
















the core heptamer in the promoter were able to rescue the
sporulation defect.

Transcription of spo6 in these transformants was examined
by Northern analysis (Fig. 9B). Two classes of the spo6 tran-
scripts were detected. The meiosis-specific 1.4-kb band was
prominent in the spo61 and spo6-X strains but was almost
completely missing in the spo6-DF strain. On the other hand,

the 2.1-kb mRNA species was not affected by the mutation.
These observations support that FLEX-D serves as the cis-
acting element for the Mei4 transcription factor in spo61 cells.

The activation domain resides in the C-terminal region of
Mei4. To dissect the transcriptional activation activity of
Mei4, we used an S. cerevisiae one-hybrid analysis. The full-
length Mei4 protein was fused to the S. cerevisiae Gal4

FIG. 9. Deletion of the core heptamer in the FLEX-D element from the spo6 promoter reduces sporulation ability and spo6 transcription. (A) Complementation
of the sporulation defect of spo6D. Plasmid pAL(spo6) is pAL-KS carrying spo61. pAL(spo6)X and pAL(spo6)DF are pAL-KS containing the spo6 gene with or without
the core heptamer of FLEX-D, respectively. A diploid spo6 disruptant, NT-4A, was transformed with the pAL-KS-based plasmids, and then the transformants were
sporulated on SSA for 2 days at 28°C. (B) Northern blot analysis showing the reduced expression of spo6 caused by the deletion of the promoter element. A diploid
spo6 disruptant strain (NT-4A) transformed with the indicated plasmids was grown in nitrogen-rich medium (EMM2 with N) and shifted to nitrogen-free medium
(EMM2 without N). Cells were harvested at the indicated times after the transfer to EMM2 without N. Total RNA was extracted and subjected to Northern analysis
with the spo6-specific probe. Two different mRNA species, of 2.1 and 1.4 kb, are indicated. Gel staining with ethidium bromide indicates roughly equal amounts of RNA
in each lane.
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DNA-binding domain on plasmid pGBT9. The resulting
plasmid, pGBT(mei4)FL, was transformed into S. cerevisiae
SF526, which carried the GAL1 promoter upstream of the
lacZ reporter gene. The b-galactosidase activity in the trans-
formants with pGBT(mei4)FL was significantly higher than
that in transformants with the control plasmid pGBT9 (Fig.
10), confirming that Mei4 is able to activate transcription.

Deletion analysis localized the activation domain of Mei4 in
the C-terminal region from aa 343 to 517. As expected, the
N-terminal half containing the forkhead domain did not stim-
ulate transcription. Deletion of the region between aa 441 and
517 completely eliminated the activation activity.

We conclude that Mei4 is a meiosis-specific transcription
factor, in which the N-terminal 120 aa (aa 71 to 190) constitute
a DNA-binding domain and the C-terminal 175 aa (aa 343 to
517) constitute a transcriptional activation domain (Fig. 4C).

DISCUSSION

Mei4 is a meiosis-specific transcription factor. The follow-
ing observations support that Mei4 is a meiosis-specific tran-
scription factor of S. pombe. (i) mei41 is transcribed only in
meiotic cells. (ii) Mei4 contains a forkhead DNA-binding do-
main in the N-terminal region. Mutations introduced into this
domain abolish the mei4 function. (iii) A meiosis-specific gene,
spo61, is not transcribed in mei4 null mutants. Ectopic expres-
sion of mei41 in rich growth medium causes transcription of
spo61. (iv) A recombinant Mei4 protein could bind specifically
to the FLEX-D DNA fragment, a putative cis element on
spo61. Deletion of this element totally eliminated the tran-
scription of spo61. (v) A one-hybrid assay proved the ability of
Mei4 to activate transcription. The activation domain was lo-
calized in the C terminus.

Consensus cis element recognized by forkhead proteins. We
demonstrated that Mei4 is able to bind to the 27-mer DNA
fragment called FLEX-D. It contains the core heptamer GTA

AACA, which is identical to the elements required for human
forkhead proteins (34). Furthermore, the core sequence of
FLEX-D meets the requirement for the binding of HNF3b,
(G/A)(T/C)(C/A)AA(C/T)A (33). Our mutational analysis
demonstrated that this core heptamer is indispensable for the
DNA-protein recognition between FLEX-D and Mei4. The
fact that mammalian and yeast forkhead proteins recognize the
common cis element suggests that DNA-binding properties
have been conserved rather tightly among the forkhead family
proteins.

A transcriptional cascade operates to drive meiosis in S.
pombe. Recent studies revealed that several putative transcrip-
tion factors are integrated into a regulatory cascade leading to
the initiation and progression of meiosis in S. pombe. A part of
this cascade culminating in the expression of spo61 and mes11,
which are essential for meiosis and sporulation, is illustrated in
Fig. 11.

Sexual differentiation in fission yeast is initiated on nutri-
tionally poor media. Starvation signals are mediated through
both the adenylate cyclase-protein kinase A pathway (15, 23,
24, 28) and the Wik1 (Wak1)-Wis1-Sty1 (Spc1) mitogen-acti-
vated protein kinase cascade (40, 41, 46). The latter pathway
activates the Atf1 (Gad7) transcription factor, which is phylo-
genetically related to the mammalian transcription factor Atf
(17, 54). Those signal transduction pathways may join at the
expression of ste111, which encodes a key transcription factor
responsible for a wide variety of genes required for sexual
development. The transcription of ste111 requires Atf1 and is
repressed by A kinase (Pka1). Ste11 recognizes the promoter
element called the TR box, which is found in the 59 upstream
region of all of the target genes, including mei21, mat11, ste61,
and others (13, 18, 42, 47, 55). Most of the target genes are
transcribed in response to a nitrogen starvation signal (1, 13,
39, 42, 55). The mat11 products, Mat1-Pm and Mat1-Mm,
cooperatively activate transcription of mei31 (1, 18), which
encodes the inhibitor of the Pat1 protein kinase (25). Ste11

FIG. 10. One-hybrid analysis to localize the activation domain of Mei4. (Left panel) Construction of fusion proteins between a Gal4 DNA-binding domain and Mei4
proteins. Numerals represent the positions of amino acid residues from the N terminus. S. cerevisiae SFY526 was transformed with the indicated plasmids. fkh, forkhead.
(Right panel) b-Galactosidase activities, with standard deviations, for three independent transformants.
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thus promotes meiosis by indirectly enhancing mei31 tran-
scription (Fig. 11).

The mitotic G1-to-S transition is controlled by a complex of
transcription factors, Cdc10-Res1 or Cdc10-Res2, which rec-
ognizes the MCB box (4, 22, 27, 43, 44). Two genes necessary
for DNA replication, cdc181 and cdc221, are the targets of
these complexes (22). Another transcription activator, called
Rep1, is also included in the complex (43). The complex com-
posed of Rep1, Cdc10, and Res2 (or Res1) primarily supports
premeiotic DNA synthesis rather than mitotic DNA synthesis
(27, 60). Interestingly, transcription of res21 requires rep11,
and that of rep11 requires Ste11 (43). Therefore, the premei-
otic S phase is dependent on Ste11.

As mentioned above, transcription of mei41 is stimulated by
nitrogen starvation. Because the transcriptional activation is
observed neither in haploid strains nor in an mei1 mutant in
which meiosis is blocked before the premeiotic DNA synthesis,
the mei4 expression is not a simple response to starvation
signals. It is important to identify the factor regulating the
transcription of mei41. One likely candidate is Mei2, which is
a crucial inducer of meiosis (48). As shown in Fig. 11, Mei2 is
positively regulated by Ste11 and negatively controlled by the
Pat1 protein kinase which blocks the initiation of meiosis in
haploid cells under growth conditions (42, 50). Heterothallic
haploid cells carrying the activated mei2 allele (mei2-SATA)
undergo meiosis even in a rich growth medium (50). mei41

transcription is totally abolished in mei2D cells, and full tran-
scription of mei41 was observed in the mei2-SATA mutant in
nitrogen-rich medium (51). These facts indicate that mei4 tran-
scription is dependent upon mei21 function. From the fact that
the mei4 mRNA level decreases in mei4-P572 cells (Fig. 3C),
we speculate that there is a positive feedback mechanism for
mei41 transcription by its product. However, the GTAAAYA
motif for Mei4-binding sites is not present in the promoter
region of mei41.

Targets of Mei4. We demonstrated that Mei4 regulates ex-
pression of spo61 and mes11 at the transcriptional level. Two
copies of the consensus core motif GTAAAYA were found in
the promoters of both genes. However, the phenotypes of
spo6D and mes1D mutants are not identical to that of the
mei4D mutant, which is blocked in prophase-I, suggesting that
there are certain targets of Mei4 other than spo61 and mes11.
It is noteworthy that the spliced mature mes11 mRNA could
not be detected in mei4D cells. Splicing of mes1 mRNA ap-
pears to be regulated by some hypothetical meiosis-specific
splicing factor(s). We speculate that the expression of these
putative splicing factors may depend on the Mei4 transcription
factor.

It is known that cdc131 and cdc251 are not fully transcribed
in mei4 disruptant strains (14). The reduction of the mRNA
levels of these cdc genes may be responsible for the arrest of
mei4 null mutants in prophase-I. Genes that are essential for

the progression through prophase-I have not yet been reported
for S. pombe. It is highly probable that some of these genes are
possible targets of Mei4.
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