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TABLE 3. Induction of mam2 gene expression in Sp870 h*
byrl~ strains with multicopy genes
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TABLE 5. Induction of mam2 gene expression in Sp870 A%
ras]~ strains with multicopy genes

Relative mam2 expression® in expt:

Relative mam2 expression® in expt:

. Multicopy Strain Multico‘Fy

Strain gene® 8 11 14 Avg genes' 36 11 16 Avg
Wild type 1.00 1.00 1.00 1.00 Wild type 1.00 1.00 1.00 1.00 1.00
byrl™ 0.17 0.12 0.15 0.15 rasl™ 0.06 0.00 0.02 0.02 0.03
byrl~ byr2 — 0.08 0.04 0.06 rasl™ byrl 1.68 1.58 — 1.18 1.48
byrl™ byr3 0.02 — 0.01 0.02 rasl™ byr2 1.90 1.34 — 1.04 1.43
byrl~ ras]Va-174 — 0.04 0.01 0.03 rasl™ byr3 0.45 0.32 — 0.41 0.39
byrl™ spkl — — 0.00 0.00 rasl™ rasIVet’® 0,70 0.54 — 0.44 0.56
— - - rasl™ gpal — — 0.60, 0.65° 0.58,0.35° 0.47

“ The indicated genes were present on multicopy plasmids and were rasl— spkl — 0.01 _ 0.01 0.01

transformed into SpBU, a byrl~ strain.

5 See Table 2, footnote a.

€ See Table 2, footnote b.

4 The activated rasIV17 gene is expressed from the adh!l promoter in this
and all other experiments, except as indicated otherwise. All other genes are
expressed from their natural promoters.

expression is stimulated in 4%’ cells by an interaction with P
factor. We were therefore puzzled by the observation re-
ported by Kitamura and Shimoda, who first described the
cloning% of mam2, that the levels of expression of mam2inh™
and A°° strains did not appreciably differ (24). A~ strains do
not undergo mating type switching and do not produce P
factor. These results suggested that signalling in 2™ cells
might differ from signalling in cells that switch mating type
and are chronically stimulated by mating pheromones.

To explore this question further, we examined by North-
ern blotting mam2 transcripts in A~ strains that carried
disruptions in the gpal, rasl, or byrl gene (Table 7).
Parental strain Sp200 expressed about twofold-lower levels
of mam?2 than did #*° wild-type strain Sp870, consistent with
the results of Kitamura and Shimoda (24). The level of mam2
expression in the h~ strain was dependent upon byrl,
consistent with the requirement for basal activity of some
components of the signal transduction pathway. Levels of
mam?2 expression were only marginally decreased by dis-
rupting gpal, consistent with the absence of stimulation by
mating pheromones in 2~ cells. This result is in contrast to
the strong dependence on gpal in h*° cells. mam2 expres-
sion in A~ cells was more clearly dependent upon rasl! but,
again, not to the extent found in A cells. Levels of mam2
expression were still further diminished in A~ cells lacking
both rasl and gpal. There was about four times less mam2
poly(A)* RNA in gpal~ rasl~ cells than in gpal~ cells.
Therefore, Rasl can exert its effects on this pathway even in
the absence of Gpal. We conclude from these experiments

TABLE 4. Induction of mam2 gene expression in Sp870 h*°
byr2~ strains with multicopy genes

Relative mam2 expression® in expt:

Strain Multic(s)apy

gene 7 9 1 15 Avge
Wild type 1.00 1.00 1.00 1.00 1.00
byr2~ 0.02 0.13 0.08 0.13 0.09
byr2~ byrl 0.49  0.52 — 0.66 0.56
byr2= byr3 — 0.04 — 0.12  0.08
byr2- al — — 0.02 0.11 0.07
byr2~ ras]Vel-17d — — 0.05 0.17 0.11
byr2~ spkl — 0.01 — 0.11  0.06

2 See Table 3, footnote a.
® See Table 2, footnote a.
¢ See Table 2, footnote b.
4 See Table 3, footnote d.

2 See Table 3, footnote a.
& See Table 2, footnote a.
¢ See Table 2, footnote b.
4 See Table 3, footnote d.
¢ Two independent transformants were examined.

and the experiments reported in Table 6 that Rasl and Gpal
are at least partly independent, each capable of acting
downstream from the other.

The observed quantitative difference in mam2 expression
betweengpal™ h™ cells and ras!~ gpal™ h™~ cells was small,
as was the effect of overexpressing rasIV®7 in gpal~ h*°
cells. We therefore sought to confirm this interaction in a
qualitative, intact-cell assay. Such an assay allows the
analysis of multiple independent strains without the statisti-
cal noise introduced by cumbersome biochemical manipula-
tions. To monitor mam2 expression, we exploited the obser-
vations that strains deficient in ade6 require adenine for
optimal growth and develop a red pigment and that the S.
cerevisiae ADE?2 gene complements the ade6 mutation in S.
pombe (28a). We thus joined a copy of the S. cerevisiae
ADE?2 gene, lacking its endogenous promoter, to the mam?2
promoter at position +10 relative to the start codon of
mam2. This construct was integrated into the mam?2 locus of
an h~ S. pombe strain that was ade6™ (MW304), producing
strain MW306, in which S. cerevisiae ADE?2 is under the
control of the S. pombe mam2 promoter. Strains with a
deletion mutation of byrl, rasl, or gpal and strains with
deletion mutations of both rasl and gpal were constructed
by transforming MW306 with the appropriate DNA frag-
ments (see Materials and Methods). Eight independent

TABLE 6. Induction of mam2 gene expression in Sp870 A%
gpal~ strains with multicopy genes

Relative mam2 expression? in expt:

Strain M“"ic‘;f’y

gene 4 7 1 13 Avg®
Wild type - 100 100 1.00 1.00 1.00
gpal~ 001 000 0.02 0.10 0.03
gpal~ byrl 1.17 — — 0.46 0.82
gpal~ byr2 1.48 — — 0.88 1.18
gpal~ byr3 0.00 — — 0.10 0.05
gpal~ ras]Ve-17d 0.01  0.04 — 0.08  0.04
gpal~ rasva-17 —_ — 0.15 015 0.15

“ See Table 3, footnote a.

5 See Table 2, footnote a.

< See Table 2, footnote b.

@ The activated rasIV2"'7 gene is expressed from its natural promoter. The
plasmid carrying rasIV2"'7 expressed from its natural promoter was as
effective as a plasmid expressing rasIV2-'7 from the adhl promoter in
restoring function to rasI~ strains (data not shown).

¢ See Table 3, footnote d.
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TABLE 7. Induction of mam2 gene expression in A~ strains with
various deletions

Relative mam2 expression®

Genotype® Transformant? in expt:
18 19 20 Avg?
h% 1.0 1.0 1.0 1.0
h~ 032 050 0.53 045
h~ gpal~ 1 0.50 0.32  0.38
2 0.32  0.36
h~ rasl™ 1 0.26 0.17  0.20
2 0.10 0.13
3 0.24
4 0.22
h™ gpal~ rasl™ 1 0.09 0.11  0.09
2 0.08  0.09
h~ byrl™ 1 0.08 0.08
2 0.07

@ The h* strain was Sp870, and the A~ strain was Sp200.
® Several independent transformants were analyzed.

< See Table 2, footnote a.

4 The average for strains of the same genotype is given.

transformants were isolated from each transformation. We
examined the effect of these mutations on the expression of
the mam2-ADE? fusion protein by first patching the strains
on rich medium (YEA) and then replica plating them (after
culturing overnight) on minimal medium (PM) lacking ade-
nine. After 1 to 2 days of growth at 30°C, the patches were
examined for the presence of the red pigment produced as an
intermediate in adenine biosynthesis in cells lacking suffi-
cient enzyme produced from the ade6 or mam2 locus (45).
The results of these experiments are described below.

Patches from MW306 produced sufficient ADE2 fusion
protein on the PM plates to be white. All eight rasi™
derivatives of this strain produced light pink patches on PM
plates, an indication of decreased expression of the ADE2
fusion protein from the mam2 locus. All eight gpal~ strains
also reproducibly produced light pink patches on PM plates,
demonstrating that gpal, as well as rasl, is required for full
expression from the mam2 locus under these culture condi-
tions. The reduction of expression from the mam2 locus in
gpal~ cells is qualitatively the same as the reduction that
results from a deletion of rasl. All eight strains containing
deletions of both rasl and gpal produced dark pink patches
on PM plates, indicating that the double deletion results in a
stronger reduction of mam2-ADE2 expression than either
single deletion alone. Similarly, all eight strains lacking byr!
produced dark pink patches. These results are in good
agreement with the Northern blot analysis of mam2 expres-
sion in A~ cells and support the conclusion that ras! and
gpal can act independently and in concert to maintain mam2
expression in A~ cells.

DISCUSSION

We have found that the expression of the S. pombe
P-factor pheromone receptor-encoding gene, mam?2, is de-
pendent upon the components of the pheromone response
pathway. Recently, others similarly showed that the expres-
sion of map3, encoding the M-factor receptor, is dependent
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upon Gpal (52). A similar relationship is observed in S.
cerevisiae, in which basal-level expression of pheromone
receptors is likewise partly dependent upon the STE7 and
STEI11 protein kinases (13), which mediate pheromone re-
sponses in that organism. This arrangement may seem
peculiar at first but is consistent with an arousal response in
which the sensing of a pheromone induces the organism to
enhance its responsiveness to the pheromone by the produc-
tion of more receptor. This response has been demonstrated
for S. cerevisiae (3, 16, 17), but we have not demonstrated
that a pheromone can induce the expression of its own
receptor in S. pombe. Nevertheless, we have used the
expression of mam2 as a ‘“molecular phenotype” to help
delineate the order of action of the components of the
pheromone response pathway. We have also noted that the
expression of mam2 in h~ cells is less dependent upon Rasl
and Gpal than that in A% cells. We do not know at present
whether this result reflects intrinsic differences between h*°
and k™ cells or merely differences in the particular strains
that we have examined.

With some exceptions, the proteins required for conjuga-
tion and sporulation are also required for mam2 expression
in h*° cells. This list includes Rasl, Gpal, Byr2, Byrl, and
Stell. Ste6, a putative Ras1 GTP/GDP exchange protein that
is required for conjugation but not sporulation, is also
required for optimal mam2 expression. One notable excep-
tion is spkl, which is required for both conjugation and
sporulation but is not required for mam2 expression (56).
Only a small effect on mam2 expression was observed when
spkl was deleted, and no induction of mam?2 expression was
observed with multicopy plasmids containing spkl. It is not
clear whether in this respect S. pombe differs from S.
cerevisiae. Spk1 shares structural and functional homology
with FUS3 and KSS1. At least one of the latter two protein
kinases is required for pheromone-induced gene expression
in S. cerevisiae (10), but it has not been shown, to our
knowledge, that basal-level expression of S. cerevisiae pher-
omone receptors is dependent on either kinase. Thus, the
expression of pheromone receptors may not be dependent
upon the activity of a MAP kinase homolog. Alternatively,
S. pombe may contain another protein kinase that is related
to Spkl, FUS3, KSS1, and the MAP/ERK Kkinases, that is
under the control of Byrl, and that has specialized functions
in sexual responses.

byr3, which is not required for conjugation or sporulation
(64), is also not required for mam2 expression. However, the
overexpression of byr3 bypasses the requirement for Rasl
for mam?2 expression, as it does the requirement for Ras1 for
sporulation. Hence, Byr3 influences events downstream of
Rasl. The relationship of Byr3 to Gpal is more difficult to
assess. The overexpression of byr3 cannot induce sporula-
tion or mam2 expression in byrl~, byr2~, or gpal~ cells.
This result is consistent with several possibilities. One
possibility is that Byr3 acts upstream of Gpal. Another is
that Byr3 acts downstream of all of these components but
that its overexpression produces too weak an effect for us to
monitor in the absence of byrl, byr2, or gpal. We cannot
effectively decide between these possibilities at present.

Previous studies of Rasl and Gpal indicated that both are
required for sexual differentiation and act upstream of Byr2
and Byrl. However, those studies failed to demonstrate the
relative order of action of Rasl and Gpal. In the present
experiments, we clearly demonstrated that the overexpres-
sion of gpal induces mam?2 expression in A%’ cells that lack
rasl. Thus, Gpal acts downstream of Rasl. Our Northern
blot analysis also suggested that Rasl can act downstream of

Advd4IT NIVIA A 2T0Z ‘2T JaquanoN uo /Biowse qow//:diy woiy papeojumod


http://mcb.asm.org/

56 XU ET AL.

¥ N\

mamz2 Other Responses
Expression Required for
Conjugation

and Sporulation

FIG. 3. Portion of the sexual differentiation signal transduction
pathway of S. pombe. See the Discussion for details.

Gpal. The overexpression of ras1V?"” can increase mam2
expression in 4% cells that lack gpal, and the deletion of
rasl ingpal~ h~ cells reduces mam2 expression. The effects
that we observed are small, and our Northern blot analyses
represent too small a sample size for us to be completely
confident in them. However, a highly reproducible, intact-
cell assay also indicated that ras! is required to maintain
mam?2 expression in A~ cells that lack gpal. Overall, there-
fore, we have considerable confidence that Rasl acts down-
stream of Gpal. Hence, we conclude that Gpal and Rasl act
independently and in concert to control the activity of the
Byr kinases.

Our composite data have allowed us to draw the ““wiring
diagram’” shown in Fig. 3. We have omitted Byr3 because of
uncertainty over its roles. We have assumed a direct inter-
action between Byr2 and Byrl because the experiments of
Neiman et al. (38) demonstrated their cooperativity. We
have depicted a direct interaction between Rasl and Byr2
because recent experiments demonstrated that these pro-
teins can form a complex (58). We have thus depicted Byr2
as the first downstream target common to both Gpal and
Rasl. We do not know if the interaction between Gpal and
Byr2 is direct or mediated through yet another protein. We
speculate that the latter possibility is correct and have drawn
our diagram this way on the basis of the observation that
Byr2 function appears to be pheromone regulatable when it
is expressed in S. cerevisiae (38). In S. cerevisiae, other
components map between the G proteins and STE11, the
homolog of Byr2.

The relationship between Ras and G proteins that we have
noted for S. pombe may be found for other organisms as
well. In S. cerevisiae, the Ras homologs, RAS1 and RAS2,
regulate cyclic AMP levels through their effects on adenylyl
cyclase (57). A G, homolog, GPA2, also regulates cyclic
AMP levels (36). It has not been demonstrated that GPA2
acts on adenylyl cyclase, but this seems likely in view of the
observation that a similar protein in S. pombe, Gpa2, acts on
a similar form of adenylyl cyclase (19). For vertebrates,
investigators recently showed that thrombin and bombesin,
which act through receptors coupled to G proteins, can
activate MAP kinases (41, 59), as can RAS. Moreover,
recent data suggest that the full cellular effects of thrombin

MoL. CELL. BioL.

require RAS proteins (26). Thus, vertebrate signal pathways
controlled by G proteins and controlled by RAS converge,
perhaps in a manner not unlike what we have proposed for S.
pombe.

A recent paper by Lange-Carter and coworkers (27)
described the identification of a mammalian MEK kinase
(MEKK) homologous to Byr2 and STE11. MEK is a MAP
kinase kinase that is homologous to Byrl (8, 25, 29). They
argued, on the basis of homology to STE1l, that MEKK
mediates RAS-independent, G protein-dependent signalling
to the MAP kinases. However, to our knowledge, no one has
shown that the activation of MAP kinases that is induced by
factors that act through receptors coupled to G proteins is
independent of RAS. This question merits closer investiga-
tion. If MEKK is closer in function to Byr2 than to STE11,
then MEKK will be downstream of RAS and represent a
juncture with another signal cascade, perhaps one that is
controlled by a G protein.
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