EukARrYOTIC CELL, Aug. 2004, p. 910-918
1535-9778/04/$08.00+0 DOI: 10.1128/EC.3.4.910-918.2004

Vol. 3, No. 4

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

RSCI and RSC2 Are Required for Expression of Mid-Late
Sporulation-Specific Genes in Saccharomyces cerevisiae
David Bungard, Michelle Reed, and Edward Winter*

Department of Biochemistry and Molecular Pharmacology, Thomas Jefferson University,
Philadelphia, Pennsylvania 19107

Received 2 June 2004/Accepted 6 June 2004

Rscl and Rsc2 are alternative bromodomain-containing subunits of the ATP-dependent RSC chromatin
remodeling complex in Saccharomyces cerevisiae. Smk1 is a sporulation-specific mitogen-activated protein
kinase homolog that is required for the postmeiotic events of spore formation. In this study we show that RSC1
and RSC2 are haploinsufficient for spore formation in a smkl hypomorph. Moreover, diploids lacking Rscl or
Rsc2 show a subset of smkI-like phenotypes. High-copy-number RSC1 plasmids do not suppress rsc2-A/rsc2-A
sporulation defects, and high-copy-number RSC2 plasmids do not suppress rscI-A/rsc1-A sporulation defects.
Mid-late sporulation-specific genes, which are normally expressed while key steps in spore assembly occur and
which include genes that are required for spore wall formation, are not expressed in cells lacking Rscl or Rsc2.
We speculate that the combined action of Rscl and Rsc2 at mid-late promoters is specifically required for the
proper expression of this uniquely timed set of genes. Our data suggest that Smk1 and Rsc1/2 define parallel
pathways that converge to provide signaling information and the expression of gene products, respectively, that

are required for spore morphogenesis.

Meiosis is the evolutionarily conserved pathway used by
sexually reproducing organisms to generate haploid products
from diploid precursors. Meiosis is coupled to species-specific
differentiation programs that produce gametes that are capa-
ble of sexual fusion. In the yeast Saccharomyces cerevisiae, mei-
osis is coupled to spore formation. Multiple nutritional signals
induce the sporulation of mitotically dividing diploid cells; nitro-
gen and fermentable carbon inhibit sporulation, while nonfer-
mentable carbon sources, such as acetate, promote sporulation
(13). Once they are induced, diploid cells undergo the land-
mark events of meiosis, including a single round of DNA rep-
lication, synapsis, and genetic recombination, followed by two
rounds of chromosome segregation without an intervening S
phase. Homologous pairs of chromosomes are segregated from
each other in the first, meiosis-specific division, while sister
chromatids are segregated in the second, mitosis-like division.
Spore formation involves the biogenesis of prospore mem-
branes which grow from the spindle pole bodies as the second
meiotic division is being completed (11, 15, 17). After the
haploid products of meiosis are surrounded by the prospore
membranes, multiple layers are assembled within and around
this structure to give rise to the mature spore wall (16).

Meiosis and spore formation are intimately controlled
through the transcriptional program of sporulation (6, 21). The
genes that are expressed during the program can be broadly
grouped into four categories, early, middle, mid-late, and late,
based on the timing of their expression (6). Early genes are
involved in the initiation of the program as well as in DNA
replication and recombination. Middle genes control the mei-
otic divisions and the initiation of spore morphogenesis. The
mid-late and late genes are expressed during spore morpho-
genesis and maturation, respectively (6, 21).
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SMKI1 encodes a mitogen-activated protein (MAP) kinase
homolog whose transcription is controlled by a tightly regu-
lated middle sporulation-specific promoter (12, 20). Once
Smk1 is expressed, it is activated by phosphorylation in its
regulatory loop (24). The deletion of SMKI, or mutations that
prevent its activation, leads to spores that display an array of
aberrant spore wall defects, even within the same ascus (12, 24,
30). Experiments performed with hypomorphic alleles of
SMK]I showed distinct blocks during spore formation and dem-
onstrated that these blocks can be suppressed by increasing
gene dosages of these alleles (29).

In eukaryotes, nucleosome positioning can inhibit the access
of transcription factors to the promoter regions of DNA. This
inhibition can be overcome through the actions of ATP-depen-
dent chromatin remodeling enzymes (27). The yeast Swi/Snf
complex, which contains a Swi2/Snf2 catalytic subunit, was the
first to be identified (8, 19). Since then, five other complexes
containing Swi2-like catalytic cores have been identified in
yeast (4, 25, 28). Only one of these, the RSC (for “remodels the
structure of chromatin”) complex, is essential for viability (4).
The RSC complex is comprised of 15 subunits, including the
ATP-dependent catalytic subunit, Sth1 (4). In addition to be-
ing essential for mitotic growth, the RSC complex is also re-
quired for sporulation. Temperature-sensitive mutants of
STHI have been shown to cause a decrease in transcription of
the early class of sporulation-specific genes, as well as poor
spore formation (32). Two other subunits of the RSC complex,
RSCI and RSC2, are homologous bromodomain-containing
proteins that are mutually exclusive, thus defining two distinct
forms of RSC (5). Neither RSCI nor RSC2 is essential for
viability, but they are both synthetically lethal, suggesting that
they have some redundant function (5). The deletion of either
RSC1 or RSC2 causes a decreased sporulation efficiency and
aberrant spore formation (33).

Sensitized genetic backgrounds have been used to identify
and characterize genes that function in a variety of pathways in
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TABLE 1. Yeast strains used for this study

Strain Genotype Source or reference
LNY150 MATa/MATo leu2::hisGlleu2::hisG trpl::hisG/trpl::hisG lys2/lys2 his4-N/his4-G ura3/ura3 ho::LYS2/ho::LYS2 Lenore Neigeborne
MWY43 MATa/MATo smkl-4/smk1-4 ura3/ura3 leu2::hisG/leu2::HisG his3/HIS3 his4/HIS4 lys2/lys2 ho::LYS2/ho::LYS2 29
MDPY10 MATa/MATo smkl::LEU2/smk1::LEU2 leu2-hisG/leu2-hisG trp1-hisG/trp1-hisG lys2/lys2 his4-N/his4-G ura31/ 30
ura3 ho::LYS2/ho::LYS2

DBY15 MATa/MATo rscl::KAN/rsc1::KAN leu2::hisG/leu2::hisG trpl::hisG/trpl::hisG lys2/lys2 his4-N/his4-G ura3/ura3 This study
ho:LYS2/ho::LYS2

DBY14 MATa/MATao rsc2::KAN/rsc2::KAN leu2::hisG/leu2::hisG trp1::hisG/trp1::hisG lys2/lys2 his4-N/his4-G ura3fura3 This study
ho:LYS2/ho::LYS2

DBY16 MATa/MATo rscl::KAN/rsc1::KAN smkl1-4/smki1-4 leu2/leu2 ura3/ura3 trpl/trpl his4-N/his4-G lys2/lys2 ho::LYS2/ This study
ho:LYS2

DBY23 MATa/MATo rsc2::KAN/rsc2::KAN smkl1-4/smk1-4 leu2::hisG/leu2::hisG trp1::hisG/trp1::hisG lys2/lys2 his4-N/ This study
his4-G ura3/ura3 ho:LYS2/ho::LYS2

DBY19 MATa/MATo sthl::KAN/STHI1 smkl-4/smk1-4 leu2::hisG/leu2::hisG trpl::hisG/trp1::hisG lys2/lys2 his4-N/his4-G This study
ura3/ura3 ho::LYS2/ho::LYS2

DBY20 MATa/MATo sthl::KAN/STH1 leu2::hisG/leu2::hisG trpl::hisG/trpl::hisG lys2/lys2 his4-N/his4-G ura3/ura3 This study
ho::LYS2/ho::LYS2

DBY42 MATa/MATo rsc2-A312:mTn3::lacZ::LEU2/RSC2 smkl-4/smk1-4 leu2::hisG/leu2::hisG trpl::hisG/trpl::hisG lys2/ This study
lys2 his4-N/his4-G ura3/ura3 ho::LYS2/ho::LYS2

DBY43 MATa/MATao rsc2-A312:mTn3:lacZ::LEU2/rsc2-A312:mTn3:lacZ::LEU2 smki1—4/smki1-4 leu2::hisG/leu2::hisG This study

trp1:hisGltrp1::hisG lys2/lys2 his4-N/his4-G ura3/ura3 ho::LYS2/ho::LYS2

a wide spectrum of organisms. One approach to using sensi-
tized genetic backgrounds is based on the premise that if the
activity of a key component of a pathway is reduced to a
threshold level of function, other components of the pathway
can be made susceptible to a reduction in gene dosage. This
approach has been particularly useful for studying signal trans-
duction pathways in diploid organisms (9). Currently, little is
known about the upstream components that signal to the Smk1
MAP kinase homolog or the downstream effector molecules
that are controlled by this protein kinase.

We have used a sensitized smkl genetic background to dem-
onstrate that this gene shows specific genetic interactions with
RSCI as well as with RSC2. Moreover, cells lacking Rscl or
Rsc2 show a subset of smkl-like phenotypes. The overexpres-
sion of one homolog in the absence of the other does not
rescue these phenotypes. We show that both RSCI and RSC2
are specifically required for expression of the mid-late class of
genes. We propose that both Rscl and Rsc2 are specifically
required for the proper expression of mid-late sporulation-
specific genes, thus coupling the expression of gene products
required for spore formation with the Smk1 signaling pathway
that controls this morphogenetic program.

MATERIALS AND METHODS

Yeast strains and plasmids. All strains used for this study are in the SK1
genetic background and are listed in Table 1. The DBY14 and DBY15 deletion
strains were generated by first extracting genomic DNAs from knockout strains
obtained from the American Type Culture Collection (35266-rsc2-A and 34686-
rscI-A). Primers flanking the deleted open reading frame (ORF) (for RSC2, the
sense sequence was TATTGGCGTTTATGGGGAAG and the antisense se-
quence was AAGCCCAATTCCTTCTCAGCG; for RSC1, the sense sequence was
GCGCGAAATCAAATAGCAT and the antisense sequence was TACGGCAT
GGAAAATTGTTG) were used to amplify the ORF with a >250-bp flanking
sequence. This PCR fragment was transformed into LN'Y150. Kanamycin-posi-
tive transformants were sporulated, and tetrads were tested by PCR for the
deletion of the corresponding ORFs. These haploids were then mated to gen-
erate the diploid strains. The high-copy-number RSC2 (p426.RSC2.2XHA) and
RSCI (p426.RSC1) plasmids were gifts from Bradley Cairns. These are both in
the pRS426 URA3 2pm vector (26).

Growth and sporulation of cells. Vegetative growth was maintained in YPD
(1% yeast extract, 2% peptone, 2% glucose), SD (0.67% yeast nitrogen base
without amino acids and 2% glucose plus nutrients essential for auxotrophic

strains), or YEPA (1% yeast extract, 2% peptone, 2% potassium acetate). For
synchronous sporulation, cells were grown in YEPA to an optical density at 600
nm (ODy) of 0.3 to 0.5. Prior to sporulation, cells were harvested, washed in
SM (2% potassium acetate plus 10 pg of adenine, 5 pg of histidine, 30 pg of
leucine, 7.5 pg of lysine, 10 ug of tryptophan, and 5 wg of uracil per ml), and
resuspended in SM to 2 OD units.

Genetic screen. MWY43 cells were transformed with a randomly integrating
transposon (mTn3) library (22). Integrating transformants were selected on SD
lacking leucine. These transformants were pooled, and aliquots were plated onto
YPD. Colonies were subsequently replica plated onto nitrocellulose filters that
were placed colony side up on sporulation plates. After incubation for 3 days at
the appropriate temperature, the colonies were transferred to a nitrocellulose
filter and tested by a fluorescence plate assay (see below). Isolates that failed to
fluoresce at the threshold temperature (28°C) but that fluoresced at the permis-
sive temperature (25°C) were grown in YPD, and the insertion site was identified
by a rescue plasmid protocol (22).

Assays for spore wall assembly. For the fluorescence assay, nitrocellulose
filters with sporulated colonies were placed colony side up in a petri plate
containing 280 pl of ascal wall lysis buffer (100 mM sodium citrate, 10 mM
EDTA [pH 5.8], 750 mM B-mercaptoethanol, and 70 pl of glusulase [NEE-154,
crude solution; Dupont, Wilmington, Del.]), incubated at 37°C for 4 h, briefly
blotted on 3M Whatman paper, and then placed in a petri plate containing 300
wl of concentrated NH,OH. Fluorescence was observed with a 304-nm UV light
source and was photographed through a blue filter (Wratten no. 98; Kodak,
Rochester, N.Y.).

The spore viability after exposure to glusulase was determined by first resus-
pending 1 ODyq, unit of sporulated cells in 800 ul of 0.1 M PIPES (pH 6.5) and
200 pl of glusulase and incubating them at 30°C for 1 or 2 h. The cells were then
washed and plated on YPD. For heat shock, the cells were resuspended in water
and heated at 55°C for 1 or 2 h and then plated on YPD. For both glusulase and
heat shock experiments, equal amounts (OD) of untreated sporulated cells were
plated and plating efficiencies were calculated. The percent survival of treated
cells was calculated by dividing the number of surviving colonies by the number
of survivors of untreated controls.

Northern blots. Preparation of total RNAs and Northern blot hybridization
analysis were performed as previously described (12). DNA probes for the
coding regions of the indicated genes were made by isolating PCR products from
preparative agarose gels and radiolabeling them with [«->?P]CTP by random
priming, and the probes were used for hybridization analysis at 10® dpm/ml.

RESULTS

Generation of sensitized smklI strain. Members of our lab-
oratory previously described an allelic series of temperature-
sensitive smkl loss-of-function mutants that are specifically
defective in the postmeiotic program of spore formation (29).
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FIG. 1. RSCI and RSC2 genetically interact with smkl-4. (A) Fluorescence assay performed at permissive (25°C) and threshold (28°C)
temperatures with wild-type (WT) and coisogenic strains harboring the indicated mutations. Three independent isolates of each strain are shown.
(B) Fluorescence assay of homozygous full-length ORF deletion mutants of RSCI and RSC2 in indicated backgrounds.

In the present study, one of these alleles (smkI-4) was used to
generate a sensitized strain in the SK1 hypersporulating back-
ground that would be useful for identifying new members of
the Smk1 spore formation pathway. As a first step toward this
goal, a smkl-4/smkl-4 homozygote and a smklI-A/smki-4 het-
erozygote were compared for their ability to incorporate dity-
rosine, a sporulation-specific component of the outer layer of
the spore wall, into insoluble material at a variety of temper-
atures. For these experiments, a plate assay that detects dity-
rosine via its fluorescence properties was used. These experi-
ments demonstrated that at 25°C, both the smkl-4/smki-4 and
smkl-A/smk1-4 strains formed fluorescent spore colonies. In
contrast, at 28°C the smkl-4/smkl-4 strain formed fluorescent
spore colonies while the smkl-A/smkl-4 strain did not. At a
fully restrictive temperature of 34°C, neither strain formed
fluorescent spore colonies (data not shown). These experi-
ments show that at 28°C, smkI-4 is haploinsufficient for fluo-
rescent spore colony formation. We reasoned that other genes
that are haploinsufficient for fluorescent spore colony forma-
tion in this background, specifically at 28°C (referred to as the

“sensitized” temperature below), might correspond to Smkl
pathway components.

RSCI, RSC2, and STH1 are haploinsufficient in the sensi-
tized smkl strain. We screened 51,000 individual smkl-4/
smkl-4 colonies that had been mutagenized by use of a ran-
domly integrating transposon library (22) for isolates that were
fluorescence positive at 25°C but fluorescence negative at the
sensitized temperature of 28°C. Thirty-one positive isolates
were selected and the insertion sites in these isolates were
identified. For strains carrying the transposon inserted into
nonessential genes, we tested the ability of homozygous mu-
tants to form fluorescent spore colonies. For these studies, the
heterozygous transposon-insertion diploid isolates were sporu-
lated at the permissive temperature, and haploid transposon-
containing segregants were recovered and backcrossed to gen-
erate homozygous transposon-containing strains. Using this
strategy, we identified a single nonessential gene that was both
haploinsufficient for fluorescent colony formation as a hetero-
zygote at the sensitized temperature and required for spore
formation as a homozygote at the fully permissive temperature
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FIG. 2. Sporulation defects of rscI-AfrscI-A (rscI-A) and rsc2-Afrsc2-A (rsc2-A) strains. (A) Completion of meiosis I and II. Sporulated cells
were taken at the indicated times postinduction and scored for the presence of three or four DAPI-stained foci. (B) Glusulase resistance. Cells
of the indicated genotypes were sporulated for 3 days. Samples were exposed to glusulase as described in Materials and Methods. Survival is
expressed as the percentage of surviving colonies from treated plates compared to untreated controls. Thus, the wild-type resistance appears to
be >100% because four spore colonies are released per digested ascus. (C) Heat shock resistance. Sporulated strains were exposed to 55°C for
1 h and plated onto YPD plates. Error bars are too small to be seen (n = 3).

in the smkI1-4/smkI-4 background. This gene was RSC2, a com-
ponent of the RSC chromatin remodeling complex (isolated
twice) (Fig. 1A). In addition, we isolated insertions in two
essential genes that correlated with the haploinsufficient phe-
notype in the smkl sensitized background. However, specific
defects in the homozygous mutants could not be tested due to
the inviability of the alleles that were recovered. These genes
were ERG2, a sterol isomerase that is essential in our genetic
background (isolated three times), and RSP5, an essential
ubiquitin ligase (isolated twice). In this study, we have charac-
terized the connection between RSC2 and SMKI.

To confirm the genetic interaction between RSC2 and
smkl-4, we deleted the full ORF of RSC2 from the smkl-4/
smkl-4 background. This rsc2-A allele, like the transposon-
insertion rsc2 alleles, was haploinsufficient for spore formation,
as assayed by the fluorescence assay, specifically at the sensi-
tized temperature (data not shown). We also tested the con-
sequence of deleting both copies of RSC2 from the smkl-4/
smkl-4 background and from a coisogenic SMKI/SMKI ge-
netic background. As shown in Fig. 1B, an rsc2-A/rsc2-A smkl-
4/smkl-4 strain was unable to form fluorescent spore colonies
at the permissive temperature (indistinguishable from the trans-
poson alleles). Surprisingly, however, the rsc2-Afrsc2-A SMK1/
SMK1 strain was able to form fluorescent spore colonies in the
plate assay. These results confirm the genetic interaction be-
tween the SMKI MAP kinase homolog and the RSC2 chroma-
tin remodeling subunit genes. While the rsc2-Afrsc2-A SMK1/
SMK]1 strain did form spores and fluoresce in the plate assay,
the kinetics of sporulation were delayed and the absolute level
of spore formation was modestly reduced in this background.
A more detailed phenotypic characterization of the rsc2-A/
rsc2-A strain is described below.

RSC2 encodes a bromodomain-containing component of the
multisubunit RSC. RSCI encodes a homolog of RSC2. The
occupancy of Rscl or Rsc2 has been shown to be mutually
exclusive (5). The remaining subunits of RSC, including the
catalytic Sth1 ATPase, appear to be encoded by unique genes.
We tested whether mutations in RSCI or STHI showed inter-
actions with smkI-4 which were similar to that seen with the
RSC2 mutations described above. rscI-A/RSC1 smkl-4/smk1-4
and sth1-A/STH1 smkl-4/smkl-4 strains displayed a spectrum
of temperature-sensitive fluorescent phenotypes that were in-

distinguishable from those seen in the rsc2-A/RSC2 smkl1-4/
smkl-4 strain (haploinsufficient specifically at the sensitized
temperature of 28°C) (data not shown). The rscI-AfrscI-A
SMKI1/SMKI strain was able to form fluorescent spore colo-
nies, while the rscI-AjrscI-A smkl-4/smkl-4 strain was defec-
tive in this assay (Fig. 1B). These results parallel those seen
with the set of rsc2-A mutant strains and show that a reduced
gene dosage of either of the two alternative bromodomain-
containing proteins or the catalytic subunit of RSC specifically
impairs the function of the SMKI spore formation pathway in
the sensitized genetic background.

rscl-A and rsc2-A mutants display defects in meiotic pro-
gression. In order to gain additional insight into the roles of
Rscl and Rsc2 in sporulation, we compared the phenotypes of
cells lacking only RSCI or RSC2 with that of the wild type. To
monitor the meiotic divisions, we sporulated rscI-AfrscI-A
cells, rsc2-Afrsc2-A cells, and wild-type cells, fixed them at
various times postinduction, and stained them with 4',6-dia-
midino-2-phenylindole (DAPI). Both rsc-A/rsc1-A and rsc2-A/
rsc2-A mutants completed meiosis more slowly than wild-type
cells (Fig. 2A); however, it should be noted that both of these
mutant strains divide mitotically at a slower rate than the wild
type. In YEPA, the medium used for presporulation growth,
the generation times for the rscI-AjrscI-A, rsc2-A/rsc2-A, and
wild-type strains were 4, 4, and 2 h, respectively. Thus, the
slower meiotic kinetics in these strains could be explained in
part by mitotic defects, since cells induce sporulation only
during a restricted phase (G;) of the cell cycle. While the
mitotic defects are likely to contribute to a lag in meiotic
induction, they are unlikely to be sufficient to completely ex-
plain the differences in meiotic kinetics (see below). Moreover,
rsc2-Afrsc2-A strains completed meiosis to only 50% the level
seen in wild-type cells. These results suggest that Rscl and
Rsc2 function positively to promote meiotic events that occur
prior to spore formation. However, cells are still able to com-
plete the meiotic divisions in the absence of Rscl or Rsc2,
showing that neither of these proteins is absolutely required
for these events. Interestingly, all of the rscI-A/rsc1-A or rsc2-
Afrsc2-A cells that completed meiosis in an otherwise wild-type
genetic background appeared to form spore walls, as assayed
by phase-contrast microscopy.
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FIG. 3. Overexpression of RSC2 does not suppress sporulation defects of rsc1-A/rsc1-A cells and vice versa. Strains transformed with the in-
dicated plasmids were sporulated and scored for glusulase resistance (A) and heat shock resistance (B). Error bars are too small to be seen (n = 3).

Strains lacking Rscl or Rsc2 display a subset of smkI-A
phenotypes. Spore formation involves the coordinated assem-
bly of four distinct spore wall layers. Some of these layers
function to protect the products of meiosis from specific envi-
ronmental insults (2). Thus, the proper formation of these
layers can be assayed at the phenotypic level by measuring the
formation of fluorescent spore colonies as well as resistance to
enzymatic (glusulase) digestion, organic solvents, and heat
shock treatment. Each of these phenotypes requires increasing
amounts of Smk1 activity, with fluorescent spore colony for-
mation needing the lowest level, resistance to glusulase requir-
ing an intermediate level, and full resistance to heat shock
requiring the highest level (29). smkI-A/smkI-A mutants are
defective in establishing resistance to all of these environmen-
tal insults. Although rscI-A/rscI-A and rsc2-A/rsc2-A mutants
form fluorescent spore colonies and spores which are viable
(>85% viability for rscI-Afrsc1-A and >45% viability for rsc2-
A/rsc2-A) (see Materials and Methods), these mutants show a
striking sensitivity to glusulase and heat shock treatment. Thus,
the removal of Rscl or Rsc2 creates a spore morphogenesis
phenotype that is similar to that seen in certain smkl hypo-
morphs (Fig. 2B and C).

The possibility remained that the genetic interaction be-
tween the RSC complex components and SMKI was not spe-
cific for RSCI or RSC2, but rather was a dosage effect of
lacking either protein. To test this possibility, we transformed
rscl-Afrsc1-A or rsc2-Afrsc2-A strains with high-copy-number
plasmids containing RSC1, RSC2, and vector controls. These
strains were then assayed for meiotic progression as well as for
glusulase and heat shock resistance. As shown in Fig. 3, the
overexpression of RSCI in a rsc2-A/rsc2-A mutant did not sup-
press either of these phenotypes and vice versa. These data
demonstrate a unique requirement for both Rscl and Rsc2
during spore development.

Rscl and Rsc2 are both required for mid-late sporulation-
specific gene expression. We next examined the transcriptional
profile of key genes expressed during the transcriptional pro-
gram of sporulation in cells lacking Rscl or Rsc2. For these
experiments, wild-type, rscI-Afrscl-A, and rsc2-A/rsc2-A cul-
tures were sporulated under synchronous conditions, and ali-
quots were collected at various times postinduction. RNAs
from these samples were assayed with probes representing

sporulation-specific genes of multiple temporal classes (early,
middle, mid-late, and late) by Northern blot hybridization
analysis. As shown in Fig. 4, both rscI-A/rscI-A and rsc2-A/
rsc2-A mutants expressed the early IMEI and HOPI genes.
However, the kinetics of early gene induction were modestly
delayed in the rsc1-A/rsc1-A strain and more severely delayed
in the rsc2-A/rsc2-A strain. In addition, while the levels of IME]
and HOPI expression in the rscl-A/rsc1-A strain approached
those seen in the wild type, the magnitudes of IME] and HOPI
expression in the rsc2-Afrsc2-A strain were reduced by about
half. Thus, the duration of delays and the magnitude of early
sporulation-specific gene expression correlates with the mei-
otic defects seen in these strains (Fig. 4). These results suggest
that the delayed meiotic kinetics in cells lacking Rscl and Rsc2
and the reduced meiotic index seen for cells lacking Rsc2
might largely be explained by defects in IME1 expression in
conjunction with the reduced mitotic growth rates seen for
these strains.

In the rscl-Ajrsc1-A and rsc2-Afrsc2-A strains, the NDT80,
SPS4, and SMKI middle sporulation-specific genes were in-
duced. In the case of the rscI-A/rsc1-A mutant, the expression
levels of all of these middle genes were comparable to those in
the wild-type control strain. Moreover, the interval between
the peaks of early and middle gene transcript accumulation in
the rsc1-AjrscI-A strain was comparable to that seen for the
wild type. These results suggest that the rsc1-A/rscI-A strain is
largely unaffected in the expression of middle genes, despite
the fact that RSCI functions in IMEI induction earlier in the
program. While middle genes are induced in the rsc2-A/rsc2-A
strain, they are induced with substantially delayed kinetics and
to a reduced level compared to the wild-type strain. The delay
and reduction in middle gene expression seen for the rsc2-A/
rsc2-A strain were comparable to the delay and reduction of
early genes, making it possible that the middle gene expression
defects are a downstream (dependency) consequence of the
early (IME1) gene expression defects. Regardless, a key find-
ing of this study is that middle gene induction occurs in both
the rsc1-Afrsc1-A and rsc2-A/rsc2-A mutants. In the case of the
rscl-Afrsc1-A strain, the level of SMKI expression was compa-
rable to that seen for the wild-type strain. These results make
it unlikely that the genetic interactions observed between RSC
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FIG. 4. Transcription of sporulation-specific genes in cells lacking RSCI or RSC2. Total RNAs were prepared from homozygous strains of the
indicated genotypes and were assayed by Northern blot analysis using the indicated probes.

and SMKI can be explained through the specific regulation of
the SMK1 promoter by the RSC.

Strikingly, both rsc1-A/rsc1-A and rsc2-Afrsc2-A mutants are
specifically and severely defective in expressing DITI. DITI
encodes an enzyme that is required for the synthesis of the
sporulation-specific dityrosine precursor that is cross-linked to
the outer layer of the spore wall (2, 3). This gene is expressed
in a temporal class defined as mid-late or subclass 6a (as
defined by Primig et al. 21). We wanted to see if the transcrip-
tion of other mid-late genes was also affected in these mutants.
As seen in Fig. 5, the transcription of all mid-late genes tested
was dramatically reduced in both the rscI-A/rscI-A and rsc2-
Afrsc2-A mutants. To our knowledge, the expression of the
mid-late sporulation-specific genes is unique in its near abso-
lute requirement for both Rscl and Rsc2. It was previously
reported that DIT] transcription was modestly reduced and
that the late SPS100 gene was severely reduced (to 25 and 7%
of wild-type levels, respectively) in smkl-A/smkI-A strains (12).
The data shown here prompted us to reexamine these results.
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YLRO12¢ T . E
l. i
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After multiple experiments comparing the wild-type and smkI-
A/smklI-A strains, we were unable to see any reproducible dif-
ference in the expression of DIT] or any other mid-late gene
(data not shown). The expression of SPS100, however, was re-
duced to the previously reported levels. These results suggest
that Smk1 does not directly regulate mid-late gene induction.
The expression data support a model in which Smk1 and the
RSC complex function in parallel pathways that converge on
spore morphogenesis.

DISCUSSION

In this study, we have shown that RSCI and RSC2 are hap-
loinsufficient for spore formation in a strain in which Smkl
catalytic activity has been crippled (a smkl hypomorph). In
addition, we have demonstrated that diploid cells lacking RSC?
or RSC2 show a subset of spore formation phenotypes that
are indistinguishable from those seen in certain hypomor-
phic smkl strains. We propose that the genetic interactions

rsc1- A
02 46 8101224

Wl

- &

FIG. 5. RSCI and RSC2 are specifically required for the transcription of all mid-late genes tested. The filter shown in Fig. 4 was assayed with

the indicated probes.
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FIG. 6. Model to explain genetic interactions between smkl, rscl,
and rsc2 mutants. Both Rscl and Rsc2 are required to convert an
inactive chromatin structure at mid-late gene promoters to active chro-
matin. The products of these genes are then acted on by Smkl to
regulate spore morphogenesis.

between these genes reflect their shared function in the pro-
cess of spore morphogenesis. Our transcriptional studies
showed that there are dramatic defects in the induction of all
mid-late sporulation-specific genes tested in rscI-A/rscI-A and
rsc2-Afrsc2-A strains. Although there are transcriptional de-
fects earlier in the program in these strains, these defects are
mostly kinetic (genes are expressed later than normal) and the
observed differences in magnitude are modest (less than two-
fold). Thus, we believe that the striking lack of mid-late gene
induction in the rscI-AfrscI-A and rsc2-Afrsc2-A strains repre-
sents specific requirements for both Rscl and Rsc2 at mid-late
promoters rather than a dependency of mid-late gene induc-
tion on earlier Rscl- or Rsc2-dependent steps in the transcrip-
tional program. Two genome-wide microarray data sets showed
that there are roughly 500 and 150 examples of early and mid-
dle genes, respectively, in the yeast genome. There are roughly
60 mid-late genes, depending upon the classification scheme
and the database used to compile expression parameters (21).
DIT]1 is the founding member of the mid-late class of genes (2).
Since there is some degree of variability in assigning classes,
we have focused our expression studies on genes with a
similar transcriptional profile to that of DITI. These genes
are expressed as key steps in spore morphogenesis are oc-
curring, and at least some of them have been shown to be
required for spore formation. We propose that the genetic
interactions between SMKI, RSCI, and RSC2 documented in
this study represent an example in which the activity of a signal
transduction pathway has been coupled to the availability of
effector molecules through the transcriptional program (Fig.
6). In this model, the Smk1 MAP kinase homolog might rep-
resent a terminal protein kinase in the signaling pathway (itself
expressed as a middle gene) whose activity is required to
coordinate a process (spore morphogenesis) that requires a
uniquely timed set of promoters (mid-late). This model pre-
dicts that the substrates regulated by Smk1 will include mid-
late gene products or factors that coordinately function with
mid-late gene products.

The mid-late DIT1 and DIT2 genes encode enzymes that are
required for the synthesis of dityrosine-containing precursors
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that are incorporated into the outer layer of the spore wall.
Although rsc1-A/rsc1-A and rsc2-Afrsc2-A mutants express dra-
matically reduced levels of DITI and DIT2 mRNAs, a sufficient
amount of dityrosine precursor is still apparently produced to
allow SMK1/SMKI cells to form positive spore colonies in
the fluorescence plate assay. In contrast to the SMK1/SMK1
background, the smkI-4/smki-4 background did not form flu-
orescent spore colonies in the absence of Rscl or Rsc2. The
fluorescence plate assay measures the incorporation of the di-
tyrosine precursor into the insoluble material (soluble material
is mostly released during sample preparation) (29; also see
Materials and Methods). In a previous study, we showed that
smkl mutants can accumulate soluble dityrosine precursors
but that they fail to incorporate these precursors into insoluble
material. Taken together, these results suggest that Ditl and
Dit2 are not normally rate limiting. We speculate that Smk1
functions downstream of Ditl and Dit2 to control the incor-
poration of dityrosine-containing precursors into insoluble ma-
terial in the spore wall.

Yukawa et al. were the first to show that RSC plays a role in
the transcriptional program of sporulation in yeast (32). Their
studies showed that the essential Sth1/Nps1 ATPase subunit of
RSC is required for meiosis and sporulation. Using a temper-
ature-sensitive allele of STHI (nps1-105), they showed specific
defects in the expression of several early meiotic genes, includ-
ing IME], at the nonpermissive temperature. Our results are
consistent with their demonstrated requirement for RSC dur-
ing early meiosis. Yukawa et al. were also the first to analyze
the role of Rscl and Rsc2 in sporulation (33). Their study
demonstrated functional differences between Rscl and Rsc2
during the meiotic program which are consistent with the re-
sults of our work. There were also several differences between
their study and ours that deserve comment. First, the Yukawa
study showed that rscI-A/rscI-A, but not rsc2-Afrsc2-A, mutant
cells have noticeable defects in spore formation, as assayed by
light microscopy. The overexpression of IME1, the key regu-
lator of induction, did not suppress this phenotype, suggesting
a later role for Rscl in spore formation. In our study, rscI-A/
rscl-A and rsc2-Ajrsc2-A mutants both formed spores, as as-
sayed by light microscopy. In addition, we observed multiple
spore-specific spore wall layers that were indistinguishable
from those of the wild type in a substantial fraction of the
rscl-Afrscl-A and rsc2-Afrsc2-A cells by thin-section electron
microscopy (data not shown). We speculate that differences in
the strain background (our study used the hypersporulating
SK1 strain while the Yukawa study used the W303 strain back-
ground) are responsible for these differences, since identical
presporulation growth conditions and similar sporulation me-
dium were used for the two studies. In the Yukawa study, the
expression of the key early IMEI and IME2 genes was moni-
tored, but genes expressed later in the program were not stud-
ied. Our results with IME] and IME2 were mostly consistent
with the results of that study. Our results showing the tran-
scriptional defects that occur later in the program and showing
that both Rscl and Rsc2 are specifically required for mid-late
gene induction represent findings that were not documented in
the Yukawa study but that are relevant for explaining the
phenotypes that were described in that previous work.

In addition to RSC2, we also identified RSP5 and ERG?2 as
being haploinsufficient for spore formation in our sensitized
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background. We have not characterized these genetic interac-
tions in detail. However, the fact that these genes were iden-
tified multiple independent times suggests that they represent
bona fide genetic interactions and thus function in spore for-
mation. RSP5 encodes a ubiquitin protein ligase that functions
in membrane sorting and intracellular trafficking of membrane
proteins, while ERG2 encodes a sterol isomerase that is re-
quired for ergosterol synthesis. Formation of the prospore
membrane occurs through the fusion of secretory vesicles.
These results are thus consistent with Erg2 and Rsp5 function-
ing in the postmeiotic program of spore morphogenesis, pos-
sibly by regulating membrane fusion and/or protein trafficking.
Further studies will be required to test these ideas.

Our data indicate that the sensitized smkl genetic screen as
described above has not been carried out to saturation. Thus,
while we expected to uncover insertions in CAKI, which is
known to be required for the phosphorylation of Smk1’s reg-
ulatory loop (24), and in SMK1 itself, these insertion sites were
not identified in our studies. The failure to identify CAKI and
SMKI1 insertions could be due to insertion site bias. However,
we feel that it is more likely that relevant mutants were missed
in the primary screening steps. We also noted that a high rate
of false positives were uncovered in the primary screen, making
a thorough analysis of all genes yielding a haploinsufficient
spore phenotype an impractical goal. Further modifications to
the approaches described here would be necessary to identify
all of the genes that are haploinsufficient for spore morpho-
genesis in a weakened smkl background.

The most striking conclusion to emerge from this study is
that both Rscl and Rsc2 are required for mid-late gene induc-
tion. It has been shown that although neither RSCI nor RSC2
is essential, they are synthetically lethal. This demonstrates
that they do have an overlapping mitotic function and thus the
potential to functionally substitute for one another. An analysis
of the mitotic growth of these mutants showed only subtle
phenotypic differences (5). Furthermore, genome-wide local-
ization studies of the RSC complex have shown no discernible
differences in the localization profiles of Rscl and Rsc2 to
promoters in mitotic cells (18). These data show that Rscl and
Rsc2 can be recruited to the same promoters and suggest that
phenotypic differences observed between rscl-A and rsc2-A
mitotic cells may be a function of RSCI and RSC2 expression
levels and inherent requirements for RSC function at different
promoters. Our data indicate that mid-late sporulation-specific
promoters are unusual in that their induction requires both
Rscl and Rsc2.

The divergently transcribed DIT1/DIT2 promoter is the most
studied mid-late promoter. Genetic and molecular studies in-
dicate that there are multiple regulatory regions within this
promoter, including a repression site (termed the NRE), as
well as additional positive and negative regulatory elements.
Friesen et al. have shown that the NRE requires the global
Tupl/Ssn6 repressor complex (10). Tupl/Ssn6 is thought to
interact with hypo-acetylated histone tails, and these interac-
tions are important for maintaining a transcriptionally inactive
state (1, 23). In addition, a nonoverlapping site resembling a
middle sporulation element (MSE) in the DIT1/DIT2 pro-
moter has been shown to be responsive to the Ndt80 transcrip-
tion factor, which induces middle sporulation-specific promot-
ers (7). The MSE has also been shown to be responsive to the
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Suml repressor, which can compete with Ndt80 for MSE oc-
cupancy and which represses gene expression in mitotic cells
(31). The Suml repressor can function at least in part by re-
cruiting the Hstl NAD-dependent histone deacetylase (14).
Thus, the possibility exists that multiple chromatin-mediated
repression complexes (Sum1 dependent and Tup1/Ssn6 depen-
dent) as well as activator proteins collaborate to yield the
uniquely timed pattern of mid-late gene expression. Interest-
ingly, although some mid-late sporulation-specific promoters
contain MSEs (about 36%) and others have been shown by
genome-wide localization studies to bind to proteins that are
thought to recruit Tup1/Ssn6 complexes, not all mid-late pro-
moters contain both of these consensus elements and some
contain neither. Thus, a common unifying feature of mid-late
promoters at the DNA sequence level is not obvious. The
requirement of both Rscl and Rsc2 at these promoters ap-
pears to be a conserved feature, however, as shown in this
study. These observations, in conjunction with the diverged
bromodomain-containing motifs in Rscl and Rsc2, lead us to
speculate that both Rscl and Rsc2 are required for mid-late
promoter induction because the repressive chromatin structure
established by multiple repression complexes must be remod-
eled by a pathway that requires unique features of the alter-
native Rscl- and Rsc2-containing RSC.
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