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Abstract

Although co-ordinate interaction between different signal transduction pathways is essential for
developmental decisions, interpathway connections are often obscured and difficult to identify due
to cross-talk. Here signals from the fission yeast stress-activated MAPK Spcl are shown to
regulate Cgs2, a negative regulator of the cAMP-dependent protein kinase (protein kinase A)
pathway. Pathway integration is achieved via Spcl-dependent binding of Atf1-Pcrl heterodimer to
an M26 DNA site in the cgs2* promoter, which remodels chromatin to regulate expression of
cgs2* and targets downstream of protein kinase A. This direct interpathway connection co-
ordinates signals of nitrogen and carbon source depletion to affect a G cell-cycle checkpoint and
sexual differentiation. The Atf1-Pcr1-M26 complex-dependent chromatin remodeling provides a
molecular mechanism whereby Atf1-Pcrl heterodimer can function differentially as either a
transcriptional activator, or as a transcriptional repressor, or as an inducer of meiotic
recombination. We also show that the Atf1-Pcr1-M26 complex functions as both an inducer and
repressor of chromatin remodeling, which provides a way for various chromatin remodeling-
dependent effector functions to be regulated.

In the presence of sufficient nutrients haploid cells of the fission yeast Schizosaccharomyces
pombe proliferate by mitotic division. In response to depleted nitrogen and carbon source,
cells of opposite mating types conjugate, undergo karyogamy, enter meiosis, and produce
haploid spores that remain metabolically dormant until nutritional conditions improve. Stel1l
(a TR-box transcription factor) and Mei2 regulate the induction of a set of meiosis-specific
genes; overexpression of mei2* or stel1* is sufficient to drive sexual differentiation
ectopically, even under conditions where nutrients are not limiting (1-5).
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At least three signal transduction pathways are required for sexual differentiation in fission
yeast (Fig. 1). Signals about mating type heterozygosity are transduced by the mating
pheromone signaling pathway; inactivation of Patl (Ranl) kinase de-represses Mei2 and
Stell (6 - 8). High energy (glucose) levels repress sexual differentiation via the cCAMP-
dependent protein kinase PKAL; attenuation of the PKA pathway de-represses downstream
activators (9-11). Nitrogen starvation triggers a stress-activated MAPK pathway; MAPK
Spcl (Sty1/Phhl) and one of its targets for phosphorylation, Atfl protein (Mts1/Gad7), are
positive effecters of sexual differentiation (12-16). Components of the PKA and stress-
activated MAPK pathways are structurally and functionally conserved from fission yeast to
humans. The MAPK pathway is required for expression of some genes under control of the
PKA pathway (17), but the molecular basis for this connection is unknown.

Atfl protein forms heterodimers with Pcrl (Mts2) protein (12, 16), but each of these
proteins can also form homodimers that bind to DNA (12). Atfl and Pcrl harbor basic,
leucine zipper (bZIP) motifs characteristic of dimeric, DNA-binding transcription factors of
the CREB/ATF family. The pcrl mutants also exhibit defects in sexual development (13,
16, 18), suggesting that Atfl and Pcrl may function together in sexual differentiation.
However, some stress responses require only Atfl or Pcrl (not both) (13, 19). This indicates
that Atfl, Pcrl, and other bZIP proteins can form different combinations of homodimers and
heterodimers, each of which regulates the expression of a specific set of genes in response to
a particular stimulus.

Atfl-Pcrl heterodimer binds with high affinity and specificity to a DNA site at the ade6-
M26 meiotic recombination hotspot; single base pair mutations at the “M26” DNA site
coordinately affect protein-DNA complex formation and hotspot activation (12). By
extension, if a complex containing Atfl and Pcrl directly regulates the transcription of any
particular gene in response to a given stress, then one would expect that gene to contain an
Atfl1-Pcrl binding site whose mutation (at the endogenous locus) recapitulates the effect of
loss of Atf1-Pcrl heterodimer itself. Here we report that the Atf1-Pcrl heterodimer directly
links the stress-activated MAPK and cAMP-dependent kinase pathways by regulating cgs2™.

EXPERIMENTAL PROCEDURES

S. pombe Culture

The genotypes of S. pombe strains used are listed in Table I. Culture media and genetic
methods were as described previously (20). Cells were grown with good aeration at 32 °C in
rich YEL medium (0.5% yeast extract, 3% glucose) or defined PM medium (containing
nitrogen and essential growth factors) to a density of 5 x 10° cells/ml. For nitrogen
starvation, cells grown in complete PM were transferred to PM medium lacking nitrogen,
cultured with good aeration at 32 °C, and harvested at the time points indicated. Cells were
processed immediately for analysis of chromatin structure, for preparation of protein
extracts, or for fixation. Aliquots of cells were stored at —20 °C (as cell pellets) for
subsequent preparation of mMRNA.

Gene Replacement

Mutation of the M26 DNA site at the endogenous cgs2* locus was achieved by
transformation and a pop-in, pop-out approach (21). Two-step, PCR-based mutagenesis (22)
was used to simultaneously introduce a 2-bp mutation within the M26 DNA site and to
create an EcoRl site for diagnostic purposes (5'-TATGACGTC-3' — 5-TATGAatTC-3',

1The abbreviations used are: PKA, protein kinase A; MAPK, mito-gen-activated protein kinase; bZIP, basic, leucine zipper; MNase,
micrococcal nuclease.
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with the M26 site underlined and the EcoRl site italicized). A mutated PCR product of 858
bp in length was cloned into pURA4, and clones were subject to DNA sequencing to
confirm the presence of the desired mutations and to eliminate clones with spurious
mutations. pURA4-cgs2*-EcoRlI was linearized by digestion with Hpal. Transformation,
forward selection for Uracil prototrophy, and reverse selection for FOA resistance were as
described (21). Candidates were screened with a combination of PCR analysis, restriction
mapping, and DNA sequencing to identify those with successful allele replacement.

Protein Preparation and Gel Mobility Shift Assays

Cell culture, preparation of whole cell extracts, and protein fraction 111 were as described
(12). Gel mobility shift assays were as described (12, 23) using the DNA fragments
indicated in Fig. 2. One microliter of polyclonal a-Atfl or a-Pcrl antisera (13) was added to
the indicated binding reactions 15 min prior to electrophoresis.

Real-time Quantitative PCR

RNA was prepared (13) and subject to real-time, quantitative, reverse-transcription PCR
using TagMan technology and an Applied Biosystems Inc. Prism 7700 fluorometric thermal
cycler using established methods (24). Primers and probes were designed using the Primer
Express software (version 1.5; Applied Biosystems). The gene names, forward and reverse
primers, and TagMan probe sequences are provided in Table 1. Three independent cultures
were assayed for each strain/experimental condition. For each reaction, expression levels
were normalized to those of an internal control, cam1*, a housekeeping gene. To facilitate
comparison, expression levels in cells cultured under inducing conditions are presented
relative to the expression levels in wild-type cells under non-inducing conditions.

Chromatin Mapping

Methods for analysis of chromatin structure were described in detail elsewhere (25). In brief,
intact chromatin within isolated nuclei was treated with a range of concentrations of
micrococcal nuclease (MNase: 0, 10, 20, and 30 units/ml). Nuclei were extracted, and DNA
was deproteinized, digested to completion with Pstl and Clal, fractionated by gel
electrophoresis, and subject to Southern blotting using a probe that hybridizes to the 3'-end
of the Pstl-Clal restriction fragment of cgs2*. Chromatin treated without MNase (0 units/ml)
served as a control to ensure that DNA cleavage was catalyzed by the MNase, rather than by
endogenous nucleases. Naked DNA treated with MNase served as a control to ensure that
preferential DNA cleavage was dependent upon chromatin proteins, rather than being
directed by DNA sequence alone.

Fluorescence-activated Cell Sorting Analysis of DNA Content

RESULTS

Cells were transferred from defined minimal medium containing nitrogen to minimal
medium lacking nitrogen and further cultured for the indicated times. One-ml samples of
each culture were harvested by centrifugation, the cells were fixed for at least 15 min at —20
°C in 70% ethanol, washed with H,O, and stained with 1 uvm Sytox Green (Molecular
Probes). Cell suspensions were sonicated for 15 s at power level 2 with a microtip Branson
Sonifier prior to analysis using a FACSCalibur machine (BD Biosciences). Data analysis
was conducted using ModFit v3.0 software (Verity Software House, Inc.) with FL1-H
channel maximum set at 125.

A candidate gene approach for targets of Atf1-Pcrl was used. We searched S. pombe
genomic DNA sequence for genes that met two criteria: First, the genes should contain at

J Biol Chem. Author manuscript; available in PMC 2011 July 22.
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least one copy of the M26 DNA site in the promoter region. Second, there should be some
indication (experimental or hypothetical) that the genes have a role in sexual differentiation
in response to nutritional stress conditions.

The cgs2* (pdel*) gene was selected as a good candidate for further study: It was identified
in a screen for mutants unable to undergo normal meiosis (26) and independently in a screen
for S. pombe cDNA clones that could suppress the heat-shock-sensitive phenotypes of iraA
mutants of Saccharomyces cerevisiae (27, 28). Cgs2 protein is a phosphodiesterase that has
a major role in regulating the single cAMP-dependent protein kinase (PKA) pathway of
fission yeast (9, 26, 28, 29). Cgs2 cleaves an essential cofactor (cyclic AMP) to negatively
regulate PKA, which is itself a negative regulator of mating and meiosis. As a consequence,
cgs2A null mutants are partially sterile and are unable to undergo meiosis. They also
continue to grow in stationary phase under stress conditions in which wild-type cells
undergo a Gg cell-cycle arrest (26). The presence of an M26 DNA site located at positions
—66 to —72 of the cgs2* promoter region (Fig. 2A) suggested to us that Atf1-Pcrl
heterodimer (and the nitrogen stress-activated MAPK cascade) helps to regulate cgs2* (and
the energy-sensing PKA cascade) in response to nutritional deprivation.

Spcil-dependent Binding of Atf1-Pcrl to M26 DNA Site of cgs2*

The core DNA sequence of the M26 site in the cgs2* promoter is flanked by different base
pairs (5-AATATGACGTCAA-3’) than the core of the M26 site at ade6™ (5'-
TGGATGACGTGAG-3'). Because base pairs flanking the core region may be essential for
binding of Atf1-Pcrl heterodimer (30), we determined whether Atf1-Pcrl complex could
bind to the M26 site at cgs2* in the context of the different flanking sequences. A gel
mobility shift assay using partially fractionated protein extracts and a DNA fragment from
the cgs2* promoter (Fig. 2A) revealed one predominant protein-DNA complex and a number
of less abundant protein-DNA complexes (Fig. 2B). Mutation of two base pairs within the
M26 DNA site abolished formation of the predominant protein-DNA complex,
demonstrating that one or more proteins in the extract bind directly to the M26 DNA site
located in the promoter of the cgs2* gene. The less abundant complexes were insensitive to
mutations within M26 (Fig. 2B), suggesting that the proteins responsible for those
complexes bind DNA sites distant from M26.

Protein extracts obtained from atf1A, pcr1A, and spc1A null mutants were unable to produce
M26-specific protein-DNA complexes under conditions in which wild-type extracts
exhibited robust binding (Fig. 2C). Thus, the Atf1, Pcrl, and Spcl proteins are essential for
formation of a protein-DNA complex at the M26 DNA site. The diagnostic, M26-dependent
protein-DNA complex in wild-type extracts was supershifted entirely by the addition of a-
Atfl or a-Pcrl antibodies, but not by the addition of corresponding preimmune serum (Fig.
2D). We conclude that Atf1-Pcrl heterodimer binds directly to the M26 DNA site of cgs2*
and that the stress-activated MAPK Spcl is required for formation of the Atf1-Pcr1-M26
complex.

Atf1-Pcr1-M26 Complex Regulates Expression of cgs2*

The Atf1-Pcr1-M26 complex forms avidly at the cgs2* promoter (Fig. 2). To test whether
this complex regulates expression of cgs2* in vivo, we introduced a mutated M26 DNA site
(cgs2-EcoRl) into the endogenous cgs2* locus (Fig. 2A). Cells were subject to nitrogen
starvation, and expression of cgs2* mRNA was analyzed by reverse transcription, real-time,
quantitative PCR (24). In wild-type cells a rapid induction of cgs2* expression was observed
(Fig. 3A). Disruption of the Atf1-Pcr1-M26 complex, either by ablation of the M26 site or by
loss of either subunit of the Atf1-Pcrl heterodimer, abolished the induction of cgs2* mRNA
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in response to nitrogen starvation (Fig. 3A). We conclude that Atf1-Pcrl heterodimer is a
transcription factor that directly regulates a known component of the PKA path-way, cgs2*.

Atf1-Pcr1-M26 Complex Mediates Chromatin Remodeling at cgs2*

The finding that Atf1-Pcrl heterodimer is a transcription factor that induces expression of
cgs2* is intriguing, because Atf1-Pcrl activates the ade6-M26 meiotic recombination
hotspot without substantially affecting transcription at ade6 (19). It has been suggested that
Atfl-Pcrl-dependent modification of chromatin structure could mediate such disparate out-
comes (13, 31). We therefore used micrococcal nuclease (MNase) mapping (25) to
determine the chromatin configuration of the cgs2* promoter region in response to nitrogen
starvation in the presence or absence of the Atf1-Pcr1-M26 complex.

Treatment of chromatin with MNase revealed five prominent MNase cleavage sites mapping
to a ~150-bp region of the cgs2* promoter centered upon the M26 DNA site (Fig. 4). The
prominent cleavage sites were not present in naked (deproteinized) DNA, demonstrating that
they required chromatin. In wild-type cells DNA cleavage was enhanced at four of the
MNase sites after nitrogen starvation, demonstrating stress-induced increases in the
accessibility of DNA within chromatin. Intact Atf1-Pcrl complex was required for the
stress-induced chromatin remodeling at each of those four MNase cleavage sites; this
chromatin remodeling correlated positively with complex-dependent, stress-induced
transcription of cgs2™ (Fig. 3). Interestingly, loss of Atf1-Pcrl heterodimer led to a
constitutive increase (not inducible by nitrogen starvation) in DNA accessibility at MNase
sites 1 and 2 (Fig. 4, B and C). Atf1-Pcr1-M26 complex either directly suppresses chromatin
accessibility at those sites or loss of Atf1-Pcrl heterodimer allows access for additional
chromatin remodeling factors that are otherwise excluded by Atf1-Pcrl. We conclude that
Atfl-Pcrl-M26 complex has dual specificity as both an inducer and repressor of chromatin
remodeling.

The preceding data demonstrate that Atf1-Pcr1-M26 complex functions as a mediator of
chromatin remodeling and transcription activation at a nexus of the stress-activated MAPK
and PKA pathways. To build upon this conclusion, we determined whether the Atf1-Pcrl-
M26 complex transduces signals from the MAPK Spcl to regulate cgs2* and, if so, whether
those signals were subsequently required for regulation of PKA pathway targets.

Stress-activated Kinase Spcl Regulates cgs2* via Atf1-Pcr1-M26 Complex

The Spcl kinase binds to and phosphorylates Atfl in vitro (32, 33) and is required for
binding of Atf1-Pcrl to the M26 DNA site of cgs2™ (Fig. 2). We therefore used quantitative
PCR analyses to determine whether Atf1-Pcr1-M26-dependent transcription of cgs2™* also
required the Spcl kinase. Cells lacking Spcl alone or in combination with deficiencies in the
other factors were incapable of inducing cgs2* gene expression in response to nitrogen
starvation (Fig. 3A). These data confirm a link between the stress-activated kinase pathway
and the Atf1-Pcr1-M26 complex at cgs2*. The single and triple mutant phenotypes were
indistinguishable, demonstrating that the Spc1-dependent induction of cgs2* transcription is
mediated predominantly, if not exclusively, by Atf1-Pcr1-M26 complex.

Regulation of Targets Downstream of the cAMP-dependent Kinase Pathway

Cgs2 is a phosphodiesterase that cleaves cCAMP, which is an essential cofactor for the
cAMP-dependent protein kinase PKA. If Atf1-Pcr1-M26 complex-dependent regulation of
cgs2* feeds into the cAMP-dependent protein kinase pathway, then attenuation of cgs2*
should affect the regulation of factors known to be downstream of PKA. We therefore used
quantitative PCR to determine whether expression of the ste11* gene, which encodes an
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inducer of sexual differentiation known to be under the control of the PKA pathway,
required components of the Atfl1-Pcr1-M26 complex and the MAPK Spcl.

Nitrogen starvation induced a 20-fold increase in ste11* mRNA levels, and this induction
was strictly dependent upon the simultaneous presence of Atfl, Pcrl, and the Spcl kinase
(Fig. 3B). The induction kinetics of ste11" were substantially slower than those of cgs2*,
suggesting that regulation of ste11* is an indirect, secondary consequence of Atf1-Pcrl
heterodimer functioning elsewhere. In support of this inference, there are no obvious
binding sites for Atf1-Pcrl heterodimer in the ste11* promoter region and gel shift assays
with ste11* promoter fragments failed to reveal any Atf1-Pcrl-dependent protein-DNA
interactions (data not shown). Notably, Spc1-dependent, Atf1-Pcrl-dependent induction of
ste11* transcription was strictly dependent upon the M26 DNA site of cgs2* (Fig. 3B). We
conclude that there is a direct connection between the MAPK and PKA signal transduction
pathways and that this connection is mediated by the action of Atf1-Pcr1-M26 complex in
the promoter of the cgs2* gene (Fig. 1).

The Interpathway Connection Regulates a Gg Cell Cycle Arrest

Stress-activated MAPK Spcl and Atfl-Pcrl heterodimer likely have multiple targets, so it
was necessary to determine the biological relevance of the M26 DNA site at cgs2*. In
fission yeast sexual differentiation is entered from the G4 phase of the cell cycle. In response
to nutritional starvation diploid cells heterozygous at matl (the mating type locus) enter
meiosis, whereas haploids or diploids homozygous at matl enter a Gg (G1) cell cycle arrest
(5). In the presence of partners of opposite mating type the haploids in Gy conjugate and
enter meiosis; otherwise, they remain at Gg arrest and can maintain viability for extended
periods of time. The cgs2 null mutants (and other mutants that cannot repress the PKA
pathway) fail to arrest in G, and this likely contributes to their partial sterility (26).
Similarly, the atf1A and pcrlA mutants are partially sterile and lose viability under stress,
perhaps as a result of inability to arrest in Gg (16, 18, 34).

To gain insight into the biological consequences of Atfl-Pcr1-M26 complex acting on the
cgs2* promoter, we examined cell cycle regulation in response to nitrogen starvation. The
majority of wild-type cells entered Gg arrest by 16 h (Fig. 5A). Mutation of the cis-acting
M26 site in the cgs2* promoter reduced significantly the fraction of cells entering Gg arrest
(Fig. 5B), demonstrating that M26 DNA site-dependent regulation of cgs2* transcription is
biologically meaningful. Loss of Atfl1 or Pcrl (or both) had similar consequences and there
was no additivity of phenotypes in double mutants lacking M26 and Atf1 or Pcrl, again
demonstrating a linear, dependent pathway relationship. Loss of Spcl kinase eliminated the
Gg arrest at 16 h (Fig. 5B), so it was not possible to make conclusions about pathway
dependence from cell cycle data of double mutants harboring the spcl1A allele. It is clear
from the data, however, that signals from Spcl kinase that are required for Gy arrest are not
transduced exclusively via Atf1-Pcr1-M26 complex acting on the cgs2* promoter. This is
not surprising, because Spcl kinase affects many downstream targets, of which only a subset
would likely be dependent upon Atfl and/or Pcrl.

DISCUSSION

Atf1-Pcr1-M26 Complex at cgs2* Links Directly the Stress-activated MAPK and cAMP-
dependent Protein Kinase Pathways

The Atf1-Pcrl (Mts1-Mts2) heterodimer was first identified and purified as a protein
complex that binds with high affinity to a DNA site (M26) that activates a meiosis-specific
recombination hotspot in the ade6 gene (12, 19). Subsequently, the atf1* and pcrl* genes
were identified independently in screens for multicopy suppressors of a partial mating defect
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of spcl mutants and of a sporulation defect in spo5 mutants, respectively (18, 32, 34). The
Atfl and Pcrl proteins each harbor basic, leucine zipper (bZIP) motifs characteristic of
dimeric, DNA-binding transcription factors of the CREB/ATF family. bZIP proteins can
form combinatorial homodimers and heterodimers (35), each of which presumably binds
preferentially to its “own” DNA site in vivo to regulate a specific subset of genes in response
to one or more stimuli. It is therefore important to determine which bZIP protomers
associate into dimers, to identify which genes are regulated by specific bZIP dimers, to
elucidate whether such regulation is due to direct DNA binding or due to indirect
(downstream) action, and to reveal molecular mechanisms by which each dimer species
elicits a biological response.

The atf1* gene is required for a variety of stress responses, including those caused by
nutritional starvation, oxidative stress, osmotic stress, cold stress, UV damage, and
nucleotide pool depletion (13, 16, 18, 32-34, 36-40). For most of these stress responses, it is
not known whether Atfl functions as a homodimer or as a heterodimer with some other
bZIP protein. Although Atfl1-Pcrl heterodimer is strictly required to activate the ade6-M26
meiotic recombination hotspot (19), some Atfl-dependent stress responses do not require
Pcrl (13). Furthermore, the individual homodimers (Atf1-Atfl and Pcrl-Pcrl) are capable
of binding DNA sites in vitro that are related to, but distinct from, the M26 DNA site (12,
18, 34).

Atfl can be phosphorylated by stress-activated (MAPK) Spcl (13, 15, 16); this study reveals
molecular mechanisms by which Atfl transduces signals from the stress-activated kinase
pathway to downstream targets (Fig. 1). We report that Spcl kinase is essential for the
induction of cgs2™ transcription in response to nitrogen starvation (Fig. 3A). One can
conclude that this Spc1-dependent, transcriptional regulation of cgs2™ is mediated directly
and predominantly by an Atf1-Pcr1-M26 complex in the promoter region of cgs2* for the
following reasons: First, formation of the M26 DNA site-specific protein-DNA complex
requires the simultaneous presence of the Spcl, Atfl, and Pcrl proteins (Fig. 2, A-C).
(Although other proteins may bind at or near to M26, no M26-specific protein-DNA
complexes are present in mutants lacking Spcl, or Atf1, or Pcrl.) Second, 100% of those
protein-DNA complexes contain both Atf1 and Pcrl (Fig. 2D). Third, mutants lacking Spcl,
or Atfl, or Pcrl, or the M26 DNA site in the cgs2* promoter fail to properly induce cgs2*
transcription in response to nitrogen starvation (Fig. 3A). Fourth, there is no additivity to the
cgs2* transcriptional phenotypes of triple mutants, relative to mutants lacking individual
components (Fig. 3A).

The Spcl-regulated, Atf1-Pcrl-M26 complex induces transcription of cgs2* in response to
nitrogen starvation, but the magnitude of that regulation is relatively modest (4-fold) (Fig.
3B). Nevertheless, this nominal change in expression of cgs2™ has clear and profound
biological effects. This is best illustrated by comparing the situation in wild-type cells to
what happens when two base pairs within the M26 DNA site of cgs2* are mutated (Fig. 2A).
Under these circumstances, any observed differential effects must be attributed specifically
to the cis-acting DNA site in the cgs2* gene, rather than to indirect action of the various
trans-acting factors.

Cgs2 is a repressor of PKA, which is in turn a repressor of meiotic development (Fig. 1). A
repressor of a repressor serves as an activator, so induction of cgs2* leads to induction of
factors normally repressed by PKA. In wild-type cells, nitrogen starvation triggers a 20-fold
induction in the expression of ste11* (Fig. 3B). In mutants lacking the M26 DNA site of
cgs2*, there is no induction of ste11* transcription (Fig. 3B). This proves that regulation of
stel1* is a secondary consequence of M26-dependent activation of cgs2*. In accord with
this conclusion, the ste11* promoter region lacks binding sites for Atf1-Pcrl heterodimer
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and induction of ste11* occurs significantly later than induction of cgs2* (Fig. 3, A and B).
So, for the nitrogen stress-activated transcriptional cascade, a relatively modest direct
regulation of cgs2* (by Atf1-Pcrl heterodimer) undergoes signal amplification when
regulating downstream, indirect targets such as stel1*. Other downstream targets are
similarly dependent upon function of the Atf1-Pcrl-M26 complex at cgsZ*.2 The M26 DNA
site-dependent regulation of cgs2* also has a clear and pronounced cellular phenotype. In
wild-type cells, nitrogen starvation triggers a Gg cell-cycle arrest (Fig. 5). In mutants lacking
the M26 DNA site, the Gg cell-cycle arrest is compromised (Fig. 5). It is therefore apparent
that the M26 DNA site of cgs2* is required for secondary regulation of downstream targets
and for the normal Gy cell-cycle arrest, which is in turn required for subsequent sexual
differentiation and production of ascospores.

In response to nitrogen starvation, signals from the stress-activated MAPK Spcl are
transduced by the Atf1-Pcr1-M26 complex to cgs2* (Figs. 2 and 3). Induction of cgs2*
transcription then feeds into the PKA pathway to help induce a Gq cell-cycle arrest (Figs. 3
and 5). However, the cell-cycle arrest phenotype of mutants lacking Spcl is more severe
than that of mutants lacking the Atf1-Pcr1-M26 complex (Fig. 5). We conclude that signals
from Spcl kinase that are required for G arrest are not transduced exclusively via Atfl-
Pcr1-M26 complex acting on the cgs2* promoter. This finding is consistent with, and
provides an explanation for, previous findings: First, some Spcl-dependent stress responses
do not require Atfl and Pcrl (13, 36, 41-45). Second, recent transcriptional profiling
revealed that only about one quarter of the Spcl-dependent genes are dependent upon Atfl
(dependence upon Pcrl was not tested) (46). Third, overexpression of pypl1* (which encodes
a protein phosphatase that negatively regulates Spcl) inhibits some phenotypes of cells
lacking the cAMP-dependent protein kinase (41). It is thus clear that the stress-activated
kinase Spcl regulates components in (and downstream of) the PKA pathway by at least two
distinct mechanisms, one that uses the direct action of Atf1-Pcr1-M26 complex at cgs2*, and
one that uses some factor(s) other than Atf1-Pcrl heterodimer (Fig. 1).

Atf1-Pcr1-M26 Complex Mediates Chromatin Remodeling, a Mechanistic Solution to the
Paradox of Disparate Effector Functions

Upon nitrogen starvation, the Atf1-Pcrl-M26 complex induces transcription of the cgs2*
gene (Figs. 2 and 3), so in that context it functions as an activator of transcription. However,
Atfl and Pcrl seem to function (presumably as a heterodimer, although this has not been
proven) as repressors of transcription for a reporter gene inserted near the mat loci (47).
Unphosphorylated Atfl (perhaps in concert with Pcrl) may repress expression of
endogenous cttl* (36). Furthermore, the Atf1-Pcr1-M26 complex activates a meiosis-
specific recombination hotspot in the ade6 gene (12, 19). This raises an interesting paradox:
how can one protein-DNA complex affect such seemingly disparate functions?

Our analysis of the chromatin structure of the cgs2™ locus, and our recent work on the ade6-
M26 meiotic recombination hotspot (31), suggests that one common, underlying molecular
mechanism can explain these seemingly paradoxical functions of Atf1-Pcr1-M26 complex.
In response to nitrogen deprivation, the complex induces hypersensitivity to MNase at
discrete sites in the DNA of chromatin at cgs2* promoter region (Fig. 4). The hypersensitive
sites are absent in naked (deproteinized) DNA, demonstrating that they require chromatin. In
the presence of nitrogen, Atf1-Pcr1-M26 complex represses chromatin remodeling at some
sites (i.e. removal of the complex induces chromatin remodeling) (Fig. 4). Thus, Atf1-Pcrl-
M26 complex exhibits dual specificity as both an inducer and repressor of chromatin
remodeling at cgs2*. This dual specificity may be conserved: The bZIP protein Skol of

2M. K. Davidson, H. K. Shandilya, K. Hirota, K. Ohta, and W. P. Wahls, unpublished observations.
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budding yeast, which shares some localized homology with the Atf1 subunit of Atf1-Pcrl
heterodimer, can also mediate differential chromatin remodeling (48). Our finding that Atf1-
Pcrl can both repress and induce chromatin remodeling (Fig. 4) provides a mechanism by
which Atfl1-Pcrl-dependent effector functions can be regulated directly and has implications
for additional interpathway connections (see below).

The chromatin remodeling activity of Atf1-Pcr1-M26 complex provides a solution to the
paradox of how the complex can mediate disparate functions at different locations. We
propose that Atf1-Pcr1-M26 complex-dependent chromatin remodeling facilitates the
assembly of components of the transcription and meiotic recombination apparatus. The net
outcome could be either positive or negative regulation of function, depending upon the
local constellation of cis-acting DNA sites (e.g. enhancers or repressors) and trans-acting
factors (e.g. transcription factors or recombination enzymes) whose access is promoted by
the Atf1-Pcr1-M26 complex itself and by the complex-dependent chromatin remodeling.

Additional Interpathway Connections, Co-ordination of Signals, and Amplification Loops

Summary

Although the focus of this study is on the transmission of activating signals from the stress-
activated MAPK pathway into the PKA pathway, we note that components of the PKA
pathway can repress some Atfl-dependent functions (38, 50). We suggest that such negative
regulation may be exerted directly through Atfl1-Pcrl heterodimer by virtue of its ability to
repress chromatin remodeling (Fig. 4). Repression of Atf1-Pcrl by PKA would have two
implications (Fig. 1). First, Atf1-Pcrl at cgs2* could serve as a binary “switch” that
measures the relative signal intensity from two different pathways (stress-activated protein
kinase/nitrogen and PKA/glucose). In that case, Atf1-Pcrl would be switched into the
chromatin-remodeling, transcription-activating state in response to relative, graded levels of
both carbon source and nitrogen source, rather than to absolute levels of either factor alone
(Fig. 1). Second, once the binary switch has been activated, the cgs2*-mediated attenuation
of the PKA pathway would attenuate the PKA-dependent repression of Atf1-Pcrl. This
would trigger an amplification loop, via Atf1-Pcrl, to ensure full activation of downstream
factors once the cells have made the developmental decision to enter the pathway of sexual
differentiation (Fig. 1).

An Atf1-Pcr1-M26 complex acting at cgs2* directly links the stress-activated MAPK and
cAMP-dependent kinase pathways to regulate a Gg cell cycle arrest. The molecular
mechanism by which the complex functions at cgs2* (via chromatin remodeling) reveals
how Atf1-Pcrl heterodimer can mediate such disparate outcomes as induction or repression
of transcription or activation of meiotic recombination. The discovery of a direct
interpathway connection in fission yeast may be relevant to signal transduction pathways in
multicellular eukaryotes, because components of the stress-activated and cAMP-dependent
kinase pathways are conserved in organisms ranging from yeast to humans. Now that the
fission yeast genome sequence has been determined (49), one could conduct whole genome
DNA array studies of factor binding sites and gene expression profiles, with the goal of
identifying additional inter-pathway connections that are refractory to identification by other
means.
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Fig.1. Signal transduction pathways of nutritional stress response and sexual differentiation in S.
pombe

The central components of three pathways are shown (arrows, activation; bars, repression).
Signals from the stress-activated MAPK Spcl, the cAMP-dependent kinase PKA, and the
mating pheromone-responsive kinase Patl converge upon Stell and Mei2, which are key
positive effecters of sexual differentiation. This study demonstrates that Atf1-Pcr1-M26
complex transduces signals from the stress-activated MAPK pathway to help regulate cgs2*
and components downstream of the PKA pathway. Additional Spcl-dependent signals are
transduced by an Atf1-Pcrl-independent mechanism (“?” and dotted lines). We also
hypothesize that PKA represses Atf1-Pcrl to coordinate signals from two sensing pathways
and to activate a feedback amplification loop that ensures commitment to sexual
differentiation (“*” and dotted lines).
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Fig.2. Spcl MAPK-dependent binding of Atf1-Pcrl complex to M26 DNA site of cgs2™

A, diagram of cgs2* locus showing locations of M26 DNA site and radiolabeled DNA
fragments used for gel mobility shift assay (GR probe). Gene targeting was used to replace
the endogenous M26 DNA site with a mutant DNA site. Gel mobility shift assays were
conducted with partially fractionated whole-cell extracts prepared from cells at early log
phase. B, an intact M26 DNA site is required for efficient protein-DNA binding (asterisk).
Assays differed only in the probe used and were run on the same gel; the autoradiogram was
divided for the sake of presentation. C, dependence of M26-specific protein-DNA complex
(asterisk) upon Atf1, Pcrl, and Spcl kinase. Binding reactions contained 20, 5, and 1 ug of
protein prepared from atf1A, pcrlA, and spclA deletion mutants. D, Atfl and Pcrl are
components of protein-DNA complex. Pre-immune serum, a-Atfl, and a-Pcrl polyclonal
antibodies were added to the indicated binding reactions 15 min prior to electrophoresis.
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Fig.3. Spcl MAPK-regulated expression of cgs2* and PKA pathway target ste11* require Atfl-

Pcr1-M26 complex

Cells were cultured in minimal medium lacking nitrogen for the indicated times. mMRNA was
prepared and real-time PCR was used to determine expression levels relative to an internal

control, cam1*; data are mean + S.D. from three independent experiments and are

normalized to t = 0 values from wild-type cells. A, dependence of cgs2* expression upon
components of Atf1-Pcr1-M26 complex and the MAPK Spcl. B, regulation of ste11*, which

is downstream of and regulated by the cAMP-dependent kinase pathway (see Fig. 1).

J Biol Chem. Author manuscript; available in PMC 2011 July 22.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Davidson et al. Page 15

>

+- Atf1-Pcr1 heterodimer

AATIATGACGT|ICAA M26DNAsite
—] Ji. 4 _cgs2 |\ | =
A"
Psti Clal
yi /
r s
i —
Region analyzed probe
<
ol -
E 3 Wild-type AHf1A
g - +N -N +N -N
Z
MNase: 0 _—30] 0 —30 o0 _—30 o _—30

Relative I | I I

effects of it
miogen  ——QPElIR @) -
levels on

chromatin m

structure

-N
crecs o
Ati1-Pcr1 on
R iy
structure ’
00000, "\/D"
M26

Fig.4. Nitrogen stress promotes Atfl-dependent chromatin remodeling at cgs2* promoter

A, diagram of cgs2* locus showing locations of M26 DNA site and DNA fragments
analyzed. B, chromatin structure of cgs2* revealed by micrococcal nuclease digestion and
indirect end labeling. Balloons indicate five prominent hypersensitive sites of the promoter
region that are affected by nitrogen starvation and/or Atf1-Pcrl heterodimer. C, summary of
stress-induced, Atfl1-Pcrl-dependent chromatin remodeling: positive (arrows) and negative
(bars) effects are indicated, and the line width indicates magnitude of the effect.
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Fig.5. Spcl-dependent regulation of a Gg cell cycle arrest by Atf1-Pcrl1-M26 complex at cgs2*
Cells were subject to nitrogen stress for the indicated times, and DNA content was
monitored using fluorescence-activated cell sorting. A, kinetics of Gg cell cycle arrest in
wild-type cells. Actively dividing S. pombe cells are predominantly in G, phase of the cell
cycle and S phase occurs at the time of cytokenesis, so cells in log-phase cultures exhibit
almost exclusively a DNA content of 2C. Cells arrested in Gg exhibit a 1C DNA content. B,
requirement for Spcl-regulated Atf1-Pcr1-M26 complex in Gg cell cycle arrest. Histograms
indicate the percentage of cells in Gg arrest after 16 h of nitrogen starvation; data are mean +
S.D. from three experiments.
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