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Cellular responses to many external stimuli are mediated by mitogen-activated protein kinases (MAPKs).
We investigated whether dynamic intracellular movement contributes to the spatial and temporal character-
istics of the responses elicited by a prototypic MAPK, Fus3, in the mating pheromone response pathway in
budding yeast (Saccharomyces cerevisiae). Confining Fus3 in the nucleus, via fusion to a histone H2B, reduced
MAPK activation and diminished all responses (pheromone-induced gene expression, cell cycle arrest, pro-
jection formation, and mating). Elimination of MAPK phosphatases restored more robust outputs for all
responses, indicating that nuclear sequestration impedes full MAPK activation but does not abrogate its
functional competence. Restricting Fus3 to the plasma membrane, via fusion to a lipid-modified CCaaX motif,
led to MAPK hyperactivation yet severely impaired all response outputs. Fus3-CCaaX also caused aberrant cell
morphology and a proliferation defect. Unlike similar phenotypes induced by pathway hyperactivation via
upstream components, these deleterious effects were independent of the downstream transcription factor Ste12.
Thus, appropriate cellular responses require free subcellular MAPK transit to disseminate MAPK activity
optimally because preventing dynamic MAPK movement either markedly impaired signal-dependent activa-

tion and/or resulted in improper biological outputs.

Cellular adaptation to an extracellular stimulus often re-
quires the action of mitogen-activated protein kinases
(MAPKSs) (58, 59). A MAPK serves as a nodal point in its
signaling network, in the sense that it connects the relatively
linear upstream pathway for its activation to a diverse set of
downstream effectors. MAPK targets can include proteins that
control quite different aspects of cell function, including cell
morphology, cell cycle progression, and gene expression.
MAPK-mediated phosphorylation of such substrates must oc-
cur in the correct spatial context and in the proper temporal
order to elicit coherent and appropriately integrated responses
by the cell. How a given MAPK-mediated signal is dissemi-
nated to its different cellular targets is a poorly understood
aspect of intracellular signal transmission. In this study, we
devised strategies to constrain a MAPK to a single subcellular
compartment and examined the biochemical and phenotypic
consequences of that restriction for the outputs normally elic-
ited.

We used the MAPK of the mating pheromone response
pathway of budding yeast (Saccharomyces cerevisiae), a well-
established model system that has been helpful in elucidating
many other basic principles of MAPK-dependent signal trans-
duction (4, 17, 77). This pathway governs the part of the yeast
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life cycle in which a vegetatively growing haploid cell is induced
to differentiate into a gamete-like cell. There are two haploid
cell types, a and «, dictated by their genetic constitution at the
mating-type locus (MATa and MATa, respectively). The « cells
secrete a peptide (a-factor pheromone) that triggers the re-
sponse pathway in a cells; a cells secrete a lipopeptide (a-factor
pheromone) that evokes the response pathway in « cells. Ex-
posure to pheromone induces new gene expression, arrests the
cell cycle in the G, phase, and promotes highly polarized
growth to form a pronounced projection (shmoo formation).
Once primed in this manner, an a and « cell mate at their
projections, and after cell fusion, their nuclei congress, com-
pleting the formation of a MATa/MAT« diploid cell.

A substantial amount is known about the molecular mech-
anisms by which a pheromone activates the MAPK Fus3. Each
pheromone binds to a plasma membrane-localized G-protein-
coupled receptor (GPCR); a-factor binds to GPCR Ste2 on a
cells, and a-factor binds to GPCR Ste3 on « cells. Ligand-
occupied Ste2 and Ste3 act as guanine nucleotide exchange
factors (GEFs) to promote GTP-for-GDP exchange in the o
subunit (Gpal) of the heterotrimeric G protein that is coupled
to these receptors. GTP binding to Ga causes conformational
changes that expose a previously masked surface of the asso-
ciated GBy (Ste4-Stel8) complex (40). Both Gpal and GBy
remain anchored to the plasma membrane because each car-
ries dual lipophilic substituents (47). The molecules of freed
GBvy now recruit via their previously buried face three crucial
effectors: Farl (12), Ste20 (43), and Ste5 (57, 81).

Farl is a scaffold protein that carries the GEF (Cdc24) for
the small (~21-kDa) GTPase Cdc42, which is tethered to the
plasma membrane via a C-terminal lipid modification, thereby
stimulating formation of GTP-bound Cdc42 (52, 68, 82). One
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TABLE 1. Yeast strains used in this study

Strain Genotype or description Reference or source®

BY4741 MATa his3AI leu2A0 met15A0 ura3A0 10

BY4742 MATo his3AT leu2A0 lys2A0 ura3A0 10

RCY9320 BY4741 fus3A::KIURA3 kss1A::CgHIS3 This study

RCY9335 BY4741 fus3A::KanMX4 Research Genetics, Inc.
RCY9336 BY4741 ste7A::KanMX4 Research Genetics, Inc.
RCY9337 BY4741 ste5A::KanMX4 Research Genetics, Inc.
RCY9338 BY4741 rvs161A::KanMX4 Research Genetics, Inc.
RCY9339 BY4741 rvs167A::KanMX4 Research Genetics, Inc.
RCY9340 BY4741 ste2A::KanM X4 Research Genetics, Inc.
RCY9341 BY4741 farl A::KanMX4 Research Genetics, Inc.
RCY9342 BY4741 ste20A::KanMX4 Research Genetics, Inc.
RCY9343 BY4741 stellA::KanMX4 Research Genetics, Inc.
RCY9344 BY4741 bnil A::KanMX4 Research Genetics, Inc.
RCY9345 BY4741 hogl A::KanMX4 Research Genetics, Inc.
RCY9346 BYA4741 fus3A:KIURA3 kss1A::CgHIS3 ste5A::KanMX4 This study

RCY9352 BY4741 fus3A:Klura3>FO4 kss1A::CgHIS3 This study

RCY9354 BY4741 fus3A:Klura3* " kss1A::CgHIS3 ste5A::KanMX4 This study

RCY9358 BY4741 fus3A::KIURA3 kss1A::CgHIS3 sst2A::KanMX4 This study

RCY9366 BY4741 stel2A::CgHIS3 This study

RCY9367 BY4741 stel2A::CgHIS3 This study

RCY9368 BY4741 ste4A::KanMX4 Research Genetics, Inc.
RCY9380 BY4741 FUS1-GFP::KanMX4 This study

RCY9382 BY4741 FUSI-GFP::KanMX4 fus3A::KIURA3 kss1A::CgHIS3 This study

RCY9384 BY4741 PRM1-GFP::KanMX4 This study

RCY9386 BYA4741 fus3A:KIURA3 kss1A::CgHIS3 PRMI-GFP::KanMX4 This study

RCY9395 BY4741 fus3A::KIURA3 kss1A::CgHIS3 ste7A::KanMX4 This study

RCY9401 BY4741 fus3A::KIURA3 kss1A::CgHIS3 msg5A:natNT2 ptp2A::KanMX4 ptp3A::hphNT1 This study

YJP73 YPH499 Py s;-HA-eGFP::leu2::ADE?2 Py, ;-HA-tdtomato::leu2::ADE?2 This study

YJP131 YPH499 Ppys;-HA-eGFP::leu2::ADE2 Py, -HA-tdtomato::leu2::ADE2 hogl A::hphNT1 This study

YPH499 MATa ade2-101och his3-A200 leu2-A1 lys2-801a trp1-A63 ura3-52 67

YPHS500 MATao ade2-101och his3-A200 leu2-A1 lys2-801a trpl-A63 ura3-52 67

“ Research Genetics, Inc., no longer exists. The deletion collections that this commercial enterprise sold are now marketed by Invitrogen Corp.

target activated by Cdc42-GTP is Ste20, a member of the
p21-activated protein kinase (PAK) family (1, 42). Ste5 is an-
other scaffold protein (19, 48, 56) that carries the components
of the MAPK cascade of the mating pheromone response
pathway—the MAPK kinase kinase (MAPKKK) Stell, the
MAPK kinase (MAPKK) Ste7, and the MAPK Fus3 (28, 86).
One substrate of Ste20 is Stell (25, 60, 84). Thus, via mutual
association with freed GB+y complexes, Ste20 is placed in close
proximity to both its upstream activator (Cdc42-GTP) and its
downstream substrate (Stell), triggering the cascade that gen-
erates active dually phosphorylated Fus3. This MAPK is pri-
marily responsible for executing the array of cellular command
decisions necessary for bringing about efficient mating. Pher-
omone response also stimulates MAPK Kss1, but it is activated
only transiently (63) and seems to serve only an auxiliary func-
tion in pheromone response because efficacious mating occurs
in a kssIA mutant (26, 29, 45).

In naive cells, Fus3 is distributed throughout the cytoplasm
and nucleus but is found predominantly in the latter compart-
ment (74, 75). Upon pheromone stimulation, a fraction of the
cellular content of Fus3 localizes to the tip of the mating
projection (74, 75). Although the changes in subcellular distri-
bution of Fus3 have been quantified carefully (7, 8, 46, 49, 69),
it has never been established by direct experimental manipu-
lation whether the dynamics of Fus3 localization contribute to
any of its functions during pheromone response. This issue has
become particularly pertinent, in light of the evidence that the
yeast Hogl MAPK (mammalian ortholog is p38/stress-acti-

vated protein kinase a [SAPKal]) is capable of supporting
robust hyperosmotic stress resistance, even when excluded
from the nucleus (50, 78), despite the fact that Hogl normally
translocates rapidly and nearly quantitatively into the nucleus
upon hyperosmotic challenge (30, 79).

MATERIALS AND METHODS

Yeast strains and growth conditions. S. cerevisiae strains used in this study are
listed in Table 1 and were constructed using standard yeast genetic techniques
(11). In the strains generated for this study, deletion alleles represent precise
deletions of the corresponding open reading frames (ORFs), except for the
ste]2A mutation, which represents the same genomic deletion as that of the
ste]2A::LEU2 allele in JCY512 (6). The disruption markers KanMX4, CgHIS3,
KIURA3, hphNTI, and natNT2 were amplified from pFA6a-KanMX4 (76),
pCgH, pKIU, pRS306H, and pRS306N (71), respectively. In-frame fusions of
the coding sequence for Aequoria victoria green fluorescent protein (GFP) to
the 3’ end of the genomic FUSI and PRMI coding sequences were con-
structed using the method described by Longtine and colleagues (44). Strains
carrying ura3>Fo* were spontaneous 5-fluoroorotic acid-resistant Ura™~ de-
rivatives of Ura™® parental strains. To make YJP73 and YJP131, Ylplac128-
based integration plasmids (35) were first constructed. These plasmids contain
the promoters of FUSI or STLI (the 1-kb region 5’ of the open reading frame,
cloned from YPH499) upstream of sequences coding for hemagglutinin-tagged
enhanced GFP (HA-eGFP) or HA-td-Tomato (66), respectively. The plasmids
were linearized within the FUS!I or STLI promoter and integrated into YPH499
or YPH500, thus inserting the reporter construct immediately upstream of the
normal FUSI or STLI locus, which remains intact. The LEU2 markers were
subsequently replaced with ADE?2, after which the reporters were combined into
a single MATa strain by mating and sporulation. Unless otherwise indicated,
strains were cultivated at 30°C in standard rich (YP) or defined (SC) medium
(11) containing 2% glucose (dextrose [D] or Glc). For galactose induction ex-
periments, cells were propagated in medium containing 2% raffinose and 0.2%
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TABLE 2. Plasmids used in this study

Plasmid Description Source or
reference
pRC192 pRS315 P,y FUS3 This study
pRC202 pRS315 P55 FUS3-GFP This study
pRC205 pRS315 P57 FUS3-GFP-CCaaX This study
pRC206 pRS315 Py~ FUS3-GFP-SSaaX This study
pRC224 pRS315 P,,,,-FUS3 This study
pRC225 pRS315 Py, ,-FUS3-GFP This study
pRC226 pRS315 P,,,-FUS3-GFP-CCaaX This study
pRC227 pRS315 Py -FUS3-GFP-SSaaX This study
pRC249 pRS315 P, ,-FUS3-GFP-CCaaX This study
pRC250 pRS315 P, ,, -FUS3-GFP-SSaaX This study
pRC251 pRS315 Pyy5-FUS3-GFP-HTB2 This study
pRC252 pRS315 P, ,-FUS3-GFP-HTB2 This study
pRC254 PpRS315 Pypy-fus3(D1374)-GFP-CCaaX  This study
pRC255 pRS315 Py g5-fus3(D1374)-GFP This study
pRC259 pRS315 P, ,, -fus3(D1374)-GFP-CCaaX This study
pRC261 pRS315 P, fus3(D137A4)-GFP-SSaaX  This study
pRC273 pRS315 P, -FUS3-CCaaX This study
pRC274 pRS315 Pypy-FUS3-SSaaX This study
pRC281 pRS316 P,,,,-FUS3-GFP This study
pRC283 pRS316 P,p,,-FUS3-GFP-HTB2 This study
pRC284 pRS315 Pyp,-fus3(D1374)-GFP-SSaaX  This study
pRC285 pRS315 P, ,, ,-GFP-CCaaX This study
pRC286 pRS315 Py, ,-GFP-SSaaX This study
pRC287 pRS315 P,,,,-FUS3-HTB2 This study
pRC288 pRS315 Pyp-fus3(D1374)-GFP This study
pRS315 CEN LEU2 67
pRS316 CEN URA3 67
YCpDIG1-3HA pRS316 P,,,;,-DIGI-(HA); Judith Zhu-
Shimoni,
Thorner
laboratory

sucrose (no glucose), and then galactose was added to a final concentration of
2%. When necessary, selection for plasmids was maintained by omission of
appropriate nutrients.

Plasmids and recombinant DNA methods. Plasmids (Table 2) were con-
structed and propagated in Escherichia coli using standard recombinant DNA
methods (64). The fidelity of all constructs generated in this study was verified by
nucleotide sequence analysis. pPRC192 was constructed by cloning the BY4741
FUS3 locus (the coding sequence and 500 bp of its promoter-containing 5'-
flanking region) into pRS315 via SacI-Apal (sites introduced into the primers);
nucleotides encoding the sequence SGRIPSEPGLTDAS and including the re-
striction sites BamHI, Xmal, and Mlul were included before the stop codon to
facilitate subsequent introductions of C-terminal tags. pRC202 was constructed
by introducing the GFP coding sequence into pRC192 as described by Westfall
and coworkers (78). pRC205 and pRC206 were as described by Westfall et al.
(78). pRC224 contains, as a Sacl-Apal insert in pRS315, the FUS3 coding
sequence, including the native stop codon, preceded by the TPII promoter (the
500 nucleotides (nt) upstream of the BY4741 TPII coding sequence). The TPI1
promoter is followed by an Xbal site and an Ndel site that overlaps the start
codon of the FUS3 coding sequence. pRC225, pRC226, and pRC227 are iden-
tical to pRC202, pRC205, and pRC206, respectively, except that the FUS3
promoter was replaced with the TPI1 promoter and junction sequence from
pRC224. pRC249 and pRC250 are identical to pRC226 and pRC227, respec-
tively, except that the TPI1 promoter was replaced with the GALI promoter
amplified from pGS5-Cpr (57) as a SacI-Ndel fragment (sites introduced in the
primers). pRC251 and pRC252 were constructed by cloning HTB2 from BY4741
into pRC202 and pRC225, respectively, via Xmal-Apal (sites introduced in the
primers); nucleotides encoding a (Gly), linker were included in the primers
upstream of the HTB2 coding sequence. pRC254, pRC255, pRC259, pRC261,
pRC284, and pRC288 contain a fus3(D137A4) mutation but are otherwise iden-
tical to their FUS3 counterparts. pRC273 and pRC274 were constructed by
subcloning the SacII-Xmal fragment of pRC192 into pRC226 and pRC227,
respectively. pRC281 and pRC283 were constructed by subcloning the appro-
priate SacI-KpnlI fragment (KpnI does not cut uniquely in these donor vectors)
from pRC225 and pRC252, respectively, into pRS316. pRC285 and pRC286 are
identical to pRC249 and pRC250, respectively, except that the FUS3 coding
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sequence was replaced by a sequence encoding Met-Lys-Leu-. pRC287 was
constructed by subcloning the SacI-Xmal fragment of pRC274 into pRC252.

Assays of mating and pheromone-induced growth arrest. To quantitatively
assess mating efficiency, cells from exponentially growing cultures of the MATa
strain of interest and the tester strain BY4742 were combined at a 1:5 ratio in
yeast extract-peptone-dextrose (YPD) medium. The resulting culture was shaken
gently for 4 h at 30°C and plated on a medium selective for diploids; mating
efficiency was calculated as the number of colonies arising divided by the number
of input MATa cells. Relative mating efficiencies are normalizations, with respect
to the appropriate wild-type (positive-control) strain assessed in parallel in each
trial. Qualitative patch mating assays were performed as described previously
(33). Assessment of pheromone-induced growth arrest and recovery by halo
bioassay were performed as described previously (61).

Microscopy. Cells were examined under the 100X or 60X lens objective of an
epifluorescence microscope (model BH-2; Olympus America, Center Valley,
PA) using a GFP band-pass filter (Chroma Technology Corp.), as appropriate.
Images were collected with a charge-coupled-device camera (Olympus) and
processed with Magnafire SP imaging software (Optronics) and Photoshop
(Adobe).

Preparation of cell extracts and immunoblotting. Preparation of yeast cell
extracts by rapid alkaline lysis followed by trichloroacetic acid precipitation,
SDS-PAGE, and immunoblotting were all performed as described previously
(78). Primary antibodies used were anti-phospho-MAPK (Cell Signaling Tech-
nology; no. 9101), anti-GFP (Roche), anti-HA (Covance; HA.11, PRB-101P),
anti-Cdc10 (Santa Cruz Biotechnology; sc-26296), and anti-Rvs167 (gift of
Brenda Andrews, University of Toronto, Canada).

Quantification of pheromone response pathway reporter expression. Yeast
cultures were grown in YPD at 30°C overnight, diluted to an A, of 0.025 and
incubated at the indicated temperatures until an A4, of 0.5, diluted once again
to an Agg of 0.025, and cultivated for an additional 5 h. Cultures were then
supplemented with an equal volume of YPD containing a-factor, sorbitol, or
neither and incubated for the indicated times. Cells were placed on an agarose
pad and examined using the epifluorescence microscope (BH-2; Olympus)
equipped with a 60X 1.40-numerical-aperture (NA) objective lens. For each
field, GFP fluorescence was imaged using a 470-nm (40-nm-bandwidth) excita-
tion filter and a 525-nm (50-nm-bandwidth) emission filter (Endow GFP 41007;
Chroma), and autofluorescence was imaged using a 330- to 385-nm bandpass
excitation filter (UG1; Olympus). Images were captured using the CCD camera
(Olympus), and those acquired using the same filter set were captured with
identical exposure times. Image analysis was performed using CellProfiler, ver-
sion 1.0.5122 (13). Corrections for background and for variable illumination
across the field were applied. Cells were identified using the autofluorescence
images, and the average pixel intensity within each cell in the aligned GFP image
was calculated. These values were averaged across cells to determine the extent
of GFP expression in each condition.

RESULTS

Restricting subcellular localization of functional Fus3. To
examine whether Fus3 activation and its physiological conse-
quences are dependent on dynamic changes in its subcellular
localization, we constructed two Fus3 chimeras: one fused to
Htb2, one of two S. cerevisiae histone H2B homologs; and
another fused to the C-terminal CCaaX box of Ras2, one of
two yeast RAS homologs. We anticipated that the former
would be largely trapped on chromosomes in the nucleus and
that the latter would be modified by S prenylation and S pal-
mitoylation of the Cys residues in the CCaaX motif (32) and
directed mainly to the plasma membrane. As a control for the
latter, a derivative (SSaaX) was constructed that obviates lipid
modification, preventing plasma membrane tethering. Each
tag was attached in frame to the C terminus of a Fus3-GFP
fusion to permit facile visualization, and these constructs were
expressed in fus3A kss1A cells from a low-copy-number (CEN)
vector at a near-endogenous level (from the FUS3 promoter),
at a higher constitutive level (from the TPII promoter), or in
certain cases, at a very high level (from the GALI promoter).
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FIG. 1. Subcellular localization of plasma membrane- and nucleus-restricted alleles of Fus3. Exponentially growing cultures of strain RCY9320
(fus3 kss1) carrying the plasmids indicated below were examined by bright-field and/or fluorescence microscopy. (A) Py s3-FUS3-GFP (pRC202)
(left), Pryss-FUS3-GFP-CCaaX (pRC205) (middle), or Ppys;-FUS3-GFP-SSaaX (pRC206) (right). (B) Pypy-FUS3-GFP (pRC225) (top left),
Pyp;-FUS3-GFP-CCaaX (pRC226) (bottom), or Pyp;,-FUS3-GFP-SSaaX (pRC227) (top right). (C) Pryss-FUS3-GFP (pRC202) (top left),
Prus3FUS3-GFP-HTB2 (pRC251) (top middle), Pp,,-FUS3-GFP (pRC225) (bottom left), P;p,,-FUS3-GFP-HTB2 (pRC252) (bottom right), or

empty vector (pRS315) (top right).

Regardless of its expression level, each derivative exhibited the
expected localization (Fig. 1).

Although generally Fus3-GFP-CCaaX was observed along
the entire plasma membrane, we noted that it was frequently
enriched at sites of membrane growth or remodeling, including
small buds, the bud neck, and polarized shmoo tips (Fig. 1 and
2). Additionally, it was often visible at intracellular membranes
as well as a small number of unidentified intracellular foci,
usually one per cell. The nature of the plasma membrane
distribution of Fus3-GFP-CCaaX, including the bias for mem-
brane growth sites, was unaltered even in cells lacking every
other core component of the pheromone response pathway
tested (Fig. 2) and was not observed for GFP-CCaaX (Fig. 3),
indicating that this localization is a specific property conferred
by the Fus3 polypeptide and is not a general feature of the
trafficking of CCaaX-containing proteins.

One plasma membrane-localized substrate of Fus3 is the
amphiphysin ortholog Rvs167 (31), a portion of which be-
comes hyperphosphorylated (manifested as a band of lower
mobility) in response to pheromone treatment. Pheromone-
induced Rvs167 phosphorylation was observed but diminished
in fus3A kssIA cells expressing Fus3-GFP-CCaaX, despite its
tethering to the plasma membrane, compared to the same cells
expressing wild-type Fus3-GFP (Fig. 4A). Reassuringly, in cells
expressing only Fus3-GFP-Htb2, the level of pheromone-in-
duced Rvs167 phosphorylation was similar to that of a vector-
only control. One nuclear substrate of Fus3 is the chromo-
some-localized Stel2-bound transcriptional repressor Digl
(20, 72), and we previously observed (J. Zhu-Shimoni and J.
Thorner, unpublished results) that Digl displays a dramatic
and nearly quantitative electrophoretic mobility shift that re-
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FIG. 2. Anisotropic membrane distribution of Fus3-GFP-CCaaX is
independent of core pheromone response pathway components.
Strains of the indicated genotypes (BY4741, RCY9320, RCY9335,
RCY9336, RCY9337, RCY9338, RCY9339, RCY9340, RCY9341,
RCY9342, RCY9343, and RCY9344) were transformed with a plasmid
encoding Fus3-GFP-CCaaX (pRC226). Exponentially growing cul-
tures were examined by fluorescence microscopy.
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FIG. 3. Membrane distribution of Fus3-GFP-CCaaX is conferred
by the Fus3 sequence. Wild-type (WT) (BY4741) and fus3 kssl
(RCY9320) cells were transformed with galactose-inducible expression
vectors encoding P, -FUS3-GFP-CCaaX (pRC249), P, ,-GFP-
CCaaX (pRC285), Pg 4y -FUS3-GFP-SSaaX (pRC250), or Pgy; -
GFP-SSaaX (pRC286). Exponentially growing 26°C cultures were ex-
amined by fluorescence microscopy 2.5 h after addition of galactose.

quires Fus3 activity (Fig. 4B). This Digl phosphorylation was
readily detectable but diminished in fus3A kssIA cells express-
ing Fus3-GFP-Htb2, despite its tethering to chromosomes,
compared to the same cells expressing wild-type Fus3-GFP
(Fig. 4B). Reassuringly, in cells expressing only Fus3-GFP-
CCaaX, Digl phosphorylation was very inefficient, as judged
by the substantial amount of unphosphorylated Digl present
after pheromone treatment.

Plasma membrane localization is limiting for basal and
pheromone-induced Fus3 activation. As judged both by fluo-
rescence intensity (Fig. 1) and by immunoblotting (Fig. 5),
Fus3-GFP-Htb2 and Fus3-GFP-CCaaX both exhibited a lower
steady-state level than either Fus3-GFP or Fus3-GFP-SSaaX.
These differences were observed whether expression was
driven by the native FUS3 promoter (P;) or by the stronger
TPII promoter (P;p,;), indicating that this effect was not due
to loss of the positive feedback normally exerted on P43 both
basally and in response to pheromone (27, 62). These obser-
vations suggest that permanent residence in the nucleus and at
the plasma membrane subjects Fus3 to degradative processes
that this MAPK normally escapes. In any event, use of con-
structs driven by P.¢; and by P, in all of our subsequent
analyses allowed us to examine the effects of restricted local-
ization at expression levels both lower and higher than that of
endogenous FUS3 (or Py ¢3-driven wild-type Fus3-GFP).

To assess the efficiency of initial activation, extracts of these
cells were resolved by SDS-PAGE and analyzed by immuno-
blotting with an antibody that detects the activated (dually
phosphorylated) form of this MAPK (2, 34) (Fig. 5). In com-
parison to wild-type Fus3-GFP (or Fus3-GFP-SSaaX), Fus3-
GFP-Htb2 activation was barely detectable. As shown below,
phosphatases that reside predominantly in the nucleus and that
can remove phosphate from the phosphotyrosine (P-Tyr) in
the activation loop of yeast MAPKSs contribute to this pattern.
In striking contrast, Fus3-GFP-CCaaX exhibited elevated
basal activation (i.e., in the absence of pheromone stimulation)
and further activation when exposed to pheromone, confirm-
ing our prior findings (78). Confining Fus3 to the plasma mem-
brane may reduce its accessibility to deactivating phosphatases
or increase its accessibility to the upstream activation machin-
ery (or both). Normally, Fus3 encounters its immediate acti-
vators (MAPKK Ste7 and MAPKKK Stell) in the context of
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FIG. 4. Restriction of Fus3 localization affects its phosphorylation
of substrates. (A) rvs167 (RCY9339) and fus3 kssl cells (RCY9320)
were transformed with an empty vector (V; pRS315) or plasmids
encoding Fus3-GFP (WT; pRC225), Fus3-GFP-Htb2 (H; pRC252), or
Fus3-GFP-CCaaX (C; pRC226). Exponentially growing cultures were
incubated in the absence (—) or presence (+) of 3 uM a-factor (phero-
mone) for 1.5 h, after which whole-cell extracts were prepared, re-
solved by SDS-PAGE, and analyzed by immunoblotting (IB) with
anti-Rvs167 antibody and with anti-Cdc10 antibody to confirm equiv-
alent sample loading. Arrowheads indicate phosphorylated forms of
Rvs167. (B) fus3 kss1 cells (RCY9352) were transformed with plasmids
encoding Digl-(HA); (YCpDIG1-3HA), Fus3-GFP (WT; pRC225),
Fus3-GFP-Htb2 (H; pRC252), Fus3-GFP-CCaaX (C; pRC226),
Fus3(D137A)-GFP (kd; pRC288), and/or empty vectors (V; pRS315
or pRS316) as indicated. Exponentially growing cultures were incu-
bated in the absence (—) or presence (+) of 3 uM a-factor (phero-
mone) for 1.5 h, after which whole-cell extracts were prepared, re-
solved by SDS-PAGE, and analyzed by immunoblotting with anti-HA
antibody (two SDS-PAGE-immunoblots of the same samples are
shown). Lower arrowhead, Digl; upper arrowhead, phosphorylated
Digl. The anti-Cdc10 immunoblot serves as a loading control.

the scaffold protein Ste5 (3, 19), and SteS5 is recruited to the
plasma membrane in a manner that requires free GRy, as well
as certain plasma membrane phospholipids (33, 83). To deter-
mine whether, due to its constitutive membrane tethering,
Fus3-GFP-CCaaX is able to bypass the need for Ste5 in Fus3
activation, we compared STE5™ and ste5A cells. Absence of
SteS5 almost completely abrogated both basal and pheromone-
induced Fus3 activation (Fig. 5), in agreement with other cu-
mulative evidence that Ste5 is not simply a passive platform to
hold the MAPK components in close proximity but also exerts
allosteric effects on these proteins that are necessary for signal
propagation (36, 41, 65).

Restriction of Fus3 localization impairs mating. Multiple,
physiologically relevant phosphoacceptor substrates for Fus3
have been identified (18). Successful mating presumably re-
quires the cumulative action of this MAPK on these targets.
Hence, to determine whether nuclear or membrane restriction
prevents Fus3 from performing its overall biological function,
we assessed, first, the ability of Fus3-GFP-Htb2 and Fus3-
GFP-CCaaX to support mating. Compared to the wild-type
Fus3-GFP control, Fus3-GFP-Htb2 exhibited only about a 4-
or 5-fold decrease in mating proficiency, whereas Fus3-GFP-
CCaaX displayed more than a 10-fold decrease (Fig. 6A and
B). Thus, the critical functions that Fus3 performs cannot be



4298 CHEN ET AL. MoL. CELL. BIOL.
FUss_GFP vector PFUSJ PTPI1 PFUS.‘I PTPH
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FIG. 5. Basal and pheromone-induced Fus3 activation depend on its subcellular localization. Strains RCY9320 (fus3 kssI STE5™) and
RCY9346 (fus3 kssl ste5) were transformed with an empty vector (pRS315) or plasmids encoding P 43-FUS3-GFP-CCaaX (pRC205), Prygs-
FUS3-GFP-SSaaX (pRC206), Pp;-FUS3-GFP-CCaaX (pRC226), Pyp;;-FUS3-GFP-SSaaX (pRC227), Pryss-FUS3-GFP (pRC202), Pryss-FUS3-
GFP-HTB2 (pRC251), Pyp;-FUS3-GFP (pRC225), or Pp;-FUS3-GFP-HTB2 (pRC252). Exponentially growing cultures were incubated in the
absence (—) or presence (+) of 2 uM a-factor (pheromone) for 15 min, after which whole-cell extracts were prepared and resolved by SDS-PAGE.
Total and activated levels of Fus3 were assessed by immunoblotting with anti-GFP and anti-phospho-MAPK antibodies, respectively. Arrowheads
indicate corresponding bands in the anti-GFP and anti-phospho-MAPK immunoblots. The asterisk denotes a band present in all lanes, which likely

corresponds to the phosphorylated form of the MAPK SIt2/Mpkl.

achieved by relying on the dynamic behavior of its targets
(and/or regulators). Moreover, coexpression of Fus3-GFP-
CCaaX and Fus3-GFP-Htb2 did not potentiate mating effi-
ciency above the level afforded by either alone (Fig. 6B).
Hence, effective Fus3 action in multiple compartments cannot
be achieved by this MAPK simply being present in them.
Therefore, optimal mating proficiency requires that Fus3 be
free to actively shuttle between the nucleus, cytosol, and
plasma membrane, unlike what has been observed for Hogl
MAPK and survival in response to hyperosmotic stress (78).

Indeed, the fact that coexpression of Fus3-GFP-CCaaX with
Fus3-GFP-Htb2 lowered mating efficiency to the level ob-
served for Fus3-GFP-CCaaX alone (Fig. 6) indicates that pro-
longed residence of Fus3 at the plasma membrane is actually
deleterious to the overall conjugation process. The dominance
of Fus3-GFP-CCaaX over Fus3-GFP-Htb2 may be due to se-
questration of activators (like Ste7 MAPKK) by the plasma
membrane-tethered Fus3, thus reducing the already low fre-
quency with which such activators can visit the nuclear com-
partment to activate the chromatin-tethered Fus3.

A @ fus3 kss1 B
W fus3 kss1 msg5 ptp2 ptp3
100 100
Relative Relative
mating mating
efficiency efficiency
0! 0 9§
v WT H c \ WT v C [o3
\" \" H \" H
Cc v WT H c
MSG5 PTP2 PTP3: + M\ + M+ M+ M
Pheromone: + + - + - + - + - + - # - +
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FIG. 6. Restriction of Fus3 localization impairs mating. (A) fus3 kss! (RCY9320) and fus3 kssI msg5 ptp2 ptp3 (RCY9401) cells were
transformed with an empty vector (V; pRS315) or plasmids encoding Fus3-GFP (WT; pRC225), Fus3-GFP-Htb2 (H; pRC252), or Fus3-GFP-
CCaaX (C; pRC226). Mating proficiency was determined relative to fus3 kssI cells carrying Fus3-GFP. Averages are shown; bars depict standard
errors of the means (n = 2). (B) fus3 kss1 (RCY9352) cells were transformed with two plasmids as indicated: V, vector (pRS315 or pRS316); WT,
Fus3-GFP (pRC225); H, Fus3-GFP-Htb2 (pRC283); and C, Fus3-GFP-CCaaX (pRC226). Mating proficiency was determined relative to cells
carrying Fus3-GFP. Averages are shown; bars depict standard errors of the means (n = 4). (C) fus3 kss1 (RCY9320) and fus3 kss1 msg5 ptp2 ptp3
(RCY9401) cells were transformed with an empty vector (V; pRS315) or plasmids encoding Fus3-GFP (WT; pRC225), Fus3-GFP-Htb2 (H;
pRC252), or Fus3-GFP-CCaaX (C; pRC226). Exponentially growing cultures were incubated in the absence (—) or presence (+) of 2 puM a-factor
(pheromone) for 15 min, after which whole-cell extracts were prepared and resolved by SDS-PAGE. Total and activated levels of Fus3 were
assessed by immunoblotting with anti-GFP and anti-phospho-MAPK antibodies, respectively. Arrowheads indicate corresponding bands in the
anti-GFP and anti-phospho-MAPK immunoblots.
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FIG. 7. Pheromone-inducible gene expression and growth arrest depend on the localization of Fus3. (A) Strains RCY9380 (FUS3™ KSSI*
FUSI-GFP), RCY9382 (fus3 kssI FUSI-GFP), RCY9384 (FUS1" KSS1" PRMI-GFP), and RCY9386 (fus3 kssI PRM1-GFP) were transformed
with plasmids encoding Fus3 (WT; pRC224), Fus3-Htb2 (H; pRC287), Fus3-CCaaX (C; pRC273), Fus3-SSaaX (s; pRC274), or an empty vector
(V; pRS315). Exponentially growing cultures were incubated in the absence (—) or presence (+) of 2 WM a-factor (pheromone) for 1.5 h, after
which whole-cell extracts were prepared and resolved by SDS-PAGE. Levels of Fus1-GFP, Prm1-GFP, and Cdc10 (loading control) were assessed
by immunoblotting with anti-GFP and anti-Cdc10 antibodies. (B) The strains described above for panel A were assessed for pheromone-induced
growth arrest by an agar diffusion (halo) assay. (C) fus3 kssI (RCY9320) and fus3 kssl sst2 (RCY9358) cells carrying plasmids encoding
Pryss-FUS3-GFP (pRC202), Pyys5-FUS3-GFP-HTB2 (pRC251), Prys3-FUS3-GFP-CCaaX (pRC205), Pyy55-FUS3-GFP-SSaaX (pRC206), Prpy;-
FUS3-GFP (pRC225), Pyp;;-FUS3-GFP-HTB2 (pRC252), Pp;-FUS3-GFP-CCaaX (pRC226), P p;,-FUS3-GFP-SSaaX (pRC227), or an empty
vector (pRS315) were assessed for pheromone-induced growth arrest by an agar diffusion (halo) assay.

MAPK dephosphorylation occurs primarily in the nucleus.
It was somewhat paradoxical that the apparent level of Fus3-
GFP-Htb2 activation was much lower than that of Fus3-GFP-
CCaaX (Fig. 5) yet was able to support significantly more
efficacious mating (Fig. 6). These observations suggested that
Fus3 activation can occur in the nucleus but is simply more
transient, likely due to greater susceptibility to MAPK phos-
phatases known to be located in the nucleus. Consistent with
this view, deletion of the genes encoding three MAPK-specific
phosphatases, Msg5, Ptp2, and Ptp3 (23, 85), substantially im-
proved mating by cells expressing Fus3-GFP-Htb2, whereas
this tactic did not detectably ameliorate the mating defect of
cells expressing Fus3-GFP-CCaaX (Fig. 6A), even though ab-
sence of these phosphatases increased the amount of activated
Fus3-GFP-CCaaX (Fig. 6C).

Taken together, these results indicate, first, that the activa-
tion loop phosphorylation of this MAPK undergoes rapid turn-
over in the nuclear compartment, which largely explains the
mating impairment displayed by Fus3-GFP-Htb2. Second, de-
spite the observed translocation of Fus3 to the shmoo tip and
the ensuing morphology and cell surface changes that haploids
undergo in preparation for conjugation, our findings indicate
that it is the actions executed by Fus3 in the nucleus that are
especially important for successful mating. Third, the fact that
the nuclear role of Fus3 MAPK is of primary importance for
mating is in stark contrast to Hogl MAPK, whose nuclear
localization and subsequent effects on transcription are dis-
pensable for its role in hyperosmotic stress response (50, 78).

Attempts to use a constitutively active allele of the
MAPKKK STE11-4 (70) to stimulate even greater activation of
Fus3-GFP-Htb2 and Fus3-GFP-CCaaX were problematic. In
our hands, overexpression of the hyperactive MAPKKK allele
STE11-4 from either the TPII promoter or the GALI pro-
moter caused rather severe growth inhibition even in the con-
trol (fus3A kss1A) cells, so it was difficult to discern whether it

had any salutary effect on the mating deficiency of cells ex-
pressing either Fus3-GFP-Htb2 or Fus3-GFP-CCaaX (R. E.
Chen and J. Thorner, unpublished observations).

Subcellular location and the separation of MAPK functions.
The mating process requires coordination of MAPK-depen-
dent changes in cell cycle progression, cell shape, and gene
expression. Therefore, we examined which processes are able
to occur and which are the most impaired when Fus3 is con-
fined to the nucleus or to the plasma membrane.

Among the genes most highly induced in a Fus3-dependent
manner (62) are FUSI (73) and PRM1 (39). As expected, in
cells expressing either wild-type Fus3-GFP or Fus3-GFP-
SSaaX, the products of both of these genes (each marked with
GFP) were induced upon pheromone treatment (Fig. 7A).
Despite its presence on chromatin, but in keeping with its
weaker apparent activation, Fus3-Htb2 supported induction of
PRM]1 expression at a reduced level and a barely detectable
level of FUSI expression. This observation suggests that dif-
ferent response genes require different levels of MAPK activity
for their induction. Conversely, despite its high basal and pher-
omone-induced activation, but in keeping with its exclusion
from the nucleus, Fus3-GFP-CCaaX was unable to support
expression of either diagnostic pheromone-inducible gene (be-
fore or after pheromone treatment). The failure of Fus3-GFP-
CCaaX to induce pheromone-regulated genes is likely a major
contributing factor to its more severe mating deficiency. More-
over, the fact that Fus3-GFP-CCaaX is clearly active yet can-
not support pheromone-induced gene expression rules out the
possibility that Fus3 modifies transcriptional regulators outside
the nucleus, which are then imported into the nucleus to in-
fluence the expression of pheromone-responsive genes.

Pheromone-imposed arrest of the cell division cycle in the
G, phase is a necessary prelude to mating (37) and can be
conveniently assessed by a plate-based bioassay that measures
the extent of growth inhibition (“halo”) in a lawn of MATa
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cells caused by a-factor diffusing from a filter disk (61). The
fus3A kssIA cells carrying empty vector failed to respond to
a-factor, whereas the same cells expressing Fus3-GFP or Fus3-
GFP-SSaaX (Fig. 7B and C) displayed the prominent clear
zone characteristic of pheromone-imposed growth arrest, as
expected. By comparison, cells expressing Fus3-GFP-Htb2 ex-
hibited a barely detectable retardation of growth, and cells
expressing Fus3-GFP-CCaaX displayed an even weaker re-
sponse. Despite their turbidity, the halos in the lawn of the
cells expressing Fus3-GFP-Htb2 had the same diameter as
those in the lawn of the cells expressing Fus3-GFP, suggesting
either very inefficient imposition of G, arrest or greatly accel-
erated recovery from it. To distinguish impaired initiation of
cell cycle arrest from faster desensitization, we introduced an
sst2A mutation into all of the strains (Fig. 7C). Sst2 is essential
for resumption of cell cycle progression following pheromone-
induced arrest, and therefore, its absence greatly increases
pheromone sensitivity (and thus halo size) (14, 22). If the
turbid halos displayed by Fus3-GFP-Htb2 cells are due to
faster Sst2-promoted recovery, then loss of Sst2 should allow
such cells to form clear halos. However, Fus3-GFP-Htb2
sst2A cells still formed turbid halos (Fig. 7C), suggesting that
nucleus-restricted Fus3 is simply inefficient in imposing phero-
mone-induced cell cycle arrest. In further support of this con-
clusion, when Fus3-GFP-Htb2 was more robustly activated (in
msgSA ptp2A ptp3A cells), its ability to impose G, arrest was
completely restored (Fig. 7C), indicating that nuclearly re-
stricted Fus3 is fully competent to cause cell cycle arrest, pro-
vided that it is activated above a certain threshold. In marked
contrast, neither removal of Sst2 nor elimination of the MAPK
phosphatases rescued the G, arrest defect of cells expressing
Fus3-GFP-CCaaX (Fig. 7B and C), despite the fact that it is
activated to a much greater extent than Fus3-GFP-Htb2 under
all conditions examined.

The target of Fus3 necessary to impose pheromone-induced
G, arrest is Farl (15), a protein with multiple functions. Farl
undergoes nucleocytoplasmic shuttling, thereby conveying its
bound cargo (the Cdc24 GEF) from the nucleus to the cyto-
plasm (82). It acts as a scaffold to tether Cdc24 to the plasma
membrane in a GRy-dependent manner (52), thereby locally
producing Cdc42-GTP to activate Ste20 but also to stimulate
polarized growth. Finally, the Fus3-phosphorylated form of
Farl is thought to act as a direct inhibitor of the G, CDK
(Cln-bound Cdc28) (55). Farl contains a nuclear localization
signal (NLS) and is located predominantly in the nucleus in the
absence of pheromone, but its rate of export from the nucleus
via the karyopherin MsnS is stimulated by pheromone (9, 12,
53). Confining Farl to the nucleus is necessary and sufficient
for its role in pheromone-induced cell cycle arrest (9). Our
observation that nuclearly restricted Fus3-GFP-Htb2 supports
pheromone-induced G, arrest confirms the conclusion that
only the nuclear pool of Far1 can serve as a cell cycle inhibitor.
Moreover, our results significantly extend our understanding
by demonstrating that only the nuclear pool of Fus3 is capable
of modifying Farl to generate its CDK-inhibitory form. The
fact that Fus3-GFP-CCaaX is clearly active yet cannot exert
pheromone-induced G, arrest rules out the possibility that
Farl performs its arrest function by being phosphorylated by
Fus3 at the plasma membrane or near the cell cortex and then
being imported back into the nucleus. Together, our results
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strongly suggest that Fus3-mediated phosphorylation of Farl
and its role as a CDK inhibitor occur exclusively and obliga-
torily in the nucleus.

Another function of Fus3 action is to promote the polarized
growth required for projection extension. As expected, fus3A
kssIA cells expressing either Fus3-GFP or Fus3-GFP-SSaaX
efficiently supported shmoo formation (Fig. 8A). Strains ex-
pressing Fus3-GFP-CCaaX exhibited a polarized cell shape
even in the absence of pheromone (Fig. 1 and 9, discussed
further below) and, compared to the control (Fus3-GFP and
Fus3-GFP-SSaaX) cells, displayed grossly abnormal cell mor-
phogenesis in the presence of pheromone (Fig. 8A). Although
Fus3-GFP-Htb2 cells did not exhibit pheromone-induced cell
polarization regardless of its level of expression (Fig. 8A),
when its level of activation was enhanced (in msg5SA ptp2A
ptp3A cells), the ability to form pheromone-induced mating
projections was restored (Fig. 8B). Thus, the only reason that
Fus3-GFP-Htb2 is unable to stimulate polarized growth is be-
cause it is unable to sustain an adequate level of activation in
the nuclear compartment. Indeed, we observed that, in the
absence of the Msg5, Ptp2, and Ptp3 phosphatases, a signifi-
cant fraction of the cells expressing wild-type Fus3-GFP (but
not cells lacking Fus3) exhibited polarized morphology in the
absence of pheromone, indicative of enhanced basal activation
(Fig. 8B).

Taken together, these observations indicate that gene induc-
tion and G, arrest can be executed only by nuclear Fus3 and
that membrane recruitment of Fus3 is not essential for stimu-
lating polarized growth, provided that Fus3 activity is main-
tained above a certain threshold level. Thus, remarkably,
achieving overall mating proficiency seems to rely more heavily
on the nuclear functions of Fus3 than on the effects it has at the
cell membrane. In fact, even though normally activated at the
membrane in conjunction with the Ste5 scaffold and the rest of
the upstream apparatus, the subsequent actions of Fus3 at the
membrane must be only acute and rather transient because the
chronic action of Fus3 at the membrane is quite deleterious, as
described in the next two sections.

Plasma membrane-restricted Fus3 causes aberrant cell po-
larization. In contrast to its lack of ability to support G, arrest,
gene expression, and overall mating proficiency, Fus3-GFP-
CCaaX expressed in fus3A kssAl cells had a unique property
not displayed by any of the other constructs examined, namely,
causing aberrant cell morphology in a readily detectable frac-
tion of the population (~2 to 10%), even in the absence of
pheromone. This phenotype was more pronounced when Fus3-
GFP-CCaaX was expressed from P, than from P, 5 (Fig.
1) and greatly exacerbated when expression was driven by the
galactose-inducible GALI promoter (Fig. 9). Introduction into
Fus3-GFP-CCaaX of a point mutation (D137A) that renders
Fus3 catalytically inactive and unable to support mating (data
not shown) abolished the aberrant morphology (Fig. 9A). In-
duction of abnormal morphology by Fus3-GFP-CCaaX was
also dependent on Ste4 (GB) and Ste5 (scaffold), but not Ste2
(pheromone receptor) (Fig. 9B and data not shown). The last
result is probably explained by the fact that receptor-less cells
display spontaneous stochastic dissociation of GRy (Sted-
Stel8) from Gpal (Ga) (38). Other pathway components lo-
cated at the plasma membrane, including Far1 (scaffold) and
Bnil (formin), were also required for Fus3-GFP-CCaaX to
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affect morphology (Fig. 9B). All together, these results suggest
that the aberrant polarized growth is due to the persistent and
hyperactive effects of Fus3-GFP-CCaaX on the plasma mem-
brane-located effectors and regulators normally involved in
polarized morphogenesis. Indeed, this effect of Fus3-GFP-
CCaaX behaved in a semirecessive manner because it was less
pronounced in FUS3" KSSI* cells (Fig. 9C). Presumably, the
presence of wild-type Fus3 and Kss1 coopts a portion of the
upstream activation machinery and/or partially blocks access of
the membrane-tethered Fus3 to the components required for
polarized growth.

Interestingly, the aberrant morphology of FUS3-GFP-
CCaaX cells was rescued at elevated temperature (Fig. 10A),
which was not due to any temperature-induced diminution in
the level of Fus3-GFP-CCaaX expression (Fig. 10B) but might
be explained, in part, by a reduction in the extent of activation
at the higher temperature (Fig. 11A). Consistent with the no-
tion that pheromone pathway activity is diminished at elevated
temperature, we noted that at 37° (compared to 30°) there was
reduced expression of a pathway reporter (Pys;-GFP) during
vegetative growth (basal expression) (Fig. 11B), following
pheromone stimulation (Fig. 11B), and after sorbitol treat-
ment of hoglA cells (due to “cross talk” arising from the fact
that Stell activated by the osmosensors of the HOG pathway
can escape in the absence of functional Hogl and stimulate the
pheromone response pathway [54]) (Fig. 11C).

Plasma membrane-restricted Fus3 impairs cell prolifera-
tion. When expressed from P, Fus3-GFP-CCaaX (but none
of the other constructs examined) caused a detectable reduc-

FIG. 8. Pheromone-inducible polarized growth depends on the localization of Fus3. (A) Strain RCY9320 (fus3 kss1) was transformed with
plasmids encoding Fus3-GFP (WT; pRC202, pRC225), Fus3-GFP-Htb2 (H; pRC251, pRC252), Fus3-GFP-SSaaX (s; pRC206, pRC227), Fus3-
GFP-CCaaX (C; pRC205, pRC226), or empty vector (V; pRS315). Exponentially growing cultures were incubated with 2 uM a-factor for 1.5 to
2.5 h and examined by microscopy. (B) Strains RCY9320 (fus3 kssI) and RCY9401 (fus3 kssl msg5 ptp2 ptp3) were transformed with plasmids
encoding Fus3-GFP (WT; pRC225), Fus3-GFP-Htb2 (H; pRC252), or an empty vector (V; pRS315). Exponentially growing cultures were treated
with or without 2 uM a-factor for 2 h and examined by microscopy.
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tion in doubling time. This phenotype (Fig. 12A) was not
significant enough to adversely influence any of the phenotypic
assays we conducted. However, expression of Fus3-GFP-
CCaaX from the GAL! promoter led to a pronounced growth
defect (Fig. 13 and 12B). This growth inhibition was amelio-
rated at elevated temperature (Fig. 12B), as observed for the
aberrant morphology caused by Fus3-GFP-CCaaX expression
(Fig. 10). However, unlike the aberrant morphology, the
growth defect caused by Fus3-GFP-CCaaX was not reduced by
the presence of wild-type Fus3 (or of both Fus3 and Kss1) (Fig.
13A and B and 12B).

The ability of Fus3-GFP-CCaaX to impair growth required
the PAK Ste20, the MAPKKK Stell, the MAPKK Ste7, and
the scaffolds Farl and Ste5, but not GB (Ste4) or pheromone
receptor (Ste2) (Fig. 13A). These results indicate that the
Fus3-GFP-CCaaX-induced growth impairment depends on ac-
tivation of this MAPK via the normal cascade and that, even in
the absence of pheromone receptor-heterotrimeric G protein
stimulation, the basal level of pathway activity at the mem-
brane is high enough to support MAPK activation through the
cascade once the concentration of Fus3 at the membrane is
raised to a sufficiently high level via its tethering at this loca-
tion.

The ability of Fus3-GFP-CCaaX to impair growth was not
dependent on either of two known cytoplasmic substrates of
this MAPK, Bnil or Rvs167 (Fig. 13A). Nevertheless, the
Fus3-GFP-CCaaX-dependent growth defect was largely elim-
inated when a catalytically inactive derivative (D137A) was
used (Fig. 13B). However, growth of Fus3(D137A)-GFP-
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FIG. 9. Restriction of Fus3 to the plasma membrane causes aberrant cell morphology. (A) Exponentially growing cultures of fus3 kss1 (RCY9320)
cells carrying plasmids encoding Fus3-GFP-SSaaX (pRC227), Fus3-GFP-CCaaX (pRC226), Fus3(D137A)-GFP-SSaaX (pRC284), or Fus3(D137A)-
GFP-CCaaX (pRC254) were examined by microscopy. (B) Wild-type (BY4741) and isogenic ste5 (RCY9337), farl (RCY9341), and bnil (RCY9344)
mutant cells were transformed with plasmids encoding P, 4, ,-FUS3-GFP-CCaaX (pRC249) or P, -FUS3-GFP-SSaaX (pRC250), cultivated at 26°C
in media containing 2% raffinose, 0.2% sucrose, and 2% galactose, and examined by microscopy. (C) Wild-type (BY4741) and isogenic fus3 kssI
(RCY9320) cells were transformed with plasmids encoding P, ; ;-FUS3-GFP-CCaaX (pRC249), P, ;-FUS3-GFP-SSaaX (pRC250), or an empty
vector (pRS315), cultivated at 26°C in media containing 2% raffinose, 0.2% sucrose, and 2% galactose, and examined by microscopy.
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FIG. 10. The aberrant morphology caused by Fus3-GFP-CCaaX is
rescued at elevated temperature. (A) An experiment otherwise iden-
tical to that described in the legend to Fig. 9C was performed using
cultures cultivated in galactose-containing media at 37°C. (B) Wild-
type (BY4741) and fus3 kss1 (RCY9320) cells were transformed with
an empty vector (pRS315) or plasmids encoding P4, ,-FUS3-GFP-
CCaaX (pRC249) or P, ,-FUS3-GFP-SSaaX (pRC250) and culti-
vated at 37°C in media containing dextrose or galactose. Whole-cell
extracts were prepared from exponentially growing cultures, and levels
of Fus3 and Cdc10 (loading control) were assessed by immunoblotting
with anti-GFP and anti-Cdc10 antibodies, respectively.

CCaaX cells was slightly less robust than that of Fus3-GFP-
SSaaX or Fus3(D137A)-GFP-SSaaX cells. This residual effect
could not be attributed to the nonspecific influence of its mem-
brane-tethering per se because it was not caused by GFP-
CCaaX (Fig. 13C). It also cannot be ascribed to the leaky
activity of the Fus3(D137A) mutant, since rescue of the growth
impairment afforded by Fus3(D137A)-GFP-CCaaX was not
potentiated by deletions (ste5A, stel 1A, and ste7A) that remove
the upstream factors required for activation (Fig. 13D). This
residual negative influence may be due to sequestration of (i.e.,
nondissociable interactions with) membrane proteins when
catalytically inactive Fus3 is present at a high local concentra-
tion due to membrane anchoring. Nonetheless, the adverse
effects caused by Fus3-GFP-CCaaX were largely dependent on
the normal mechanisms of Fus3 activation and on the kinase
activity of this MAPK.

Others have documented that plasma membrane tethering of
the MAPKKK Stell via a similar strategy (expression of Stell-
CCaaX) causes pheromone-independent growth arrest and that
this arrest requires the downstream transcription factor Stel2
(83). In striking distinction, the growth defect caused by Fus3-
GFP-CCaaX is not rescued by the absence of Ste12 (Fig. 13A).
Thus, although membrane tethering of either the MAPKKK or
the MAPK of this pathway impairs cell growth, different mecha-
nisms are used. Restricting localization of an upstream pathway
component, like Stell, elevates pathway activation, but the re-
sulting enhanced signal is then propagated via the normal down-
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FIG. 11. Pheromone pathway activation is reduced at elevated temperature. (A) Wild-type (BY4741) cells were transformed with plasmids
encoding Fus3-GFP-CCaaX (pRC226), Fus3-GFP-SSaaX (pRC227), or an empty vector (pRS315) and cultivated at the indicated temperatures.
Whole-cell extracts were prepared from exponentially growing cultures, and levels of total Fus3-GFP-CCaaX/-SSaaX, activated Fus3-GFP-
CCaaX/-SSaaX, and Cdc10 (loading control) were assessed by immunoblotting with anti-GFP, anti-phospho-MAPK, and anti-Cdc10 antibodies,
respectively. (B) Ppys,-HA-eGFP (YJP73) cells were grown at 30°C or 37°C and incubated with the indicated concentration of a-factor
(pheromone) for 1 h. Cells were examined by microscopy, and GFP expression was quantified. The averages of three independent trials are shown;
bars depict standard errors of the means across the three trials. In total, between 72 and 185 cells were examined for each condition.
(C) Prys;-HA-eGFP (YJP73) and hogl Ppys,-HA-eGFP (YJP131) cells were grown at 30°C or 37°C and incubated in the absence (—) or presence
(+) of 1 M sorbitol for 2 h. Cells were examined by microscopy, and GFP expression was quantified. The averages and standard errors of the means

are shown (n = 28 to 82 cells).
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FIG. 12. The cell proliferation defect caused by Fus3-GFP-CCaaX
is dependent on expression strength and temperature. (A) fus3 kssl
(RCY9320) cells were transformed with an empty vector (pRS315) or
plasmids encoding Ppy¢;-FUS3-GFP-CCaaX (C; pRC205), Ppygs-
FUS3-GFP-SSaaX (s; pRC206), Pyp,-FUS3-GFP-CCaaX (C;
pRC226), or Pyp;-FUS3-GFP-SSaaX (s; pRC227). Cultures were
spotted in 10-fold dilution series on plates and assessed for growth at
the indicated temperatures. (B) Wild-type (BY4741) and fus3 kssl
(RCY9320) cells were transformed with an empty vector (pRS315) or
plasmids encoding P, ,-FUS3-GFP-CCaaX (C; pRC249) or P, ;-
FUS3-GFP-SSaaX (s; pRC250). Cultures were spotted in 10-fold dilu-
tion series on plates containing dextrose (Dex) or galactose (Gal) as
the carbon source and assessed for growth at the indicated tempera-
tures.

stream components, leaving Fus3 MAPK free to elicit its normal
outputs, albeit more robustly (Fig. 14A). In contrast, restricting
localization of Fus3 MAPK also elevates its activation but pre-
vents the enzyme from gaining access to some of its normal
targets and apparently permits modification of inappropriate sub-
strates, to the detriment of the cell (Fig. 14A).

DISCUSSION

Proper Fus3 localization is critical for switch-like pathway
response. Fus3 is inactive in the absence of pheromone and
active in the presence of pheromone. We have shown that Fus3
trapped in the nucleus is relatively inactive under both condi-
tions, whereas plasma membrane-tethered Fus3 has higher-
than-normal basal activity yet can still respond further to phero-
mone stimulation. Thus, the ability of wild-type Fus3 to move
between cellular compartments crucially affects the temporal
and spatial characteristics, and the switch-like nature, of its
activation and therefore the thresholds and kinetics with which
the outputs of this signaling pathway are evoked upon expo-
sure to pheromone.

Fus3 activation requires a cascade of sequential phosphory-
lations (Ste20 — Stell — Ste7 — Fus3). Ste20 associates via
its N terminus with membrane-tethered Cdc42 and via its C
terminus with membrane-anchored GBvy. The other three ki-
nases bind the Ste5 scaffold that is recruited to the membrane
via interaction with GBvy and with membrane phospholipids.
Like artificial membrane tethering of Stell, constitutive local-
ization of Ste5 at the membrane also causes pheromone-inde-
pendent pathway activation (57) because it places this
MAPKKK in close proximity to its direct activator (Ste20). We
showed here that membrane tethering of Fus3 also leads to its
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FIG. 13. Restriction of Fus3 to the plasma membrane impairs cell proliferation. (A) Strains BY4741, RCY9335, RCY9320, RCY9340,
RCY9342, RCY9343, RCY9336, RCY9337, RCY9341, RCY9344, RCY9339, RCY9368, RCY9337, and RCY9366, with corresponding genotypes
indicated, were transformed with plasmids encoding P 4, ;-FUS3-GFP-CCaaX (C; pRC249) or P, ;-FUS3-GFP-SSaaX (s; pRC250). Cultures
were spotted in 10-fold dilution series on plates containing dextrose or galactose as the carbon source and assessed for growth at 26°C. (B to D)
Strains BY4741, RCY9320, RCY9337, RCY9343, RCY9336, and RCY9341, with genotypes indicated, were transformed with plasmids encoding
Piar -GFP-CCaaX (C, G; pRC285), P4, ,-FUS3-GFP-CCaaX (C, FG; pRC249), P, 4, ,-fus3(D137A4)-GFP-CCaaX (C, £*G; pRC259), Pg 4y -
GFP-SSaaX (s, G; pRC286), P4, ;-FUS3-GFP-SSaaX (s, FG; pRC250), or P, ,-fus3(D137A)-GFP-SSaaX (s, £*G; pRC261). Cultures were
spotted in 10-fold dilution series on plates containing dextrose or galactose as the carbon source and assessed for growth at 26°C.

dual phosphorylation, even in the absence of pheromone, in-
dicating that the propinquity of the upstream and downstream
termini of the kinase cascade is sufficient to permit all of the
interactions among them that are necessary for pathway acti-
vation, even in the absence of a pheromone. Thus, simply
promoting congression of these elements is a major compo-
nent of the mechanism by which the receptor-initiated stimulus
triggers MAPK activation. The sensitivity of any given MAPK
pathway to such effects is likely an emergent property dictated
by its specific architecture. For example, in contrast to plasma
membrane-restricted Fus3, membrane tethering of MAPK
Hogl (which is also activated via a Ste20-initiated kinase cas-
cade) does not lead to significant basal Hogl activation in the
absence of the normal stimulus (hyperosmotic stress) (78).
Balanced activation of the pheromone response pathway
avoids deleterious effects. Pheromone-independent activation
of the pheromone response pathway can be achieved in mul-
tiple ways, all of which lead to growth inhibition, such as
deletion of the gene for the Ga subunit (Gpal) that negatively

regulates GBy (21, 51), overexpression of GBvy (80), mem-
brane tethering of either Ste5 (57) or Stell (83), use of the
constitutively active alleles of Ste11 (70), and overexpression of
Stel2 (24). In all cases, the observed growth retardation has
been ascribed to the imposition of Fus3-initiated Ste12-depen-
dent transcriptional responses and Farl-mediated cell cycle
arrest.

As we have demonstrated here, membrane restriction of
Fus3 abrogates Stel2-dependent transcription and prevents
Farl-mediated cell cycle arrest (Fig. 7) yet still also impairs
growth (Fig. 13). Consistent with the fact that Fus3-GFP-
CCaaX is unable to access the nucleus, the growth defect
that it induces is independent of Stel2 (Fig. 13). Thus, use
of membrane-restricted Fus3 reveals that prolonged action
of Fus3 at this location can cause a growth impairment that
differs mechanistically from that thought to arise from hy-
peractivation via upstream components of the pathway (Fig.
14A). Thus, under the other situations previously studied, it
is likely that the effects of chronic Fus3 activation that are
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FIG. 14. MAPK dynamics and the induction of pathway responses. (A) The signal transduction cascade of the pheromone response pathway
is depicted as a curve emanating from membrane-associated upstream components and terminating in the active MAPK. Restricting the
localization of an intermediate pathway component (e.g., Ste11) does not prevent activation of normal downstream components or normal outputs
(left), whereas restricting the localization of the terminal effector MAPK confines its activity to only some of its targets and biases its action toward
inappropriate ones (right). (B) The activity of the upstream signal transduction pathway is directed to cellular processes according to the
subcellular localization of Fus3. Only the free MAPK can access all of its relevant substrates efficiently.

exerted at the plasma membrane also contribute to imped-
ing growth.

MAPK subcellular localization determines pathway behav-
ior and signal responses. Despite its hyperactivation, plasma
membrane-bound Fus3 was largely defective for eliciting the
normal panoply of pheromone-induced responses. In contrast,
nuclearly restricted Fus3 was only poorly activated yet able to
elicit, albeit weakly, pheromone-induced growth arrest and
pheromone-induced gene expression. Furthermore, much of
this apparent loss of function was restored (even the ability to
form projections) by increasing its level of activation by elim-
inating counteracting phosphatases. Hence, and unlike Fus3
restricted to the plasma membrane, Fus3 restrained in the
nucleus was much less compromised in evoking physiologically
relevant responses. Thus, our analysis reveals how the function
of Fus3 differs at distinct cellular locations. At the plasma
membrane, Fus3 is competent to be activated and is spared
from deactivation by phosphatases yet is unable to access some
of its most critical effectors and therefore cannot generate the
outputs most crucial for successful mating. If allowed to trans-
locate into the nucleus, Fus3 encounters there its most critical
effectors, but to achieve the necessary responses, it has to act in
a certain window of opportunity before it becomes deactivated
by the phosphatases resident in that compartment. Normally,
in the presence of a continued stimulus and due to the positive
feedback that arises from the pheromone-induced upregula-
tion of both the FUS3 transcript (27) and its product (5), the
effects of Fus3 in the nucleus, once initiated, are self-reinforc-
ing. In the case of Fus3-GFP-Htb2, by contrast, its activation is
weak and remains so because that process must rely on the
nucleocytoplasmic shuttling of Ste5 and the amount of Ste7
MAPKK activated at the membrane that remains bound to the
scaffold. Thus, restricted localization of Fus3 MAPK cannot be
compensated for by the mobility of its upstream activators or
downstream targets, further explaining why the ability of this
MAPK to undergo dynamic changes in its localization is nec-

essary for optimal pathway function. In other words, this
MAPK must move to its targets, and not vice versa.

Our Fus3-GFP-CCaaX construct behaved like a neomorphic
allele; although it was unable to elicit several pheromone re-
sponses, it acquired the ability to cause aberrant cell morphol-
ogy and inhibit cell proliferation. Thus, the sustained presence
of activated Fus3 at zones of growth is quite deleterious to cell
physiology. Therefore, normally, the observed localization of
Fus3 at the shmoo tip (49) must be transient, so that it modifies
its substrates at this location in a kiss-and-run fashion. Consis-
tent with this view, fluorescence recovery after photobleaching
(FRAP) analysis suggests that Fus3-GFP at the shmoo tip does
undergo rapid turnover (75). At the time, this behavior was
interpreted as cycles of recruitment, activation, and release.
However, our observations indicate that prolonged dwell time
at the membrane is toxic. These considerations provide yet
another rationale for why, even after its activation, MAPK
mobility is crucial for successful biological outcomes in the
mating process (Fig. 14B).

The fact that membrane tethering of Fus3 abrogates expres-
sion of pheromone-induced gene expression (Fig. 7A),
whereas membrane tethering of Stell induces the expression
of such genes even in the absence of pheromone (83), high-
lights two points. First, the untoward effects of Fus3-CCaaX
are not merely the result of its hyperactive state because equiv-
alent Fus3 hyperactivation is achieved by Stell-CCaaX.
Therefore, it matters what subcellular substrates activated
Fus3 can access. A second and corollary point is that Fus3
hyperactivated by membrane-tethered MAPKKK is free to
disseminate its activity to all of its normal targets (and is
subject to deactivation by phosphatases in the nucleus); in
contrast, although membrane tethering of Fus3 also leads to
its hyperactivation, Fus3 in this case does not have access
to any of its nuclearly localized substrates and is not subject
to downregulation by nuclearly localized negative regulators
(Fig. 14B).
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Despite its much weaker activation (Fig. 5), Fus3-GFP-Htb2
supported mating 5- to 8-fold more efficiently than Fus3-GFP-
CCaaX, suggesting either that the nuclear functions of this
MAPK contribute more to mating proficiency than its cyto-
plasmic (and membrane) functions or that carrying out its
nuclear functions requires significantly less active MAPK. The
former seems more likely, given that enhancing the level of
Fus3-GFP-Htb2 activity by eliminating its deactivating phos-
phatases promoted significantly more robust outputs and in-
creased overall mating efficiency to 50 to 60% of that seen for
cells expressing wild-type Fus3-GFP. Also consistent with the
above conclusion, alleles of Fus3 that are catalytically inactive
(but unrestricted in localization) are unable to support detect-
able mating, and Fus3-GFP-Htb2 promotes =10° times more
efficient mating in STE7" fus3 kss1 cells than in ste7 fus3 kssl
cells (16). The importance of the nuclear functions of Fus3
MAPK for mating stand in stark contrast with the dispensabil-
ity of the nuclear functions of Hogl MAPK for hyperosmotic
stress resistance (78). In both cases, tethering of the cognate
MAPK to the plasma membrane abolishes its capacity to in-
duce gene expression, yet this restriction compromises mating
but not growth and survival under hyperosmotic conditions.
Thus, in the mating pheromone response pathway, encounter
of the Fus3 MAPK with its activators, inactivators, and phys-
iologically relevant substrates depends crucially on the dy-
namic intercompartmental movement of the MAPK itself.
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