluster mutagenesis are denoted by . above the
sequence. Forward and reverse arrows indicate the boundaries of the N- and C-terminal truncations of Nam8, respectively. (B, top) Schematic
representation of Nam8 domain organization; the RRMs are depicted as cylinders. (Bottom) nam8D diploids with the indicated NAM8 alleles
integrated at the chromosomal LEU2 locus were examined by light microscopy at 6, 8, 10, 12, 14, and 24 h after transfer to sporulation medium.
The percentages of the cell population comprising four-spore asci were gauged. The bar graph shows the extents of sporulation at 24 h. Each
datum is the average of three independent experiments 6SEM.
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strands of the sheet (referred to as the RNP2 and RNP1
motifs, respectively, and denoted by brackets under the
Nam8 primary structure in Figure 3A) make most of the
atomic contacts with bound RNA. Here, we tested the effects
of alanine mutations in the putative RNA-binding surfaces of
RRM2 and RRM3 in Nam8. The alanine changes were
introduced into Nam8-(41–454), a biologically active allele
that includes all three tandem RRMs. The Ala-mutant alleles
were assayed for complementation of the meiotic defect of
the nam8D SK1 diploid strain. With respect to RRM2, we
tested a quadruple-alanine substitution (named ‘‘RRM2mut’’
in Fig. 3B) for Phe166 in the b1 strand RNP2 motif and for
Lys205, Tyr207, and Phe209 in the b3 strand RNP1 motif;
these side chains ([.] in Fig. 3A) project outward on the
surface of the b-sheet and correspond to residues in
canonical RRMs that interact with RNA. In RRM3, we tested
a triple-alanine substitution (named ‘‘RRM3mut’’ in Fig. 3B)
for putative RNA-binding residues Phe316 in the b1 strand
and Lys348 and Phe352 in the b3 strand ([.] positions in
Fig. 3A). The NAM8-RRM2mut and NAM8-RRM3mut
strains failed to sporulate (4% asci at 24 h, mimicking
nam8D). We conclude that the putative RNA-binding
surfaces of RRM2 and RRM3 are both essential for Nam8
meiotic function. These results are consistent with the impact
of the RRM2mut and RRM3mut alanine substitutions on the
efficiency of MER2 pre-mRNA splicing in vegetative yeast
cells that ectopically express Mer1 (Qiu et al. 2011a).

The Tgs1 meiotic splicing regulon: More than SAE3

Yeast tgs1D cells are sporulation incompetent and defective in
splicing the PCH2 and SAE3 meiotic pre-mRNAs (Qiu et al.
2011b). The magnitude of the PCH2 splicing defect during
attempted sporulation is similar in tgs1D and nam8D mutants.
As demonstrated above by cDNA rescue of nam8D sporula-
tion, PCH2 is not an essential constituent of the Nam8
splicing regulon. Assuming the same is true of the Tgs1
regulon, we attempted to bypass the meiotic requirement for
Tgs1 by introducing an intronless SAE3 cDNA into a chro-
mosomal locus of TGS1 and tgs1D SK1 diploids. The kinetics
of synchronous sporulation and the yields of four-spore asci at
24 h (93%–96%) were similar for TGS1 diploids with and
without the SAE3 cDNA (Supplemental Fig. S1). The tgs1D

diploids were grossly defective (4% sporulation efficiency).
Expression of the SAE3 cDNA in tgs1D diploids under the
control of the SAE3 promoter resulted in no enhancement of
ascus formation at up to 14 h post-transfer to sporulation
medium, but did elicit 16% sporulation at 24 h (Supplemental
Fig. S1). From this result we surmise that there are additional
essential pre-mRNAs comprising the Tgs1 meiotic regulon.

Conclusions and implications

Regulated pre-mRNA splicing during budding yeast mei-
osis embraces multiple pre-mRNA targets grouped into

different, but partially overlapping regulons defined by
their genetic requirements for particular splicing factors or
RNA modifications. It is noteworthy that the several pro-
teins that are known to govern meiotic pre-mRNA splicing
are optional for splicing during vegetative growth. This
scenario likely reflects the prevalence of nonconsensus
intronic splicing signals and atypically long 59 exons among
the cadre of intron-containing meiotic genes. Here, we
provide a genetic definition of a complete meiotic splicing
regulon by the criterion of cDNA bypass of the requirement
for the governing splicing regulator(s) to attain efficient
execution of the sporulation program. In this way, we show
that there are four essential pre-mRNA targets comprising
the Mer1 and Nam8 regulons: MER2, MER3, SPO22, and
AMA1. Whereas Nam8 also regulates PCH2 splicing in
a Mer1-independent manner, PCH2 is not required for
sporulation by otherwise wild-type diploids (San-Segundo
and Roeder 1999). In effect, our results show that there are
no essential intron-containing RNAs missing from the
roster of Mer1 and Nam8 targets.

In contrast, our inability to rescue tgs1D sporulation by
provision of a cDNA for SAE3, the essential meiotic
transcript for which splicing is most acutely reliant on
Tgs1 (Qiu et al. 2011b), argues that the Tgs1 regulon must
include other essential meiotic transcripts. In our prior
study describing the requirements for Nam8 and Tgs1 for
sporulation and meiotic splicing, the criterion applied to
designate a pre-mRNA as dependent on Nam8 or Tgs1 was
a greater than or equal to fourfold decrement in splicing
efficiency in a nam8D or tgs1D diploid undergoing attemp-
ted sporulation vs. the splicing efficiency of the same
transcript in NAM8 and TGS1 controls analyzed in parallel
(Qiu et al. 2011a,b). In tgs1D cells, only SAE3 and PCH2
met this fourfold threshold. However, there were three
additional essential meiotic transcripts that suffered what
we deemed a modest decrement (at least twofold) in their
splicing efficiency in tgs1D cells: AMA1, MER3, and MEI4
(Qiu et al. 2011b). Thus, it is conceivable, indeed likely,
that inefficient splicing of one or all of this trio of pre-
mRNAs (or other Tgs1-dependent transcripts as yet un-
defined) contributes to the tgs1D sporulation-defective
phenotype. Additional rounds of cDNA rescue trials will
be required to clarify this issue.

Speculations regarding the prominence of up-regulated
splicing during yeast meiosis—by transition from a vegeta-
tive ‘‘splicing-off’’ state to a new ‘‘splicing-on’’ mode—
have focused on its potential to protect vegetative cells
from the untimely production of potentially deleterious
meiotic proteins (Juneau et al. 2007; Maleki et al. 2007).
Maintenance of the splicing-off state in vegetative cells is, in
effect, a back-up to the ‘‘transcription-off’’ state of most
meiotic intron-containing genes during vegetative growth
(Primig et al. 2000; Rabitsch et al. 2001; Munding et al.
2010; Qiu et al. 2011a), MER2 being an exception that
is transcribed constitutively (but spliced inefficiently) in
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vegetative cells (Engebrecht et al. 1991). Munding et al.
(2010) have articulated a more nuanced view of meiotic
splicing regulation as a means to tune the kinetics of the
expression of a subset of meiotic genes that are transcrip-
tionally induced during the early phase of the meiotic
program. The splicing regulator Mer1 and three of its
targets—MER3, SPO22, and AMA1—are coordinately in-
duced early during sporulation via the master meiotic
transcription factor Ime1, also entailing relief from vegeta-
tive transcriptional repression by Ume6. Because the gen-
eration of functional MER3, SPO22, and AMA1 transcripts
relies on Mer1-activated splicing of their pre-mRNAs, the
production of Mer3, Spo22, and Ama1 proteins will be
delayed (while waiting for Mer1 protein to accumulate)
compared with the proteins encoded by Ime1-induced
genes that either lack introns or have introns that are
spliced constitutively (Munding et al. 2010). Whereas
deletion of Mer1 and some of its targets results in defective
execution of downstream events in the meiotic transcrip-
tional cascade, it was not clear whether removal of the delay
in the onset of expression of any of the mRNAs in the Mer1/
Nam8 regulon would have any consequences. Arguably, this
is the key issue concerning the kinetic delay model.

Our studies here establish that expression of an AMA1
cDNA under the control of the AMA1 promoter, a maneu-
ver that will result in precocious appearance of mature
AMA1 mRNA early in meiosis (i.e., with no wait for Mer1-
dependent splicing), exerted a deleterious effect on sporula-
tion efficiency by wild-type yeast. AMA1 was unique among
the Mer1/Nam8 regulon components in this respect. The
AMA1 effect makes sense, insofar as Ama1 is a meiosis-
specific coactivator of the yeast anaphase-promoting com-
plex (APC, a ubiquitin ligase) that directs the degradation
of proteins that inhibit anaphase (Cooper et al. 2000;
Oelschlaegel et al. 2005). Meiotic inhibition by Mnd2 of
Ama1-APC activity guards against premature chromosome
separation in prophase I (Oelschlaegel et al. 2005; Penkner
et al. 2005). We envision that precocious Ama1 expression
early in meiosis results in premature activation of Ama1-APC
activity, triggering chromosome separation (and/or other de-
fects) in a fraction of the diploids undergoing meiosis, which
leads to the lower yield of four-spore asci that we observe
when wild-type yeast express the AMA1 cDNA. Thus, Mer1-
regulated splicing confers a tangible advantage, likely by
delaying the production and action of Ama1 until the syn-
apsed homologous chromosomes are ready for anaphase.

MATERIALS AND METHODS

Plasmid constructions

A DNA fragment containing the MER2 ORF and intron (1.0 kbp)
plus 470 bp of upstream (59) and 328 bp of downstream (39)
chromosomal DNA was amplified by PCR from S. cerevisiae
genomic DNA using primers that introduced a SacI site at the 59

end and a NotI site at the 39 end. The following DNA fragments
were amplified similarly by PCR: the MER3 ORF and intron (3.7
kbp) plus 435 bp and 288 bp of 59 and 39 flanking genomic DNA
with 59 BamHI and 39 SalI sites; the AMA1 ORF and intron (1.9
kbp) plus 474 bp and 307 bp of 59 and 39 flanking genomic DNA
with 59 HindIII site and 39 XhoI sites; the SPO22 ORF and intron
(3.0 kbp) plus 441 bp and 307 bp of flanking genomic DNA with
59 NotI and 39 BamHI sites; and the SAE3 ORF and intron (362
bp) plus 370 bp and 255 bp of flanking genomic DNA with 59 SacI
and 39 HindIII sites. The MER2, MER3, AMA1, SPO22, and SAE3
introns were removed cleanly from their genomic fragments
via two-stage overlap extension PCR to generate the respective
cDNAs (cMER2, cMER3, cAMA1, cSPO22, and cSAE3) with their
genomic DNA flanks and terminal restriction sites. The MER2 and
MER3 cDNAs were restricted at the terminal sites and then inserted
in tandem (with cMER2 upstream of cMER3) into yeast integrative
vector pRS305 (LEU2) to yield pRS305-cMER2-cMER3. The AMA1
and SPO22 cDNAs were cleaved at the terminal restriction sites and
inserted individually into yeast integrative vector pRS306 (URA3)
to yield pRS306-cAMA1 and pRS306-cSPO22. The SPO22 cDNA
was also inserted into pRS306-cAMA1 (upstream of cAMA1) to
yield pRS306-cAMA1-cSPO22. The SAE3 cDNA was terminally
restricted and inserted into pRS305 to yield pRS305-cSAE3. To
construct pRS305 plasmids bearing wild-type and mutant NAM8
alleles, HindIII–SacI fragments were excised from yeast Nam8
expression vectors described previously (Qiu et al. 2011a) and
inserted into pRS305. The inserts of all plasmid clones were
sequenced to exclude the acquisition of unwanted mutations during
amplification and cloning.

Yeast strains

The meiosis/sporulation experiments were carried out with iso-
genic diploids in the SK1 background. The construction of nam8D

and tgs1D haploid strains was described previously (Qiu et al.
2011a,b). mer1D strains were generated by replacing the entire
MER1 open reading frame with a kanMX cassette in SKY163
(MATa hoTLYS2 lys2 ura3 leu2ThisG) and a natMX cassette in
SKY164 (MATa hoTLYS2 lys2 ura3 leu2ThisG). In brief, the
disruption cassettes were constructed by inserting PCR-generated
MER1 59-flanking (620 bp) and 39-flanking (565 bp) genomic
fragments into pUG6 (Wach et al. 1994) and pAG25 (Goldstein
and McCusker 1999), so that they flank the kanMX and natMX
cassettes, respectively. The integration cassettes were excised and
transformed into the haploid SKY163 and SK164 strains. The
targeted insertions were confirmed by diagnostic Southern blotting.
The haploids were then mated and homozygous mer1D diploids
were selected on YPD agar containing 100 mg/mL nourseothricin
and 150 mg/mL geneticin.

Introduction of cDNAs

Empty pRS305 vector and pRS305-cMER2-cMER3 were linearized by
AgeI digestion and transformed, respectively, into haploid wild-type,
nam8D, and mer1D SK1 strains (MATa). The Leu+ transformants
were selected and integration of cDNA-containing fragments or
empty vector fragments into their leu2ThisG genomic loci was
verified by diagnostic PCR. Empty pRS306 vector, pRS306-cAMA1,
pRS306-cSPO22, and pRS306-cAMA1-cSPO22 were linearized by StuI
digestion and transformed into haploid wild-type, nam8D, and

Mer1 and Nam8 meiotic splicing regulons

www.rnajournal.org 1653



mer1D SK1 strains (MATa). The Ura+ transformants were selected
and integration of the cDNA-containing fragments or empty vector
fragments into their ura3 genomic loci was verified by PCR. Next, the
SK1 MATa and MATa strains were crossed and Leu+ Ura+ diploids
were selected. Empty pRS305 vector and pRS305-cSAE3 were
linearized by AgeI digestion and transformed into wild-type and
tgs1D diploid strains. The Leu+ transformants were selected and
integration of cDNA-containing fragments or empty vector fragments
into their leu2ThisG genomic loci was verified by PCR. Wild-type
and mutant NAM8-containing pRS305 plasmids were digested with
AgeI and inserted into the leu2ThisG locus of nam8D diploid strains.

Sporulation

Single colonies of diploid yeast strains were patched on YPG agar
plates (1% yeast extract, 2% bactopeptone, 3% glycerol, 2%
bactoagar) for at least 6 h to select for cells with healthy mitochon-
dria. Cells were streaked on YPD agar plates and incubated for 3 d at
30°C. Single colonies were then inoculated into YPD liquid medium
and grown at 30°C to stationary phase (A600 of 6–8). Aliquots were
inoculated into 12.5 mL of presporulation medium (0.5% yeast
extract, 1% peptone, 0.67% yeast nitrogen base [without amino
acids], 1% potassium acetate, 0.05 M potassium biphthalate [pH
5.5], 0.002% antifoam 204) to attain an A600 of 0.8. The cultures
were incubated for 7 h at 30°C and added to 100 mL of fresh
presporulation medium to attain an A600 of 0.025 (wild-type, mer1D,
and nam8D cells) or 0.1 (tgs1D cells). These cultures were incubated
for 16 h until A600 reached z3.0. The cells were harvested by
centrifugation, washed twice with sporulation medium (2% potas-
sium acetate, 0.001% polypropylene glycol), and then resuspended in
sporulation medium at A600 of 6. Aliquots were withdrawn from
synchronous meiotic cultures at 6, 8, 10, 12, 14, and 24 h post
transfer to sporulation medium. The cells were fixed in an equal
volume of 100% ethanol and then examined by light microscopy
(100x magnification) to assess the abundance of four-spore asci. A
total of 200 cells from each sample were scored. The extents of
sporulation (% asci) are plotted as a function of time in Figure 1.
Each datum is the average of three separate experiments 6SEM.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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