The EMBO Journal vol.12 no.1 pp.135— 143, 1993

A Schizosaccharomyces pombe gene that promotes
sexual differentiation encodes a helix — loop — helix

protein with homology to MyoD
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Nitrogen starvation of Schizosaccharomyces pombe
induces a differentiated state in which haploid cells mate
and sporulate. escI*, a newly isolated S.pombe cDNA
that promotes this sexual differentiation, encodes a
putative transcription factor with a helix —loop — helix
(HLH) motif similar to those of the human MyoD and
Myf-S myogenic differentiation inducers. Disruption of
escl* in wild-type cells leads to a decrease in the
efficiency of sexual conjugation, an early step in sexual
differentiation. The disruption was also able partially to
substitute for cAMP, an inhibitor of differentiation, to
suppress the lethal, constitutive differentiation induced
by the patI mutation. Conversely, overexpression of this
cDNA conferred partial resistance to cAMP-mediated
inhibition of differentiation. Transcription from this novel
gene was induced early in response to nitrogen starvation
and is largely independent of the stel1* gene product,
which is required for the differentiation-specific
expression of other genes. Thus, this MyoD/Myf-5-like
protein appears to promote sexual differentiation by
modulating responses to decreases in cAMP, a part of
the nitrogen starvation signal that induces differentiation.
Key words: differentiation/helix —loop —helix/MyoD/pat1/
Schizosaccharomyces pombe

Introduction

Differentiation is the generation of cellular diversity by
asymmetric cell divisions that produce daughters with
different cell fates, and this process has been conserved from
prokaryotes to humans (Horvitz and Herskowitz, 1992). In
the fission yeast Schizosaccharomyces pombe, differentiation
involves the sexual process by which vegetatively dividing
haploid cells are induced by nitrogen starvation to exit the
cell cycle, mate and sporulate (Egel and Egel-Mitani, 1974,
see Egel, 1989). S.pombe cells differentiate to either of two
distinct mating types, A% or A~ (alternatively called Plus [P]
or Minus [M]). In an 4% homothallic strain, the population
contains cells of both mating types and, therefore, can mate
with itself. In contrast, A+ or h— heterothallic strains
contain cells of only one mating type and can only mate with
strains of the opposite mating type. Sexual differentiation
can be divided into two stages. The early stage involves exit
from the cell cycle at G,, induction of mating competency,
and sexual conjugation of cells of opposite mating type to

form a diploid zygote. Up to this time the cells can re-enter
the cell cycle as diploids or haploids upon addition of a
nitrogen source, though the diploids are unstable and easily
commit to the late stage of differentiation. This late stage
of differentiation involves an irreversible commitment of the
zygote to pre-meiotic DNA synthesis, meiosis, and
sporulation.

This sexual differentiation is controlled by a complex
regulatory cascade (Egel et al., 1990), but the final
commitment to meiosis and sporulation is primarily governed
by the antagonistic actions of two gene products, Patl and
Mei2. Patl (also known as Ranl) is a serine/threonine kinase
(McLeod and Beach, 1988) that negatively regulates
differentiation (Beach er al., 1985; Iino and Yamamoto,
1985). This negative regulation involves transcriptional
repression of genes at the mating type locus (Nielsen and
Egel, 1990) and probably a post-transcriptional repression
of Mei2 (McLeod and Beach, 1988), which is necessary and
probably sufficient for induction of meiosis (Watanabe et al. ,
1988). Mutations in patl+ cause the cell to differentiate
constitutively, i.e. pat] mutants undergo sporulation
regardless of ploidy, nitrogen conditions or pheromone cross-
induction by a mating partner (Beach et al., 1985; Iino and
Yamamoto, 1985). These cells form aneuploid spores
because they are not required to undergo meiosis from a
diploid state and thus the mutation is lethal. In contrast, Mei2
is a positive effector of differentiation as mutations in
mei2+ are sterile, i.e. they cannot form spores (Bresch
et al., 1968). Mutations in mei2+ also rescue the lethal
phenotype of patl, which demonstrates that Mei2 is required
for the constitutive differentiation induced by the patl
mutation and works downstream of Patl in the sexual
differentiation cascade (Beach et al., 1985). Currently, the
biochemical function of Mei2 remains elusive.

When S.pombe cells are induced to differentiate by
nitrogen starvation, intracellular concentrations of cAMP
decrease (Fukui et al., 1986; Maeda ef al., 1990) and,
conversely, differentiation can be inhibited by increasing
intracellular cAMP (Beach et al., 1985; Maeda et al., 1990).
This initial nitrogen starvation signal and its concomitant
decrease in intracellular cAMP presumably starts the
regulatory cascade that gradually inactivates Patl kinase and
that activates Mei2 during mating (McLeod and Beach, 1988;
Beach et al., 1985; Nielsen and Egel, 1990). The gradual
inactivation of Patl ensures that sexual conjugation to form
a diploid zygote proceeds before meiosis and sporulation and
indeed, partial inactivation of Patl allows conjugation, but
not sporulation (Nielsen and Egel, 1990). An important
mediator between the initial nitrogen signal and activa-
tion of this regulatory cascade appears to be the Stell
transcription factor, which is required for sexual differentia-
tion (Sipiczki, 1988; Kitamura et al., 1990; Sugimoto et al.,
1991). Stell* transcription is induced by nitrogen starva-
tion and repressed by exogenous cAMP addition and Stel1
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is required to induce the transcription of many other genes
during differentiation, including that of mei2+ (Watanabe
et al., 1988; Sugimoto ez al., 1991).

Although many gene products involved in the regulatory
cascade of sexual differentiation in S.pombe have been
isolated and characterized, it is still unclear exactly how they
exert their effects on each other. In order to isolate new
regulators of sexual differentiation, we have used an
expression cloning system to isolate novel extragenic
S.pombe cDNAs that rescue the lethality of a ts patl
mutation. Here we characterize one such cDNA, esc/+
(early in sexual conjugation), which influences the early
stages of sexual differentiation and codes for a putative
transcription factor with a helix—loop —helix (HLH) motif
similar to that of human MyoD and Myf-5, two genes that
can induce mammalian myogenesis in vitro (Braun et al.,
1989).

Results

Isolation of a novel extragenic suppressor of pat1

In order to isolate novel factors involved in the sexual
differentiation of S.pombe, h— patl-114s cells, which exit
the cell cycle at G, and undergo constitutive sexual
differentiation at the non-permissive temperature (Beach
et al., 1985; Iino and Yamamoto, 1985), were transformed
with an S.pombe cDNA library (Tanaka et al., 1992). One
of the rescued cDNAs that was able to suppress pat! —114
at the non-permissive temperature was escl+.

One clue that esc/ + was an extragenic suppressor of the
patl mutation was that it could not fully complement that
mutation. When the esc/+ cDNA, transcribed from the
SV40 promoter (pcD2 and pcU; Nagata et al., 1991), was
transformed into the pat! mutant, it could complement at
35°C, but not at 37°C (pcD2escl, pcUescl; Figure 1). In
contrast, the patl+ cDNA transcribed from the same
promoter (pcUpatl) could complement up to 37°C. As
c¢DNAs under the SV40 promoter have been shown to be
strongly transcribed in S.pombe cells (Jones et al., 1988;

B.K.Benton, unpublished data), these differences were not
due to inefficient transcription. The ability of escl+ to
rescue patl was specific as pcD2escl was unable to rescue
ts alleles of cdcl0, cdc2 or cdc25 (data not shown).
Additionally, while expression of the patl+ cDNA
efficiently prevented sporulation of h— patl—114 cells
under nitrogen-rich conditions, the esc/+ cDNA was
unable completely to prevent sporulation of these same cells
under nitrogen-rich conditions as colonies of cells expressing
the plasmid had 20—30% spore asci on minimal media with
nitrogen. Thus, the esc/+ cDNA was not behaving like the
patl+ ¢cDNA and was a candidate for an extragenic
suppressor of patl.

Sequencing of the escl+ full-length cDNA revealed that
indeed it was an extragenic suppressor of patl. The escl+
cDNA contained a 1139 bp 5’ untranslated region, a 1239
bp open reading frame (ORF) encoding 413 amino acids
from the putative initiating methionine codon, and a 370 bp
3’ untranslated region (Figure 2). The long 5’ untranslated
region contains no sustained reading frames and is not
required for par! complementation (pcUescl, Figure 1).
However, it may serve in some yet undiscovered translational
regulation. The first 200 amino acids of the ORF are
serine/threonine rich (40%), which are followed by a 77
amino acid glutamine-rich stretch (19%). These motifs are
both indicative of the transcriptional activator region of some
transcription factors (Courey et al., 1989; Theill et al.,
1989). An amino acid homology search revealed that the
carboxyl terminus contains a region with similarity to the
basic-HLH region of the human MyoD (31% identity; 70%
similarity) and Myf-5 (26% identity; 69% similarity)
myogenic inducers (Figure 3). This region in MyoD
mediates dimerization with other HLH proteins and binds
to specific DNA elements (Davis et al., 1990). However,
there is no homology between Escl and these myogenic
inducers outside the HLH domain, indicating that they are
not exact homologs. Also, immediately following the HLH
region of Escl is a putative leucine zipper of three heptad
leucine repeats. These leucine zippers are found either by
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Fig. 1. Restriction map and complementation of par]/ by various esc/ constructs. Only the escl inserts are shown. The ORF of 413 amino acids is
depicted below the restriction map with the basic-HLH/leucine zipper region stippled () HLH-LZ). The upside down ura4 in pcD2escl::ura4 denotes
the ura4* gene in the opposite transcriptional orientation of that of the esc/ cDNA. Complementation scores are as follows: —, no complementation
at or above 34°C; +, weak to moderate complementation at 35°C, none at 37°C; + +, moderate complementation at 35°C, none at 37°C; ++ +,
strong complementation at 35°C, moderate complementation at 37°C. B, BamHI; E, EcoRV; S, SnaBI; K, Kpnl.

136



themselves such as in Fos and Jun or in combination with
an HLH motif such as in the Myc family and also appear
to mediate dimerization specificity (see Busch and Sassone-
Corsi, 1990). The importance of the HLH-leucine zipper
domain for Escl function was also demonstrated as
pcUesclAhlhlz, which is missing this region, could not
complement pat! (Figure 1).

Disruption of esc1+ lowers conjugation efficiency and
can partially substitute for cAMP to inhibit
differentiation of pat1 mutants

To characterize further the role of Escl in the sexual
differentiation of S.pombe, we isolated strains that contained
a disruption of the esc/+ gene. A non-functional 3.3 kb

ATGTACGTACACACACTTCACATTCAACGAAAACTGAGCTTGGGCCATTTGAAACGTTAG 60

CCGTGCCCGTTTAGCTTTGAAATCTTTGCTTTTGTTTGTTGGTTGTGTTGTCAGTCGGCT 120

GTTGGCAGTTTGCTTTGCCAACCTCCTCTTCTGTTGTGTGGTTTCTCCAAATACATCTCA 180

TTGTCTCGCATCTCTCCTTCATAACTGTICTCCTTCGGTTTGTCGTATTGTTTTGTTCTT 240
CTTGTCCGTTTCTGTTGGCATTTGAAACGAAATAAATTGCTCATTTGAGAAGATCGATCG 300
ACTTTCCATTCGTCCCATCTCCCTTTCAATTTTTCTCCCTTTTTTTCCTTTAAATTCGTC 360
TTCAGTGCTCTTCTTGTTTAACCCAAAGTCTAACGATACGAATAGAATTAAATTGAATCA 420
ATCGACTCGAATTGGAATTCGTTTTGTTTTTGTCTCTCCACTTTTCTAGTCTTCGTATTC 480
TCGACTTTATCTTTTATTTCTCTTTATCCAAGTGTTTTCCCTAGCCTTGTTTGCATTGTC 540
TGCCTTTGTTGTTGATATTTTTCCTTATCTGTTTTGATCGTTTTATCCTTTTTTTTTAAT 600
TTTTTTATTACCTACTATCTTTCCCTATTTCCATTTTTGCCTCAAATATAGAACCTCGGT 660

TTACCCGTCTTCTTGATTCAACCAATTTTTTTCTTTTTCCGAATTATTTTGTTCCTTATT 720
TTGGATTTTTCTGGTTTGCATCGGTTCGGATCGACATTGGTATTTCTTCTCCTTGTCTAC 780
ATCAATTTCATACTTTGCTTTCTCCACATTTCCGAGATCTTGGATCCATTCTCCCTCGTC 900
ATCGATCTCCCCTAAAATTCTAAAGCCGTCTGCTTGATTTTATCGTCTTTAGGAACCTTT 960
CACCTTCAAACCTTTTTTTTATCTATTTTACTTTCAATCGTTTGATATCCGTTGGTTGTT 1020
TGTTAGTCGGCCGTGCCTGAGCGATATTTTACGTTAACTTGCTCATTTTCCTTATTIGTT 1080
ACTATTTTTTTTCGTTAATATTCCCCTTCTTTTTCTAATTTTTTGTTAATTTTTATACAA 1140
M 1
TGTCTTCATACGCTCTTCCGTCAATGCAACCCACTCCTACTTCTTCCATACCTCTTCGAC 1200
S S Y A L P S M QP TP T S S I P L R Q 21
AGATGTCGCAGCCGACAACCTCGGCACCTTCTAATAGTGCTTCGTCTACCCCTTACTCTC 1260
M s ¢ P T T S A P S N S A S S T P Y S P 41
CTCAACAAGTCCCCCTTACTCACAATTCTTATCCTCTTTCAACTCCTTCTTCCTTTCAAC 1320
Q Q vP L T H N S Y P L S T P S S F Q H 61
ATGGTCAGACACGTTTACCCCCGATCAATTGTCTAGCCGAACCTTTCAATCGTCCCCAGC 1380
G Q TR L P P I NGCULAEU®PTFNR RTZPOQZP 81
CTTGGCACTCAAACTCCGCTGCACCTGCTTCCTCTTCTCCTACTTCTGCTACTTTATCAA 1440
W H S N S A AP A S S S P T s A TUL s T 101
CGGCGGCCCATCCAGTCCATACCAATGCAGCTCAAGTCGCCGGTTCCTCTTCTTCCTATG 1500
A A H P V HTN AAQVAGS S s s Yy v 121
TGTATTCGGTACCGCCTACGAACTCTACTACTTCTCAAGCTTCAGCTAAGCATTCCGCGG 1560
Y S v PP TN STTS QA S A K H S A V 141

TACCACACCGGTCTTCTCAATTCCAGTCAACCACTTTGACTCCTTCGACCACTGATTCTT 1620

Extragenic suppressors of pat1

disrupted esc/ cDNA fragment (Figure 1) was used for one-
step gene replacement to generate such strains (Grimm ez al.,
1988; Figure 4). Disruption of the esc/+ gene was not
lethal and the growth rates of the esc/ disruptants were
similar to strains that are escl+ (data not shown).
However, because the esc/+ cDNA inhibited sexual
differentiation in a par/ mutant, we examined the effect of
the escl disruption on sexual differentiation (Figure 5). Cells
of each mating type were grown separately in nitrogen-rich
liquid media (SSL +N) and then mixed together in nitrogen-
free liquid media (SSL —N) to induce sexual differentiation
(Egel and Egel-Mitani, 1974). When cells of opposite mating
types containing the esc/ disruption were grown to high
densities in SSL+N (1.0x107/ml), mixed and shifted to

P HR S SQF QS TTTULTZ®PSTTUD S s 161
CTTCAACGGATGTTTCTTCCAGTGATTCGGTATCGACATCTGCCTCTAGCTCAAATGCTA 1680
S T DV S S S DSV STSAS S S N A s 181
GTAATACTGTCTCTGTCACATCTCCTGCTTCTAGTTCTGCTACTCCTTTACCAAATCAAC 1740
N T V S V T s P A S S S A TP L P N Q P 201
CATCACAGCAACAATTTTTGGTTTCTAAAAATGATGCGTTTACCACGTTTGTTCATTCAG 1800
$ @ Q Q F L Vs KNDATFTTTFV H s v 221
TTCATAACACTCCAATGCAACAATCCATGTACGTTCCTCAGCAACAAACCTCTCATAGTT 1860
H N T P M Q Q S M Y VP QQ QT S H s s 241
CGGGTGCCTCCTATCAGAATGAATCGGCAAATCCCCCTGTGCAATCACCTATGCAGTATT 1920
G A S Y Q N E S A NP P V QS P MQY s 261
CCTACTCACAGGGTCAGCCCTTTTCGTATCCTCAGCACAAAAACCAAAGTTTTAGTGCTT 1980
Y S @ G @ P F s Y P QH KN QS F s A s 281

CTCCAATAGATCCTTCTATGAGTTATGTTTATCGCGCTCCAGAGTCATTTTCTTCCATCA 2040
P I D P S M S Y VY RAUPEST F s s I N 301
ATGCTAACGTTCCTTATGGACGAAATGAGTATTTGCGTCGTGTTACTTCTTTAGTTCCTA 2100
ANV P Y GRNZEZYTLRR RV TS L VP N 321
ATCAACCCGAATACACTGGTCCTTACACCCGGAATCCCGAGTTACGTACAAGTCATAAAC 2160
Q P E Y T G P Y T R NP E L R T S H K L 341

TTGCCGAACGCAAACGTCGTAAAGAAATCAAAGAACTTTTTGATGACTTGAAAGATGCTT 2220
A E R K R R K E I X E L F D D L K D A L 361

TGCCTCTTGATAAAAGTACAAAGTCTTCCAAATGGGGCTTACTTACTCGTGCAATTCAAT 2280
P L D K S T K S S KW G L L TRATIOQY 381

ACATCGAACAATTAAACTCAGAGCAAGTTGCCTTGGAGGCATACGTCAAAAGTTTGGAGG 2340

IEQ@KSEQVA@EAYVKS@EB401

AGAACATGCAATCTAATAAGGAGGTGACTAAGGGAACGTAGAGTATCTGAATTTTTTAAC 2400

N M Q S N K E V T K G T * 413

TATTTTTTTTCGATATTTTGTTTTGTTTGAAACGAACAACATCAAGACTCATCGCATAAT 2460
TCATATATACTCTGGACTGATAGGCATTCATGCTTTCCATCTTTGAGTTATATTGGATAT 2520
CAAATTTCTATACTGCTATTATCAAAGTTATGTTGCTATTTATTTTGGATCCTAGTTTAT 258C
TTTATGCCACCTTTTGGAGTGGGAGAATTTTATGACTTGCTAAATCTGTTAATTACGGGT 2640
ATTAATTACCTATAGATTCATTGGGAAGAAATTATTTATTGATAATTTCATATCTTTATC 2700

CCCAACAATATTTCATATTTCAATCATTTTTTACTGTCTTTTTGTTATTACTTTTTATAA 2820
TTTTGTTATATATTTTTTTATTTTATTTTAAAAAAAAAAAAAAAAA 2866

Fig. 2. Nucleotide and deduced amino acid sequence of the esc/* ¢DNA. Normal contrast numbers are nucleotide positions and bold contrast
numbers are amino acid positions. The region with homology to the basic-HLH region of MyoD and Myf-5 is underlined. The leucines in the

leucine heptad repeat are circled.
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Fig. 3. Amino acid homology among the deduced amino acid sequences of S.pombe Escl, human MyoD and human Myf-5. Two asterisks indicate
exact identities between the human proteins and Escl and one asterisk indicates similarities. The basic. helix 1. loop and helix 2 regions of the HLH

proteins are shown.
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Fig. 4. Disruption of the endogenous esc/* gene in S.pombe. The
disrupted escl allele described in Figure 1 was excised from the pcD2
vector and was used for one-step gene disruption of diploids. One
candidate diploid was sporulated and Southern analysis of a viable
haploid ura4* cell strain (SB1) was performed. Probe A is specific for
both the endogenous and disrupted alleles, probe B is specific for the
endogenous allele since it covers the region deleted in escl::ura4* and
probe C is the 1.8 kb ura4* HindIll fragment which is specific for
the disrupted allele. The higher mol. wt band in both lanes that
hybridized with probe C represents the EcoRI fragment of the
endogenous ura4* gene (Grimm et al., 1988).

SSL—N, they exhibited a modest decrease in conjugation
efficiency when compared to a control mating of 4+ and h-
escl+ cells grown to the same density in SSL+N before
mixing (Figure 5). As a negative control h~ escl+ cells
were shifted to SSL—N, which did not conjugate because
all cells are of the same mating type (data not shown).
Despite its inhibition of the early stage of differentiation
manifested through the conjugation event, the esc/ disruption
appeared not to have an effect on sporulation—the final stage
of sexual differentiation. When the percentage of asci to total
conjugates (diploids and asci) was determined at 24 and
48 h for the experiment in Figure 5, the mating of escl
disruptant strains and escl * strains showed similar degrees
of sporulation (84 and 86 % sporulation respectively at 24 h,
97 and 99% sporulation respectively at 48 h). Also,
sporulation of diploids (representing a post-conjugation
event) containing either a heterozygous or homozygous
disruption of esc/ was not different from that of an
escl */escl* diploid (data not shown).

Because disruption of escl+ inhibits the early stage of
sexual differentiation, we investigated whether the disruption
could rescue the differentiation-induced lethality of the pat!
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Fig. 5. Conjugation efficiency of the esc/ disruptants. SB21, SB74,
SO3 and SO4 (Table I) were grown separately in SSL+N to
1.0x107/ml. SB21 and SB74 (escl::ura4*) were mated and SO3 and
S04 (escl*) were mated in SSL—N and the percentage of conjugates
calculated at the indicated times as described in Materials and
methods. Each determination was done in triplicate and error bars are
+ one standard error of the mean.

mutant. An escl::ura4+ patl—114s double mutant was
tested for temperature sensitive lethality at 35°C. The double
mutant behaved like the pat] single mutant as both were
unable to grow at 35°C (Figure 6, 0+0). The control strains,
the escl disruptant and a patl+ escl+ (wild-type) strain,
both grew at 35°C. However, it is still conceivable that Escl
could be part of the nitrogen starvation signal that works
early in differentiation, but by itself is unable to rescue fully
the pat! lethality. Data suggest that decreases in cCAMP levels
at least in part mediate the nitrogen starvation signal to
differentiate and high levels of exogenous cAMP or mutants
that increase intracellular levels of cAMP block the
constitutive differentiation induced by pat/ and rescue its
lethality (Beach ez al., 1985; Maeda et al., 1990). If Escl
is part of the nitrogen starvation signal that modulates
decreases in cCAMP with onset of differentiation, then
disruption of esc/+ may inhibit signal transduction and,
thus, escl disruptants would require less extracellular cAMP
to prevent onset of differentiation. This was indeed the case.
When cells were streaked on plates with 1 mM caffeine (a
phosphodiesterase inhibitor that increases the intracellular
cAMP concentrations; Beach et al., 1985) and varying
concentrations of cAMP, the double mutant required at least
25-fold less cAMP than the pat! single mutant (Figure 6).
Cells wild-type at both the escI+ and patl+ loci and the
escl::ura4+ strain grew at all concentrations of cAMP
supplemented with caffeine at 35°C. If caffeine is not added
to the media, the pat! single mutant requires 3 mM cAMP
for efficient growth, while the patl escl double mutant
requires only 0.3 mM cAMP (data not shown). Thus, the
patl —114 mutation is rescued by lower extracellular
concentrations of CAMP in an esc/::ura4+ background as
compared to an esc/+ background. This is consistent with
the hypothesis that the disruptant does not require as much
CAMP to suppress differentiation because the signal
involving decreases in cAMP with onset of differentiation
is impaired.

Overexpression of Esc1 increases resistance to
cAMP-mediated inhibition of conjugation

To determine if overexpression of Escl could promote
differentiation in wild-type cells, h+ escl+, or h— escl+
strains were transformed with a plasmid containing the 1.8
kbp BamHI fragment of the esc/+ ¢cDNA subcloned under
the SV40 promoter (pcUescl). These transformants were
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Fig. 6. The ability of the esc/ disruption to rescue the pat! phenotype. h™ leul (wild-type), h~ patl—114 leul (patl), SB21 (escl) and SB30 (escl
patl) were streaked out on MMA (nitrogen-rich) plates supplemented with 50 ug/ml leucine and caffeine and CAMP at the concentrations indicated.

The plates were incubated at 35°C for 3 days.

then used to investigate further the role of Escl in conferring
sensitivity to cAMP-mediated inhibition of differentiation.
Cell strains of opposite mating types either transformed with
pcUescl or the pcU vector alone were grown separately in
SSL+N overnight at 27°C and then mixed and shifted to
SSL—N at 27°C. If overexpression of escl+ behaves
conversely to disruption of escl+, then we would expect
that the overexpresser would differentiate more readily at
higher concentrations of cAMP since the constitutive
expression of the esc/+ cDNA under the SV40 promoter
could override the inhibition by exogenous cAMP addition.
In three matings involving six independent pcUescl
transformants, the cells were more resistant to cAMP-
mediated inhibition of differentiation (Figure 7). While the
concentration of cCAMP in nitrogen-free media had to be
<10 uM before control cells transformed with the pcU
vector alone were able to conjugate significantly, the cells
transformed with pcUescl could conjugate at cAMP
concentrations between 10 and 40 uM. Even when the levels
of cAMP dropped to 6 uM the pcUescl overexpressers still
conjugated significantly more sufficiently than the control
transformants (P < 0.05). These results are in complete
agreement with the observation that the esc/ disruptant is
more sensitive to cAMP-mediated inhibition of differentiation
in a patl background. These data suggest that Escl is
modulating some part of the nitrogen starvation signal,
presumably manifested through decreases in intracellular
cAMP, that leads to sexual differentiation. However, while
Escl overexpression can override cAMP-mediated inhibition
of differentiation, it has little effect on inhibition mediated
by addition of an exogenous nitrogen source, (NH;),SO,
(data not shown). This suggests that the differentiation signal
mediated by Escl is only part of the nitrogen starvation signal
and the modulation of cAMP-responsiveness is insufficient
to override the growth promoting effect of exogenous
nitrogen (see Discussion).

Esc1+ transcription is induced quickly after nitrogen
starvation

To examine further the role of Escl in differentiation, the
level of escl+ steady-state transcripts was determined in
cells which were induced to differentiate by nitrogen
starvation. The two escl+ transcripts of ~3.0 kb and
~ 1.8 kb were strongly induced by nitrogen starvation after
either h— or h+ escl+ cells alone were shifted to SSL—N,
indicating that escI+ induction is pheromone-independent
and is not mating type-specific (Figure 8A). Similarly, when
h+ and h— escl+ cells were grown separately in SSL+N
and then mixed in SSL—N, the escl+ transcripts were
induced rapidly and strongly (Figure 8B). Thus, escl+
responds like other differentiation-specific genes such as
mei2+ and stell+ upon nitrogen starvation (Watanabe
et al., 1988; Sugimoto et al., 1991). It has been previously
shown that the increased transcription of many genes during
differentiation requires the Stell gene product. However,
Figure 8B shows that the escI+ gene is turned on
somewhat before ste/l+ transcription is induced. In
addition, escI+ is still induced in the absence of Stell
function (Figure 8B, A% stell leul cells) indicating that
Stell is not required for escl+ transcription, although the
level of induction is slightly lower. These data suggest that
the escl+ transcription is turned on as a direct consequence
of nitrogen starvation and is largely independent on the Stel1
transcription factor for its induction.

Discussion

From the above data it is apparent that esc/+ is involved
in the sexual differentiation process of S.pombe and is the
first yeast gene isolated that encodes an HLH protein
involved in differentiation. Although disruption of escl+ did
inhibit conjugation, it is not the classical sterile mutant as
spores can eventually form. However, escl + gene function
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Fig. 7. Resistance to cAMP-mediated inhibition of differentiation of cell strains overexpressing Escl. Cells were grown separately in SSL+N.,
mixed, shifted to SSL—N with the indicated concentrations of cCAMP and incubated for 28 h at 27°C. Percent conjugates were calculated as in
Figure 5. Error bars are one standard error of the mean. The number of determinations (n) for each mating is in parenthesis.
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Fig. 8. (A) Expression of esc/* RNA in heterothallic #* and k™~ cells starved for nitrogen. The 2.0 kb BamHI fragment of esc/™ hybridizes to two
mRNAs—a major 3.0 kb RNA and a minor 1.8 kb mRNA. Below the autoradiograph is the ethidium bromide-stained gel before transfer. The 28S
rRNA is 3.3 kb and the 18S rRNA is 1.7 kb as determined by mol. wt standards. (B) Time course of esc/™ and ste/l* induction in mating of SO3
and SO4 cells and of A% stell leul (C756-1A) after nitrogen starvation. The 1.4 kb Pwull fragment of ste/]*, covering the ORF, hybridizes to
three RNAs as reported previously (Sugimoto er al., 1991). The same membrane was probed with the esc/* probe, stripped and reprobed with the

stell™ probe.

could be redundant in the S.pombe genome and, thus,
disruption of only one escl+-like gene might give a partial
phenotype. If Escl is analogous to MyoD, then one might
expect that another dimerization partner involved in
conjugation may be sufficient by itself for inefficient
conjugation (Lassar e al., 1991). In contrast to its effect
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on early stages of sexual differentiation, Escl did not appear
to have an effect on sporulation, a later stage of
differentiation.

The data presented suggest that Escl is modulating the
ability of the cell to differentiate in response to the nitrogen
starvation signal and in particular, in response to decreases



in cAMP. Escl+ is one of the first, if not the first, gene
induced by nitrogen starvation. Furthermore, disruption of
escl+ affected the conjugation efficiency of the cells in
response to nitrogen starvation and the disruption and
overexpression of esc/+ affected the cell’s sensitivity to
cAMP-mediated inhibition of differentiation. Since cAMP
is probably one mediator of the nitrogen starvation signal
(Beach ez al., 1985; Fukui et al., 1986; Maeda et al., 1990),
these data suggest that Escl is modulating signal transduction
from the nitrogen starvation stimulus to the onset of
differentiation. Possible mechanisms for the effect of Escl
in response to nitrogen starvation are that Escl induces a
decrease in intracellular cAMP or that it inactivates cAMP-
dependent protein kinase. However, neither of these seem
likely. The esc! disruptant (which partially substitutes for
cAMP) still became ‘wee’ in stationary phase (data not
shown), which is a general response to nutrient deprivation
(Fantes and Nurse, 1977). In contrast, inactivating mutations
in either the S.pombe cAMP-dependent protein kinase
regulatory subunit or cAMP phosphodiesterase, both of
which result in a constitutively activated cAMP signal, cause
the cells to become elongated when starved (DeVoti et al.,
1991). This suggests that Esc/ is working either down-
stream or independent of cAMP-dependent protein kinase.
However, while Escl/+ overexpressers could overcome
cAMP-mediated inhibition of differentiation, they could not
overcome the same inhibition induced by an exogenous
nitrogen source. This indicates the inhibition due to addition
of nitrogen is not due only to the concomitant increase in
intracellular cAMP levels that is presumed to occur (Fukui
et al., 1986, Maeda et al., 1990). The data here are
consistent with a model in which the nitrogen starvation
signal pathway contains two rate-limiting branches. One
branch modulates decreases in cAMP with onset of
differentiation and includes Escl. The other branch is
dependent on nitrogen starvation, but independent of cAMP
levels. Thus, when the escl+ overexpressers are only
partially starved for nitrogen their ability to differentiate is
still dependent on the cAMP-independent pathway and
escl+ overexpression cannot overcome differentiation
inhibition by nitrogen. However, when the cells are
completely starved for nitrogen in the presence of exogenous
cAMP, then the cAMP-independent pathway is fully
activated and differentiation becomes dependent on the
balance between levels of cAMP and Escl. In the escl+
overexpressers, more Escl is present in the cell and thus
can better overcome cAMP-mediated inhibition of
differentiation.

Previously, it was shown that nitrogen starvation, probably
through a decrease in cAMP, induced the Ste11 gene product
and that the increase of other differentiation-specific genes,
including mei2+, was mediated through Stell (Watanabe
et al., 1988; Sugimoto ez al., 1991). Moreover, since the
stel] mutation, like mei2, can also suppress the patl
mutation completely (Watanabe ez al., 1988; Sipiczki, 1988;
Kitamura et al., 1990) and since overexpression of stell+
under a constitutive promoter can induce differentiation
independent of nutritional status in the presence of mating
factors (Sugimoto et al., 1991), it suggests that Stell is
necessary and sufficient to mediate the nitrogen starvation
signal into a differentiation response. However, Escl is also
required for efficient conjugation. Also, escl+ transcription
is largely independent of Stell and occurs at the same time
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if not earlier than stell+ transcription. Possibly, Escl may
work together with Stell to induce differentiation. When
cells are starved for nitrogen, stell+ and escl+
transcription is rapidly induced. Stell then induces
transcription of many differentiation-specific genes which
promote conjugation and meiosis and repress Patl function.
As Escl is a putative transcription factor, it may modulate
Stell-controlled differentiation by either complexing with
Stel1 to make a more efficient transcription factor complex
or inducing transcription of genes that may increase the Stel1
transcriptional efficiency, or inhibit Patl repression of
differentiation. Indeed, preliminary evidence suggests a
dysregulation of ste/I+ and mei2+ transcription during
nitrogen starvation in the escl disruptants (B.K.Benton,
unpublished data). Although the Stell transcription factor
is related to the HMG group of transcription factors
(Sugimoto et al., 1991) that probably do not dimerize to
HLH proteins, it is not hard to envision that a Stel1—Escl
responsive promoter could have separate elements that bind
each of these different transcription factors.

It is still unclear why overexpression of the escl+ cDNA,
whose gene disruption inhibits an early stage of
differentiation, should be able partially to prevent the
constitutive differentiation of the par/ mutant. One possible
explanation is that Escl has a bifunctionality that is also
regulated by nitrogen starvation. In the presence of nitrogen,
overexpression of Escl may be growth promoting. In support
of this, the ability of escl+ to rescue patl is 2- to 3-fold
lower on media with low levels of a nitrogen source
compared to the ability of the pat/+ cDNA to rescue patl
on the same media (data not shown). In a wild-type
background, this growth promoting activity may be masked
by the powerful growth promoting effects of Patl. However,
in a mutant with an inactive Patl kinase, this growth
promoting activity from constitutive Escl overexpression is
no longer masked and is sufficient to partially rescue patl.
This growth-promoting effect is specific for the parl+
pathway as overexpression of escI+ could not rescue
cdc25, cdcl0 and various mutant alleles of cdc2. When the
cells are starved for nitrogen, the nitrogen starvation signal
may then change the function of Escl so that it becomes
a differentiation inducer as discussed above.

Finally, the requirement of the Escl HLH motif for
function and its structural similarity with the HLH motif of
MyoD suggests that a common feature of the differentiation
program has been conserved from yeast to man. The basic-
HLH region of MyoD is both necessary and sufficient to
induce differentiation in vitro (Tapscott et al., 1988). The
helices of the HLH region, which mediate dimerization, and
the basic region, which is a DNA binding domain, are both
required for transcriptional activation by MyoD (Davis er al.,
1990). The strongest homology within the HLH region
among Escl, Myf-5 and MyoD is within the two helices
while some divergence occurs in the loop. However, MyoD
has been shown to tolerate numerous alterations within the
loop region without affecting its activity (Davis ez al., 1990).
Alternatively, Escl could be acting molecularly like Id, a
negative regulator of HLH proteins (Benezra et al., 1990),
by repressing the function of another HLH protein. The
hallmark of Id-like proteins is that they lack a basic region
and inhibit the function of other HLH proteins by dimerizing
with them and preventing their binding to DNA targets. The
Escl basic region has fewer basic residues than that of MyoD
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(Figure 3) and thus, it is unclear whether it can bind DNA
(Davis et al., 1990). Further investigation into the DNA
binding activity of Escl will help elucidate its biochemical
function.

However, regardless of whether or not Escl works as a
enhancer or repressor of transcription, it does appear to elicit
phenotypes similar to those induced by other HLH proteins
that are differentiation inducers. Both MyoD and Esc1 appear
to work early in differentiation induction, but neither can
be considered an independent inducer as cells must be starved
for growth factors for MyoD to induce differentiation (Braun
et al., 1989), while overproduction of Escl has only modest
effects on the cell’s sensitivity to cAMP-mediated inhibition.
MyoD can induce transcription of many muscle-specific
genes that have the CANNTG consensus sequence in their
promoters (see Olson, 1990). While we have not yet
identified a gene directly regulated by Escl, preliminary
evidence suggests a dysregulation in the esc/ disruptants of
some differentiation-specific genes with CANNTG sequences
upstream of their transcription initiation sites (B.K.Benton,
unpublished data). Finally, homozygous mutations in the
only homolog of myoD in the nematode C.elegans may only
partially block muscle formation (Chen ez al., 1992) similar
to the effect of esc/+ disruption on sexual conjugation.
Further analysis of the biochemistry of Esc1 and of the ability
of mammalian HLH proteins to function in S.pombe may
further substantiate the similarity of these differentiation
inducers.

The discovery of an HLH protein in yeast that is involved
in differentiation suggests that one aspect of the
differentiation mechanism is conserved from yeast to man.
If the biochemical and phenotypical properties of the
mammalian HLH differentiation inducers and this yeast
differentiation enhancer are indeed similar, then the fission
yeast may become a genetically amenable host to dissect a
differentiation switch that may be as well conserved as has
been demonstrated for cell cycle regulation involving Cdc2.

Materials and methods

Yeast strains and media

All strains used in this study are listed in Table I. Minimal medium (MMA),
malt extract (MEA) and yeast extract (YEA) agar were prepared as described
by Gutz et al. (1976). MMA is nitrogen-rich. Crosses were performed as
described by Gutz er al. (1976). SSL+N and SSL—N were the same as
described previously (Egel and Egel-Mitani, 1974). For the cAMP
suppression of pat/ mutants, MMA was supplemented with 50 ug/ml leucine
and the indicated concentrations of cAMP (Kohjin Co. Ltd) and caffeine
(Nacalai Tesque).

Sequencing of the esc1+ cDNA

Both strands of the 2.9 kb escI+ cDNA were sequenced by subcloning
into M13 phage vectors (Yanisch-Perron eral., 1985) and by
dideoxynucleotide sequencing (Sanger et al., 1977) using Sequenase version
2.0 (US Biochemical) according to the manufacturer’s instructions.

Plasmid constructions and transformations

The 1.7 kb BamHI fragment of the esc/+ cDNA containing the entire ORF
was subcloned into the BamHI site of pcU (Nagata et al., 1991) downstream
of the SV40 promoter to produce pcUescl. To construct pcUesclkfs,
pcUescl was then digested with Kpnl and the cohesive ends were filled
with Klenow and dNTPs (Sambrook et al., 1989). This filled fragment was
then self-ligated to introduce a 50 bp deletion and frameshift that putatively
terminates translation at amino acid position 141. This is upstream of both
the glutamine-rich and HLH regions. pcUesc1Ahlhlz was constructed by
first isolating the 1.1 kb EcoRV —SnaBlI fragment from pcD2esc1 and using
it to replace the 1.4 kb EcoRV fragment from pcD2escl. Then the 1.4 kb
BamHI fragment from this pcD2esc1Ahlhlz was subcloned into pcU to give
pcUesclAhlhlz. Finally, pcD2escl::urad+ was constructed by replacing the
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Table I. Strains used in this study

Strain Genotype

SOl h— ura4-294

SO2 h* ura4-294

SO3 h= leul-32

S04 h* leul-32

SO5 h~ patl-114 ura4

SO6 h~ patl-114 leul

C756—1A h%0 stell leul

DK1 h=/h* ade6-M210/ade6-M216 urad/urad leul/leul
SB1 h* escl::ura4* ade6-M210 urad leul
SB21 h* escl::ura4* urad leul

SB30 h— escl::ura4* patl-114 ura4 leul
SB74 h= escl::ura4* ura4 leul

TB24 h~ ura4 (pcUescl)

TB25 h~ ura4 (pcUescl)

TB26 h~ ura4 (pcUescl)

TB33 h* ura4 (pcUescl)

TB34 h* ura4 (pcUescl)

TB35 h* ura4 (pcUescl)

TB30 h= ura4 (pcU)

TB31 h~ ura4 (pcU)

TB40 h* ura4 (pcU)

TB41 h* ura4 (pcU)

1.4 kb EcoRV fragment containing the entire ORF of the escl* cDNA
with the 1.8 kb blunted HindIII fragment of ura4* (Grimm et al., 1988).
The transcription of ura4+ is in the opposite direction to the SV40-directed
transcription of the esc/+ cDNA. Transformations were performed as
described previously (Okazaki er al., 1990), except that they were scaled
down 1:5 using 300 ng of DNA. For the pcD2 plasmids, 300 ng of pAU21
linearized with PstI was co-transformed as a selectable marker into ura4 cells.

Disruption of the esc1+ gene

Disruption was performed as described for S.pombe cells (Grimm et al.,
1988). The escl-disrupted allele was excised from pcD2escl::urad+ by
Xhol digestion and transformed into diploid DK1. One transformant from
~ 1300 transformants was isolated that contained one esc/-disrupted allele.
This diploid was sporulated on MEA, and the spores were collected and
plated on YEA (Gutz ez al., 1976). Approximately 100 random spores were
then tested for the ura4+ phenotype (Grimm et al., 1988). To confirm the
presence of the disruption, DNA was prepared from DK1 and one of the
haploid disruptants, SB1, as described previously (Moreno et al., 1991)
except that 1 M sorbitol buffer (1 M sorbitol, 0.1 M EDTA, 10 mM sodium
sulfite and 100 mM lithium acetate) was used to suspend the cells for
zymolyase treatment. Between 3 and 4 ug of DNA were digested with both
Bgll and EcoRI restriction endonucleases and Southern hybridizations
performed (Sambrook et al., 1989). Probes were prepared using the
Amersham Multiprime DNA Labelling System. All disruptant strains were
confirmed by Southern hybridization.

Conjugation assays

h* and h~ cells of the appropriate genotypes were cultured separately
overnight with shaking to the indicated concentrations in SSL+N media
with the appropriate supplements at 27°C. Five million cells of each indicated
mating partner were then mixed together (for A~ controls, 1x107 cells
were used) in SSL—N media and 1 ml aliquots were transferred to sterile
glass culture tubes and incubated with shaking at 27°C. At the indicated
times aliquots were sonicated and the number of conjugates formed counted
under the microscope. The percentage conjugates are those conjugates formed
divided by the total number of cells (conjugates counted as one cell) and
converted to a percentage.

RNA preparation and Northern analysis

h* and h~ leul cells were first grown separately in SSL+N with 50 pg/ml
leucine at 27°C to a concentration of 2 X 10/ml and shifted to SSL—N with
leucine at a concentration of 4Xx106/ml of each cell strain (final total
concentration was 8X105/ml). For starvation of A% stell leul cells
(Kitamura et al., 1990), h* leul and h~ leul cells separately, the cells
were concentrated to 8 X 106/ml in SSL—N with leucine. Cells were then
incubated with shaking at 27°C for the indicated times. After incubation,



the cells were harvested by centrifugation in a Beckman J-6B centrifuge
at 3000 r.p.m. for 3 min, the supernatant was removed, and the cell pellet
resuspended in 1 M sorbitol buffer at a concentration of 4—8 x 108 cells/ml
and transferred to a 1.5 ml microfuge tube. Twenty units of zymolyase-100T
(Seikagaku Kogyo) were added and the cell suspension incubated at 37°C
for 5 min. The cells were then pelleted in a microfuge at 10 000 r.p.m.
for 1 min and the supernatant removed. The cell pellet was resuspended
in 1 ml of 4 M GTC solution (4 M guanidine thiocyanate, 18 mM sodium
citrate, 0.36% sodium lauryl sarkosine and 0.18 M 2-mercaptoethanol),
vortexed for 1 min to lyse the cells and kept on ice for 5—10 min. To the
lysate was added 200 ul of 2 M sodium acetate, pH 4, 1 ml of water-saturated
phenol and 200 pl of chloroform. The tubes were vortexed briefly and iced
for 15 min. Afterwards, the tubes were centrifuged at 15 000 r.p.m. at
4°C for 10 min in a microfuge and the aqueous phase was re-extracted
with 1 ml of phenol and 200 ul of chloroform. An equal volume of ethanol
was added to the aqueous phase and the RNA was precipitated at —20°C
for at least 2 h. The RNA precipitate was centrifuged at 15 000 r.p.m.
at 4°C for 10 min, the ethanol removed and the pellet air dried. The pellet
was resuspended in 100—200 ul of 4 M GTC and an equal volume of ethanol
was added. The RNA was precipitated again at —20°C for at least 2 h,
pelleted as above and resuspended in a convenient volume of water. Northern
analysis was done with 10 ug of total RNA as described previously (Nagata
et al., 1991). RNA was stored at —80°C as a 50% ethanol solution.
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Note added in proof

The nucleotide and deduced amino acid sequences reported here have been
submitted to the EMBO/GenBank databases under accession number
X69389.
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