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How a given Ras prreotein coordinates multiple signaling inputs and outputs is a fundamental issue of
signaling specificity. Schizosaccharomyces pombe contains one Ras, Rasl, that has two distinct outputs. Rasl
activates Scdl, a presumptive guanine nucleotide exchange factor (GEF) for Cdc42, to control morphogenesis
and chromosome segregation, and Byr2, a component of a mitogen-activated protein kinase cascade, to control
mating. So far there is only one established Ras1 GEF, Ste6. Paradoxically, ste6 null (ste6A) mutants are sterile
but normal in cell morphology. This suggests that Ste6 specifically activates the Ras1-Byr2 pathway and that
there is another GEF capable of activating the Scd1 pathway. We thereby characterized a potential GEF, Efc25.
Genetic data place Efc25 upstream of the Ras1-Scdl, but not the Ras1-Byr2, pathway. Like rasIA and scdIA,
efc25A is synthetically lethal with a deletion in feal, a critical element for cell polarity control. Using truncated
proteins, we showed that the C-terminal GEF domain of Efc25 is essential for function and regulated by the
N terminus. We conclude that Efc25 acts as a Rasl GEF specific for the Scd1l pathway. While ste6 expression
is induced during mating, efc25 expression is constitutive. Moreover, Efc25 overexpression renders cells
hyperelongated and sterile; the latter can be rescued by activated Rasl. This suggests that Efc25 can recruit
Ras1 to selectively activate Scdl at the expense of Byr2. Reciprocally, Ste6 overexpression can block Scdl
activation. We propose that external signals can partly segregate two Rasl pathways by modulating GEF

expression and that GEFs can influence how Ras is coupled to specific effectors.

Ras G proteins act as molecular switches for signal trans-
duction pathways that are important for cell proliferation, dif-
ferentiation, cell death, and organization of the cytoskeleton
(reviewed in reference 29). In humans, there are three RAS
genes (H-, K-, and N-RAS) which encode four Ras proteins
with more than 90% identity in amino acid sequence. The
biochemical properties of these Ras proteins are very similar
and straightforward. Ras can bind either GTP or GDP. In the
resting state of the cell, Ras is primarily GDP bound and
inactive. In response to signals, Ras switches to the active
GTP-bound state, a process catalyzed by guanine nucleotide
exchange factors (GEFs). Activated Ras stimulates effector
proteins to turn on downstream pathways. How a given Ras
protein functions in the cell, however, is anything but straight-
forward. By one count, there are at least three Ras effectors
(Raf, phosphatidylinositol 3-kinase, and Ral GDS; reviewed in
reference 29) and three families of GEFs containing at least
five members (Sosl, Sos2, GRF1/Cdc25Mm, GRF2, and GRP
[2]). Under in vitro conditions, most known Ras effectors and
GEFs can frequently interact with more than one Ras protein,
but how they actually match up with one another in the cell is
poorly understood.

We use the fission yeast Schizosaccharomyces pombe as a
genetic model organism to study Ras functions. S. pombe con-
tains a single Ras homolog, Rasl, which interacts with two
effectors that control two distinct functions. Rasl activates the
Byr2 protein kinase (a MEKK homolog) to mediate mating
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pheromone signaling (31). Inactivation of this pathway blocks
sexual differentiation and results in sterility. The second Rasl
effector is Scdl (4; also known as Rall [12]), a presumptive
GEF for Cdc42. Inactivation of this pathway affects numerous
functions, the most readily observable of which is a change of
cell morphology from elongated to round. In addition, we have
recently identified an additional function of this pathway—
namely, the ability to interact with a conserved protein com-
plex containing Yin6 and Moel to affect spindle formation and
chromosome segregation (5, 18, 34). The scdl null (scd1A)
mutants are also sterile, but this sterility does not seem to
result from abnormalities in mating pheromone signaling (4).
Cells lacking scd! can sporulate efficiently and induce the ex-
pression of mam?2 (encoding a mating pheromone receptor),
both of which require mating pheromones. It is possible that
Scd1l may contribute to mating by affecting functions such as
cell polarity and cytoskeleton organization.

Even though GTP-bound Ras1 can bind both Byr2 and Scd1
with high affinity, the molecular pathways controlled by Scdl
and Byr2 are not interchangeable in the cell. Deleting byr2
blocks mating pheromone signaling to cause sterility but does
not affect cell morphology (31), chromosome segregation, or
spindle formation (5, 18). Conversely, scdIA cells are round
and defective in chromosome segregation and spindle forma-
tion (5, 18) but still respond to mating pheromones (4). Byr2
overexpression cannot rescue the abnormal cell shape of scd1A
cells, and Scdl overexpression cannot rescue the sterility of
byr2A cells (4). Thus, the S. pombe Rasl pathways are similar
to the Ras pathways in the mammalian systems in that a given
Ras protein must somehow coordinate interactions with mul-
tiple factors.

In S. pombe, the best characterized Rasl GEF is Ste6 (14).
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Like other Ras GEFs from mammals (Sos and GRF) and the
budding yeast (Cdc25), Ste6 contains a “classic” catalytic do-
main in its C terminus. ste6A cells, like byr2A cells, are sterile
but have a normal cell shape. In addition, ste6 expression is
barely detectable during vegetative growth but is induced by
signals for mating, nutrient starvation, and mating pheromones
(15). These intriguing phenomena suggest that Ste6 is specific
for Rasl function in mating pheromone signaling. Since Rasl
also controls the morphogenic pathway involving Scdl, we
hypothesized that this function of Rasl is regulated by another
GEF.

A gene encoding a second potential Rasl GEF, efc25 (term
derived from “exchange factor cdc25-like”), was isolated un-
expectedly in a study intended to isolate the gene encoding a
subunit of the DNA polymerase (30). The Efc25 protein con-
tains a C-terminal Cdc25-like catalytic domain, which shares
over 30% identity in amino acid sequence with other Ras
GEFs. The N terminus of Efc25 is not homologous to any
known proteins. Although a detailed study of Efc25 had not
been carried out, the phenotype of efc25A cells has been re-
ported, round but fertile (30). These interesting observations
collectively suggest that Efc25 may specifically regulate the
Ras1-Scdl pathway and that GEFs can play a very important
role in establishing specificity for Ras signaling.

In this study, we investigated whether Efc25 indeed specifi-
cally activates the Ras1-Scd1 pathway and whether GEFs play
key roles in allowing a single Ras protein to control two down-
stream pathways. Our data indicate that the functions of Efc25
and Ste6 are not interchangeable and that Efc25 specifically
regulates the Ras1-Scdl pathway. We reveal the influence of
mating signals on the expression of GEFs. Furthermore, our
data support a model in which GEFs play a role in directing
Rasl into a given downstream pathway.

MATERIALS AND METHODS

Parental strains and microbial manipulation. The generic wild-type strain is
SP870 (h*’ ade6-210 leul-32 ura4-D18). The following strains are all derived
from SP870: SPSCDI1U (scdl:ura4), as described in reference 4, SPBU
(byr2::ura4), SPRU (rasl:ura4), and SPRN (rasl:ura4:;pUC), as described in
reference 31. All moelA and yin6A cells were described in references 5 and 34,
respectively. Strain MOEIN is essentially the same as MOE1U (moel::ura4),
except that its ura4 was disrupted by homologous recombination (5). ste6A
(ste6::ura4) cells were as described previously (15) and were named STE6U for
this study. The rich medium was YEAU (5), and the minimal medium was MM
supplemented with the appropriate supplements (1). A nitrogen (N)-free MM
was prepared by eliminating NH,Cl. To induce sexual differentiation, homothal-
lic (h*) cells were pregrown to log phase (2 10° to 5 X 10° cells/ml) at 30°C in
the MM. They were then washed twice with the N-free MM and finally resus-
pended in an equal volume of the N-free MM at 30°C. Time points were taken
after the shift, and aliquots were centrifuged and frozen at —70°C for further
Northern and Western analysis.

Plasmid constructions. PCR was performed to modify the open reading frame
(OREF) for byr2 such that it can be cloned into pARTCM (4) at the Sall site. The
resulting vector was named pARTCMBYR2. An EcoRI-BamHI fragment con-
taining the ORF of efc25 was cloned into pBluescript SK(—) to create
pBSEFC25EB. The HindlIIl site of pBSEFC25EB was changed into a BamHI
site by a linker to create pPBSEFC25BB, which allows efc25 to be released from
pBSEFC25BB as a BamHI fragment. This fragment was cloned into pARTCM
to create pARTCMEFC25. A 2.2-kb region upstream of the efc25 ORF, con-
taining the presumptive efc25 promoter, was amplified by PCR and swapped with
the adhl promoter in pARTCMEFC25 to create pEPCMEFC25. A 1.6-kb
BamHI-Xbal from pARTCMEFC25 was cloned into the BamHI-Xbal sites of
pBluescript SK(—) to create pBSEFC25N. A BamHI-Sacl fragment from
pBSEFC25N was cloned into the BamHI-Sacl sites of pARTCM to create
PARTCMEFC25N. An Xbal-BamHI fragment containing the last 1.3 kb of
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the efc25 from pBSEFC25EB was cloned into the Xbal-BamHI sites of pBlue-
script SK(—). The Xbal site was changed to BamHI by a linker to create
pBSEFC25CBB, and the BarmHI fragment from pBSEFC25CBB was cloned into
the BamHI site of pARTCM to create pARTCMEFC25C. A blunt-ended Sacl
fragment of ade6 was cloned into the EcoRV site of pARTCMEFC25C to create
PARTCMEFC25CA. The ste6 ORF was amplified by PCR to contain BamHI
and Sacl sites for cloning into pARTCM to create pARTCMSTES. To create
pREPISTE6, pARTCMSTESG was digested with Sacl, blunt ended, and cut with
BamHI. The resulting fragment was cloned into the BamHI-Smal sites of pREP1
(21). To generate plasmids for deleting efc25, efc25 genomic DNA was amplified
using primers to contain a BamHI site and Sacl site for cloning into pBluescript
SK(—) to create pBSEFC25. pBSEFC25 was digested by EcoNI and MunI and
was blunt ended. The resulting vector was ligated with blunt-ended ura4 and
LEU?2 to create pBSEFC25::ura4 and pBSEFC25::LEU2. A BamHI-Sacl frag-
ment containing the ORF of ras! was created by PCR and cloned into pARTCM
to produce pARTCMRI1G. A 1.1-kb Sphl-Pstl fragment, containing the pre-
sumptive ste6 promoter, was created by PCR. This fragment was swapped with
the adhl promoter in pARTCMSTE6 to create pSPCMSTEG6. To create
pARTCMA, a blunt-ended fragment of ADE2 was cloned into the EcoRV site
of pARTCM.

Strain constructions. To create rasIA cells (strain SPR1L), SP870 was trans-
formed with rasVHd/pUC7 (22). Strains EFC25U (efc25::ura4) and EFC25L
(efc25::LEU2) were created by transforming strain SP870 with a BamHI-Sacl frag-
ment from pBSEFC25:ura4 and pBSEFC25:LEU2, respectively. The resulting
efc25A cells are phenotypically indistinguishable from the efc25A strains as described
before (30). A tealA strain, TEAIU (teal:ura4), was created using plasmid
pSISTealA as described (20). All double mutants were created by protoplast fusion
of single deletion mutants followed by tetrad analysis. Tagging Efc25 at the C
terminus abolishes its function (data not shown). To tag efc25 at the N terminus with
the coding sequence of c-Myc, we created strain MYCEFC25 by transforming strain
EFC25U with a Mlul fragment of pPEPCMEFC25 (linearized in ars, term derived
from “autonomous replicating sequence”), which presumably allows the DNA cas-
sette containing efc25 promoter-c-MYC-efc25 to integrate into ars. The resulting
strain MYCEFC25 is phenotypically indistinguishable from the wild-type strain
(SP870).

Western and Northern blot analysis. The preparation of cell lysate and West-
ern blotting were performed as described earlier (4). Antibodies 9E10 (4) and
TAT1 (5) were used to detect c-Myc-tagged proteins and tubulins, respectively.
For Northern blotting, total RNA was extracted as described earlier (28). A
951-bp Xbal fragment of efc25 and a 927-bp Bcll fragment of ste6 (15) were used
as templates for the preparation of radiolabeled probes. The probes were pre-
pared by using the Prime-It Random Primer labeling kit (Stratagene), and the
hybridization was carried out with the ExpressHyb solution (Clontech). A part of
the scdl and byr2 ORFs (+609 to +1265 and +901 to +1979, respectively) was
amplified by PCR as templates for probe preparation. Nonradioactive probes
and hybridization were performed according to the manufacturer’s protocol
(Roche).

Microscopy. Cell morphology was documented under differential interference
contrast microscopy. F-actin staining was performed using rhodamine-conju-
gated phalloidin, and DNA was visualized by 4',6’-diamidino-2-phenylinole
(DAPI) (1). Microtubules were visualized by immunostaining using the TAT1
antibody against tubulin (34).

RESULTS

Efc25 acts upstream of Rasl. Efc25 was hypothesized as a
Rasl GEF, based on analyses of the null mutant phenotype
and protein sequence. To characterize more vigorously the
relationship between Efc25 and Rasl, we carried out a series of
genetic experiments to determine whether Efc25 acts upstream
of Rasl. First, we created a null strain lacking both ras/ and
efc25 (raslA efc25A). This strain is phenotypically indistin-
guishable from rasIA cells (round and sterile; Fig. 1A). More-
over, there is no obvious “novel” phenotype in the double
mutant cells, and these cells do not show any detectable growth
defects at 20 and 37°C. These results support the idea that
Efc25 and Ras1 act on a linear pathway. Next, we determined
in what order they act. As shown in Fig. 1B, the roundness of
efc25A cells can be very efficiently rescued by the presence of
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FIG. 1. Efc25 is upstream of Rasl. (A) The relevant genotype of the tested strains is indicated on top of each panel. Cells were plated on either rich
medium and grown to log phase (=) or on MM plates for 3 days to induce sexual differentiation (+) and were then visualized under differential
interference contrast microscopy. Asterisks mark asci, evidence for mating and sporulation. Strains used were SP870 (wild type), SPRIL (ras/A), and
EFC25U (efc25A), and efc25A rasIA cells were derived from a fusion between strains SPR1L and EFC25U. (B) Strain EFC25U (efc25A) or SPRN
(ras1A) was transformed with pARTCM (vector control), pARTCMEFC25 (Efc25 1), or pALRV (Ras1G17V 1 [22]), and the morphology of the cells

in log phase was recorded.

a mutant allele of rasi, ras1G17V, which encodes a Rasl pro-
tein that is constitutively active. Overexpression of the wild-
type rasI only weakly rescues the abnormal cell morphology of
efc25A cells (data not shown). In contrast, overexpression of
efc25 cannot rescue the abnormal morphology of rasIA cells.
These results indicate that Efc25 acts upstream of Rasl and is
important for Rasl activation.

Efc25 activates specifically the Ras1-Scd1 pathway but not
the Ras1-Byr2 pathway. Since efc25A cells are round and fer-
tile, it is possible that Efc25 can specifically regulate the Ras1-
Scdl pathway. To test this, we used genetics to ascertain
whether Efc25 is upstream of Scdl. As shown in Fig. 2A,
overexpression of scdl but not of byr2 modestly rescues the
roundness of efc25A cells, while efc25 overexpression does not
rescue the defects of scdlA and byr2A cells (data not shown).
In addition, efc25A scdIA cells are phenotypically indistin-
guishable from scdIA cells (Fig. 2B).

We have uncovered several components that interact specif-
ically with the Ras1-Scd1 pathway but not with the Ras1-Byr2
pathway. If Efc25 indeed specifically regulates the Scdl path-
way, Efc25 would similarly interact with these components. To
test this, we first examined whether Efc25 can interact with
Moel, which has been shown to cooperate with the Ras1-Scd1
pathway to affect spindle formation and chromosome segrega-
tion. The deletion of moel together with mutations inactivating
the Ras1-Scdl pathway is synthetically lethal (reference 5 and
Table 1). Consistent with the hypothesis that Efc25 is upstream
of the Ras1-Scdl pathway, we found that efc25A substantially
worsens the growth defect of moelA cells. At 25°C, while the
single mutants are viable, efc25A moelA cells can barely grow
(Fig. 2C and Table 1).

Another unique function of the Rasl-Scdl pathway is to
influence cell polarity to maintain the elongation of cells. One
of the key elements in cell polarity control is Teal, a microtu-
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FIG. 2. Efc25 is upstream of Scdl but not of Byr2. (A) Strain
EFC25U (efc25A) was transformed with pALASCD1 (Scdl 1 [4]) or
pPARTCMBYR2 (Byr2 1), and the cell morphology was recorded. See
Fig. 1 for efc25A cells transformed with a vector control. (B) An efc25A
scdlA strain was derived from fusing strains SPSCD1U (scd/A) and
EFC25L, and cells in log phase were photographed. Note that scd/A
cells are nearly spherical even in log phase (4). (C) Various cells were
spotted in 1:5 serial dilutions on rich medium at 32 and 25°C and were
allowed to grow for 2 and 4 days, respectively. We note that moelA
cells are cold sensitive for growth (5). At 20°C, these cells are viable
but grow slowly. The wild-type (WT), moelA, and efc25A strains used
were SP870, MOEILL, and EFC25U. The efc25A moelA strain was
derived after a fusion between strains MOE1L and EFC25U.

bule binding protein (20). We investigated whether the Rasl-
Scd1 pathway could interact with Teal for cell polarity control
and, if so, whether Efc25 could similarly interact with Teal.
After analyzing tetrads from fealA™ rasIA™ diploid strains
(Table 1), we determined that more than 60% of tealA rasiA
spores either did not divide or divided only a few times, while
the remaining 30% could only form a microcolony (cell colony
diameter < 10% of that of the wild-type cells). We examined
phenotypes of those rasIA tealA cells in the microcolonies and
found that nearly half of them appear to remain connected
after septation and thus form large cell masses (Fig. 3A, mi-
crograph a). Frequently, within these cell masses, more than
half of the cells are multinucleated (Fig. 3A, micrographs d
and g, and B, micrographs d and h), suggesting that Rasl and
Teal are important for cytokinesis and/or septation. In keep-
ing with the idea that Teal can cooperate with the Rasl path-
way for cell polarity control, rasI A teal A cells are nearly spher-
ical (Fig. 3A, micrograph a), while rasIA cells in log phase are
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TABLE 1. efc25A worsens phenotype of moelA and tealA cells

Relevant genotype of Reference or

various double mutants” Cell growth” source

raslA teal A - This study
efc25A teal A - This study
byr2A teal A ++ This study
scdlA teal A - This study
rasIA moel A - 5

efc25A moel A —+ This study
byr2A moel A ++ This study
scd1A moel A - 5

“ All double null mutants were derived from the same parental wild-type strain
SP870 (Materials and Methods). All respective single null mutants are viable; see
text for details.

> The symbols represent the following: ++, no apparent growth inhibition
tested at 25, 32, and 37°C; —/+, growth inhibition at 25°C but not at 32°C; and
—, nearly inviable, see text for more details.

pear shaped, not completely round (Fig. 3A, micrograph b).
Consistent with our previous finding that the Ras1-Scdl path-
way plays a role in mediating proper chromosome segregation,
raslA tealA cells with lagging chromosomes can be detected
(approximately 3% of the mitotic cells; Fig. 3B, micrographs ¢
and g), an anomaly not readily detectable in the single mutants
(Fig. 3B, micrographs a, b, e, and f). Additionally, we germi-
nated all tealA rasIA cells from tealA/+ raslA/+ diploids (by
selective nutrient supplement) and found that these cells dis-
played the same abnormalities as shown in Fig. 3, indicating
that these abnormalities are not unique to cells in microcolo-
nies. Finally, tealA is also synthetically lethal with efc25A and
scd1A but not with byr2A (Table 1), and the double null mu-
tants showed the same set of phenotypes as described above

ras14 teald ras14 teald

rasi1d teald

s ¥

)

ras1A teald ras14 teald

FIG. 3. Phenotypes of tealA rasiA cells. (A) Micrograph a, mor-
phology of tealA rasIA cells in a microcolony. Micrographs b to d,
F-actin staining of strains carrying indicated null mutations grown in
rich medium. The same cells were counterstained with DAPI to view
DNA (micrographs e to g). (B) Tubulin staining of strains carrying
indicated null mutations is shown in micrographs a to d; DAPI coun-
terstaining of the same cell is shown in micrographs e to h. The ras/A
and fealA strains used were SPRIL and TEA1U. The rasIA tealA
strain was derived from a fusion of SPR1L and TEA1U strains.

Tubulin

DAPI

6002 ‘/Z 19qwanoN uo /(q BJO'LUSE'CIOUJ wioJ} pspeojumoq


http://mcb.asm.org

4602 PAPADAKI ET AL.

MoL. CELL. BIOL.

B. :
Vec Contrl
- N C N+C FL
wwnn Myc-Efc25
Myc-Efc25N
Myc-Efc25C

—— ke 11]¢]

FIG. 4. The C-terminal GEF domain of Efc25 is functional and positively regulated by the N terminus. (A) The plasmids used to overexpress
Efc25C, Efc25N, and full-length Efc25 in strain EFC25U (efc25A) were pARTCMEFC25CA (Efc25C), pARTCMEFC25N (Efc25N), and
pARTCMEFC25 (Efc25), respectively. pARTCMEFC25N and pARTCMEFC25CA were cotransformed to express both Efc25N and Efc25C
(Efc25N+C). The vector controls are pARTCM and pARTCMA. (B) Protein extracts from cells shown in panel A were analyzed by Western blots
using an anti-c-Myc antibody (top), which detects various forms of c-Myc-tagged Efc25 proteins, as indicated on the right. Tubulin (Tub) levels
were examined as a loading control (bottom). The overexpressed c-Myc-Efc25 proteins in various samples are marked on top of each lane as
follows: none (—), Efc25N (N), Efc25C (C), and Efc25N and Efc25C (N+C), and full-length Efc25 (FL). (C) SP870 (wild-type) cells were
transformed with pARTCM and pSLF173 (Vec Contrl [11]), pARTCMEFC25N (Efc25N 1 ) and pSLF173 (=), or pARTCMEFC25N (Efc25N 1)

and pAURYV (Ras1G17V [22]).

(not shown). We conclude that inactivation of both Teal and
the Ras1-Scd1 pathway leads to a global disruption of cytoskel-
eton function and that Efc25 is upstream specifically of Scdl.

The GEF domain is essential for Efc25 function and is
regulated by the N terminus of Efc25. Our data illustrate that
Efc25 acts upstream of Rasl and plays a role in Rasl activa-
tion. We further examined whether Efc25 acts as a Rasl GEF
by determining whether the GEF domain of Efc25 is important
for its function. Two truncated forms of Efc25, Efc25N and
Efc25C, were created. Efc25C contains the C terminus of
Efc25 (amino acid residues 550 to 987), where the GEF do-
main is located, while Efc25N contains the N terminus of Efc25
(amino acid residues 1 to 550). As shown in Fig. 4A, Efc25C
can modestly rescue the roundness of efc25A cells, but Efc25N
cannot. This result supports the hypothesis that Efc25 acts as a
Rasl GEF.

The C-terminal catalytic domain of budding yeast Cdc25
appears as active as full-length Cdc25 (17). By contrast, the
catalytic domain of Efc25 (Efc25C) does not function as effi-
ciently as full-length Efc25. The N termini of most known
GEFs are highly diverse in primary sequence and many of
these have been shown to play regulatory roles (6, 13; see
Discussion). Therefore, we investigated whether the N termi-
nus of Efc25 can similarly regulate Efc25 functions. Indeed,
Fig. 4A shows that, while overexpression of Efc25N alone has
no effect on the shape of efc25A cells, overexpression of
Efc25C together with Efc25N efficiently restores the abnormal
cell morphology of efc25A cells. The expression levels of

Efc25C and Efc25N, whether expressed together or singularly,
and of full-length Efc25 are similar, as determined by the
Western blot analysis (Fig. 4B). These data support the hy-
pothesis that the N terminus of Efc25 can positively regulate
the GEF activity of Efc25.

If the N terminus of Efc25 positively regulates Efc25, over-
expressing Efc25N in wild-type cells may be dominant nega-
tive. Consistent with this hypothesis, Efc25SN overexpression in
wild-type cells causes them to become round but does not
affect mating (Fig. 4C) and, importantly, the cell roundness
induced by Efc25N overexpression can be rescued by
Ras1G17V (Fig. 4C). Evidently, Efc25N overexpression can
interfere with Rasl activation, which leads to inactivation of
the Scd1 pathway.

The functions of Efc25 and Ste6 are not interchangeable.
Previous studies and our results presented above suggest that
Efc25 activates the Ras1-Scdl pathway, while Ste6 regulates
the Ras1-Byr2 pathway. We examined whether the functions of
Efc25 and Ste6 are interchangeable. An efc25A ste6A strain
was created, and it is phenotypically indistinguishable from
rasIA strains (Fig. 5A). This observation confirms that Efc25
and Ste6 are each on a separate Rasl pathway and argues
strongly that no other GEFs are necessary for Rasl functions.
Moreover, Ste6 expressed from various plasmids (containing
the ste6 genomic promoter, the adhl promoter, or the stron-
gest nmtl promoter), all of which fully rescue the sterility of
ste6A cells, does not rescue the roundness of efc25A cells;
reciprocally, Efc25 overexpression does not rescue the sterility
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(strain EFC25L), ste6A (strain STE6U), and efc25A ste6A (made from a
fusion between strains EFC25L and STE6U) were plated either on rich
medium and grown to log phase (—) or on MM and grown for 3 days to
induce sexual differentiation (+). (B) Strains EFC25U (efc25A) and
STE6U (ste6A) were transformed with pARTCMEFC25 (Efc25 1) or
PARTCMSTES (Ste6 1 ), and cell morphology was determined under log
phase (—) or starvation (+) conditions.

of ste6A cells (Fig. 5B). These experiments indicate that the
two Rasl1 pathways are regulated by two GEFs whose functions
are not interchangeable.

Regulation of the Rasl pathways: GEF expression is medi-
ated by different signals. We went on to investigate the mech-
anisms by which a single Rasl protein can regulate two path-
ways and what roles GEFs play in this process. Cell mating is
induced by external signals, such as mating pheromones and
nutrient starvation, which have been shown to induce ste6
expression transcriptionally (15). Therefore, we asked whether
the expression of GEFs is a key to the regulation of Rasl
pathways.

As shown in Fig. 6A, ste6 mRNA levels are weakly detect-
able before the induction for sexual differentiation but can be
increased almost 10-fold after 6 h of induction as reported
elsewhere (15). In contrast, efc25 seems to be constitutively
expressed. The efc25 mRNA levels remain unchanged before
and after the induction for sexual differentiation for up to 14 h
(Fig. 6A and data not shown). To determine whether the
accumulation of Efc25 protein follows the same pattern as that
of the mRNA, we performed Western blots on cells in which
the endogenous efc25 was tagged at the 5" end with the coding
sequence for the c-Myc epitope. The expression of Efc25 is
thus controlled by its own promoter, and we showed that the
tagged protein appears as functional as wild-type protein (Ma-
terials and Methods). As shown in Fig. 6A, Efc25 protein levels
follow the same profile as those of the mRNA. These results
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reveal that expression of Rasl GEFs can be differentially in-
fluenced by external signals, and that, as such, a particular
Rasl pathway can be selectively turned on in a timely fashion.

Expression of rasl is not dependent on mating signals; it
increases approximately twofold during sexual differentiation
(15). We performed Northern blot analyses to investigate
whether the expressions of Rasl effectors are coordinately
regulated with that of the GEFs. As shown in Fig. 6B, like
efc25, scdl appears constitutively expressed. byr2 expression is
not as extensively dependent on mating signals as is ste6 ex-
pression, and it can be increased two- to threefold during
sexual differentiation.

Regulation of the Rasl pathways: GEFs directs Rasl to
specific downstream effectors. During the course of examining
Efc25 overexpression, we noted that Efc25 overexpression in
fact caused cells to elongate more than normal. The cells as
shown in Fig. 1B and 4A are approximately 30% longer than
normal. As mentioned earlier, Efc25 overexpression does not
induce cell hyperelongation in ras/A and scdIA cells (Fig. 2B
and data not shown), but it can do so in byr2A and byrIA cells
(data not shown). These results suggest that the cell hypere-
longation is caused by activation of the Scd1 pathway, not by a
Byr2-dependent hypersexual effect (31).

Interestingly, these hyperelongated cells are also sterile (Fig.

A Time after induction of sexual
' differentiation, hr
0 3 6 9
efc2s [ M |
Northern blots
slte6
rRNA loading cntrl _ EtBr

cMyc-Efc25 :I
Tubulin loading cntrl I:

Western blots

B Time after induction of sexual
- differentiation, hr
0 15 6

scd1
— |Northern blots

byr2 L |

rRNA loading cntrl EtBr

FIG. 6. Expression of Rasl GEFs and effectors in response to mat-
ing signals. (A) Homothallic cells capable of switching mating types
were pregrown to log phase. These cells were then transferred to
nitrogen-free medium, which induces secretion of mating pheromones
and the onset of sexual differentiation. Time points were taken after
the transfer as indicated. Strains SP870 (wild type) and MYCEFC25,
containing a c-Myc-tagged Efc25, were used for Northern and Western
blots, respectively. EtBr, ethidium bromide. (B) mRNAs were ana-
lyzed in wild-type strain SP870 as described for panel A.
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FIG. 7. Efc25 overexpression can block the Rasl-Byr2 pathway,
while Ste6 overexpression can block the Ras1-Scdl pathway. (A) To
overexpress Efc25 and Rasl in strain SP870 (wild type), pSLFEFC25
and pARTCMRI1G were used. The control vectors were pARTCM
and pSLF173. The percentage of asci in approximately 1,000 cells per
transformed colony was counted after 3 days of growth on MM. Bars
represent standard deviations from the results of three different colo-
nies of each transformation. (B) MOEIN (moelA) cells were trans-
formed with pARTCM and pSLF173 (control), pARTCMSTESG (Ste6)
and pSLF173, or pARTCMSTES6 and pAURV (Ste6 + Ras1G17V).
The resulting cells were spotted on MM or nonselective rich medium
(as a control for the amount of cells spotted) and grown at 32°C.

7A). Is it possible then that Efc25 can preferentially recruit
Rasl to activate Scdl and thus render Rasl unavailable for
Byr2? To test this, we examined whether Ras1 overexpression
could rescue the sterility resulting from Efc25 overexpression.
As shown in Fig. 7A, Ras1 overexpression increases cell mating
by sevenfold (P < 0.05, Student ¢ test). Moreover, overexpres-

A.
Efc25 Sted . Efc25 Ste6
\ r's Sl;\)/lc?twagtign \ 4
Rast Ras1
2’/ \ Vegetative ’ \
Byrz  Scdl O™ By Scdi

¥ ¥ ¥ Y

) Cell polarity Mating pheromone
: Spindle formation response (ie,
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sion of Byr2 or Scd1 cannot efficiently rescue sterility (data not
shown). This result is in keeping with the fact that Byr2 over-
expression is a poor suppressor for mating for ras/A cells (31)
and thus suggests that Efc25 overexpression blocks Byr2’s ac-
cess to nearly all the Rasl. We conclude from these data that
overexpression of Efc25 can preferentially recruit Rasl to per-
form a “morphogenic” function and thus block Byr2’s access to
Rasl.

Next, we performed reciprocal experiments to investigate
whether Ste6 overexpression can titrate out Rasl for the Scd1
pathway. moelA cells are very sensitive to the loss of function
in the Ras1-Scdl pathway; therefore, we tested the effects of
Ste6 overexpression on the Rasl pathway in these cells. Our
data show that Ste6 overexpression severely worsens the
growth defect of both moelA (Fig. 7B) and yin6A (not shown)
cells and that the presence of Ras1G17V can effectively rescue
these abnormalities.

DISCUSSION

S. pombe Rasl is an excellent model for studying how a given
Ras protein coordinates various inputs and outputs during
signal transduction. Through a detailed genetic study of Efc25,
we conclude that Rasl GEFs play a critical role in directing
Rasl to downstream pathways. Our data illustrate that the
functions of Efc25 and Ste6 are not interchangeable. Efc25
appears to act as a GEF to activate Rasl specifically for the
Scdlpathway, while Ste6 seems to activate Rasl specifically to
turn on the Byr2 pathway. We show further that the expression
of GEFs (and thus the activation of Rasl) can be differentially
influenced by mating signals and that the presence of a given
GEF seems capable of recruiting Rasl to activate a cognate
downstream pathway.

The presumptive dynamic interaction between GEFs, Rasl,
and Rasl effectors is depicted in Fig. 8A. It seems evident that,
during vegetative growth, the dominant Ras1 pathway is that of
Efc25-Ras1-Scdl. This is likely because the presence of Efc25
seems to efficiently and selectively recruit Rasl and Scdl and
because very little Ste6 is present. As cells undergo sexual
differentiation, Ste6 protein levels rise substantially, and Ste6 is
predicted to recruit some of the Rasl to eventually activate
Byr2.

The functions of the Efc25-Ras1-Scdl pathway during veg-

Effector 1

GEF 1

Ras
—p
Effector 2 =%

Cell polarity (mating &
reentering log phase?)

Chromosome segregation expression of mating  Spindle formation

pheromone
receptors)

Chromosome segregation
- meiosis (sporulation)?

FIG. 8. Model. (A) The two Rasl pathways are partly regulated at the transcriptional levels by signals of mating (see text for details). Ste6 is
shown with a smaller font for log-phase cells because it is not as highly expressed as those cells entering sexual differentiation. (B) GEFs can
mediate Rasl binding to a given effector, and this binding can also be mediated by scaffold proteins.
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etative growth are quite apparent, controlling polarized cell
extension and mitotic fidelity. The Ste6-Rasl-Byr2 pathway
has been shown to regulate expression of genes encoding the
mating pheromone receptors (33), an activity that is clearly
important for sexual differentiation. It is rather surprising to
learn that Efc25 and Scdl are also expressed during sexual
differentiation. What functions are likely to be controlled by
them?

It has been shown that, after prolonged starvation, ras/A
cells display disorganized “birth scars,” which are orderly de-
posits of cell wall materials left behind from previous cell
divisions (25). These cells lag behind wild-type cells in reentry
into vegetative growth upon addition of fresh nutrients, and
the delay correlates with the time needed to reorganize their
birth scars. This observation supports a hypothesis that Ras1 is
required for maintaining cell polarity during prolonged starva-
tion, the loss of which may delay cell division upon reentry into
the cell cycle. It is also possible that cell polarity and cytoskel-
eton organization may be important for mating (23, 24). This
partly explains why ras/A and scdIA cells cannot mate, even as
the mating pheromone pathway is activated by Byr2 overex-
pression (4, 31). There is one caveat to this: unlike scd/A cells,
efc25A cells mate nearly as efficiently as wild-type cells. We
surmise that, in the absence of efc25, Rasl and Scdl (and
proteins downstream of Scd1l) may be partially active and ca-
pable of promoting mating.

The Ras1-Scd1 pathway is also important for spindle forma-
tion and chromosome segregation, which are conceivably im-
portant not only for mitosis but also for meiosis. In keeping
with this, we observed that diploid cells defective in the Yin6-
Moel complex (34) and in Scdl (Y.-C. Li and E. C. Chang,
unpublished results) frequently sporulate to produce abnormal
asci with fewer than the normal four spores, indicative of
meiotic chromosome missegregation (7).

Can we rule out the possibility that Efc25 can in fact regulate
another Ras-like protein? We believe that this is highly un-
likely, based on the S. pombe genome sequencing data (32). S.
pombe has a total of 18 Ras-like proteins. In addition to Rasl,
there are eight Rab-like and six Rho-like proteins, a single
Spgl/Teml protein, and a single Spil/Ranl protein. These
proteins are structurally substantially different from Ras and
are thus regulated by unique GEFs. S. pombe does not have
any Rap proteins, which are structurally very similar to Ras.
The remaining Ras-like protein belongs to the Rheb subfamily
(reviewed in reference 26). Phylogeny studies place Rheb dis-
tant from all other members in the Ras superfamily. In partic-
ular, there is a change from Gly to Arg at a position corre-
sponding to the Gly-12 in human Ras proteins. This alteration
is predicted to render Rheb constitutively GTP bound; thus,
Rheb activation may not need any GEFs. The deletion of the
S. pombe gene encoding Rheb (also known as rhbl) leads to a
cell cycle arrest similar to that induced by nutrient starvation,
and there was no genetic interaction with Rasl (19). Consis-
tent with the latter observation, we found that Rheb overex-
pression did not rescue the abnormal cell shape of efc25A cells
(unpublished results).

Both Rasl pathways are present during sexual differentia-
tion, and this prompts us to speculate how these two pathways
are coordinated. We made a surprising discovery in this study
that supports a hypothesis that GEFs play a role in influencing
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the connection between Rasl and its downstream pathways.
We show that overexpression of Efc25 can selectively activate
the Scdl pathway at the expense of the Byr2 pathway; recip-
rocally, overexpression of Ste6 sequesters Rasl for Scdl. There
are at least two models that can explain this. In the first, we
propose that the presence of a given GEF can induce a con-
formational change in Rasl that favors the binding of a given
effector and that these interactions can be further mediated by
scaffold proteins (Fig. 8B). In previous studies of the Rasl-
Scdl pathway (3, 4), it was shown that components in this
pathway interact with each other in a cooperative fashion—the
presence of one component can strengthen the binding be-
tween other components in the same protein complex and
identified at least one scaffold protein, Scd2. As an alternative,
signaling specificity can be achieved if components of the two
pathways are spatially segregated in the cell. These two mech-
anisms are not mutually exclusive and may both be operative to
achieve maximal specificity.

The Ras pathways in mammalian cells are far more complex
than those in S. pombe. Nevertheless, there is evidence that
mammalian GEFs also play important roles in affecting the
specificity of Ras signaling. GRF has been shown to efficiently
activate H-Ras in NIH 3T3 cells without significantly activating
N- or K-Ras (16). A Ca**-calmodulin complex can bind the IQ
domain in GRF1 (10), and GRP has binding sites for both
Ca?" and DAG (9). Thus, Ca** may directly or indirectly
influence the activity of these GEFs to allow Ras to modulate
Ca®" signaling. Moreover, since Sos can bind growth factor
receptors (27), while GRF1 and GRP can each bind Ca** and
DAG, respectively, these GEFs may assemble unique Ras
pathways in various parts of the cell where the growth factor
receptor, Ca®", or DAG is concentrated. The GEFs for Rho-
like proteins have also been shown to affect the specificity of
signaling (8, 35). Boriack-Sjodin et al. (2) have recently re-
vealed the three-dimensional structure of a complex containing
Ras and the catalytic domain of Sos (C-Sos). Intriguingly, they
found that the binding of C-Sos causes a dramatic conforma-
tional change in the Ras Switch I region, which also encom-
passes the effector loop. It will be of interest to determine
whether such conformational change can take place in the cell
and whether it could play a role in modulating effector binding.
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