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Saccharomyces cerevisiae cells are capable of responding to mating pheromone only prior to their exit from
the G, phase of the cell cycle. Ste5 scaffold protein is essential for pheromone response because it couples
pheromone receptor stimulation to activation of the appropriate mitogen-activated protein kinase (MAPK)
cascade. In naive cells, Ste5 resides primarily in the nucleus. Upon pheromone treatment, Ste5 is rapidly
exported from the nucleus and accumulates at the tip of the mating projection via its association with multiple
plasma membrane-localized molecules. We found that concomitant with its nuclear export, the rate of Ste5
turnover is markedly reduced. Preventing nuclear export destabilized Ste5, whereas preventing nuclear entry
stabilized Ste5, indicating that Ste5 degradation occurs mainly in the nucleus. This degradation is dependent
on ubiquitin and the proteasome. We show that Ste5 ubiquitinylation is mediated by the SCF“*** ubiquitin
ligase and requires phosphorylation by the G; cyclin-dependent protein kinase (cdkl). The inability to
efficiently degrade Ste5 resulted in pathway activation and cell cycle arrest in the absence of pheromone. These
findings reveal that maintenance of this MAPK scaffold at an appropriately low level depends on its compart-
ment-specific and cell cycle-dependent degradation. Overall, this mechanism provides a novel means for
helping to prevent inadvertent stimulus-independent activation of a response and for restricting and maxi-
mizing the signaling competence of the cell to a specific cell cycle stage, which likely works hand in hand with
the demonstrated role that G, Cdkl-dependent phosphorylation of Ste5 has in preventing its association with

the plasma membrane.

Scaffold proteins play a pivotal role in spatial and temporal
regulation of multitiered mitogen-activated protein kinase
(MAPK) cascades (8, 30, 107). Scaffold protein function can be
controlled at several different levels, including phosphoryla-
tion, oligomerization, and subcellular localization, which can
dramatically influence signaling (5, 21, 61).

A well-characterized scaffold-dependent MAPK pathway
drives the mating pheromone response in budding yeast Sac-
charomyces cerevisiae (15). The occupancy of a heterotrimeric
G-protein-coupled receptor by pheromone results in release of
its associated membrane-tethered GRvy (Ste4-Stel8) complex.
Ste5 scaffold protein (917 residues) is recruited to the plasma
membrane via its association with this freed GB+y (106) and by
additional multivalent contacts with membrane phospholipids
mediated by an N-terminal amphipathic o-helix (PM motif)
(111) and an internal PH domain (34). Because Ste5 is also
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able to bind a MAPK kinase kinase (Stell), a MAPK kinase
(Ste7), and two MAPKs (Fus3 and Kss1) (102), membrane
recruitment of Ste5 delivers these components to the plasma
membrane. Membrane localization of Ste5 juxtaposes its pas-
senger kinases to Ste20, a p2l-activated protein kinase that
also interacts with membrane phospholipids (94) and requires
plasma membrane-tethered and GTP-loaded Cdc42 for its ac-
tivation (56, 58, 60). GTP-bound Cdc42 is generated in this
vicinity via other GPy-recruited effectors, especially Farl,
which binds the Cdc42 guanine nucleotide exchange factor,
Cdc24 (14, 98). Once activated, Ste20 directly phosphorylates
and activates the Stell MAPK kinase kinase, triggering the
MAPK cascade (24, 114).

In naive haploid cells, Ste5 undergoes continuous nucleocy-
toplasmic shuttling but is located predominantly in the nucleus
(53, 66). In response to pheromone, this flux is dramatically
shifted in favor of export, elevating the cytosolic pool of Ste5,
thereby raising the number of molecules available for mem-
brane recruitment (66, 79). Pheromone-induced nuclear ex-
port of Ste5 requires the exportin, Msn5/Ste21 (66).

Little is known about why Ste5 is located in the nucleus in
unstimulated cells. It has been suggested that passage of Ste5
through the nucleus modifies it in an as yet undefined manner
to make it “competent” to subsequently promote signaling at
the membrane (66, 103). However, other evidence indicates
that nuclear shuttling of Ste5 is not necessary for its translo-
cation to the plasma membrane or its function (34, 79, 111)
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TABLE 1. Saccharomyces cerevisiae strains used in this study
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Strain Genotype Reference or source
W303-1A MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 91
BYB69 W303-1A lys2A::hisG ste5A::LYS2 50
YAB5¢ W303-1A lys2A::hisG barl::hisG ste5A::LYS2 This study
YABS® W303-1A lys2A::hisG barl::hisG steSA::LYS2 msn5A::TRP1 This study
BY4741 MATa his3AI leu2A0 met15A0 ura3A0 10
RCY9321 BY4741 fus3A::KIURA3 kss1A::CgHIS3¢ R. E. Chen (this laboratory)
MHY753 MATa his3-A200 leu2Al ura3-52 lys2-801 trp1 A63 ade2-101 36
MHY754 MHY753 cim3-1 36
BKY48-5C MATo leu2-3 ura3-52 erg6A::LEU2 33
BYBS84 MATa gal2 leu2 prb1-1122 pep4-3 prc1-407 trpl ura3-52 ste5A 50
YLG184 BYBS84 stel1A::hisG This study
HMK30 W303-1A msn5A::TRPI 53
YMKI101¢ W303-1A msn5A:TRPI yrb1-51* This study
JTYA4427 MATa msn5A::TRPI yrb1-52% 53
JTY4299 W303-1A msn5A::TRPI apcl0-22° This study
JTY4300 W303-1A msn5A::TRPI cdc34-2" This study
JTY4301 W303-1A msn5A::TRPI cdc4-1% This study
JTYA4327 W303-1A apc10-22° This study
JTY4329 W303-1A cdc34-2" This study
JTY4330 W303-1A cdc4-1° This study
BF264-15D MATa adel his2 leu2-3,112 trpl-1 65
YLGY0 BF264-15D msn5A::hphNTI This study
YLG91 BF264-15D cdc28-13" msn5A::hphNTI This study
JTY2142 BF264-15D ura3Ans clnlA cin2A cIn3A Pg 4, ,-CLN2 C. Wittenberg
YLG92 BF264-15D ura3Ans cinlA cln2A cln3A P, ;-CLN2 msn5SA::hphNTI This study

@ Strain YAB5 was a spore from a cross between strains BYB69 and W303-1B barl::hisG (gift of K. Nasmyth, Institute of Molecular Pathology, Vienna, Austria).
> MSN5 was deleted from the genome by a one-step PCR-based gene replacement using appropriate synthetic oligonucleotide primers and vector pRS314 (92) as
the template DNA. Authentic transplacement of the MSN5 locus was verified by genomic PCR using primers within the TRPI gene and in the msn5 flanking region.
¢ KIURA3 indicates that the URA3 gene was from Kluyveromyces lactis, and CgHIS3 indicates that the HIS3 gene was from Candida glabrata.
4 STE11 was deleted from the genome by standard one-step PCR-mediated gene replacement (64) with the hisG::URA3::hisG cassette contained on vector pNKY51

(1). Gene replacements were verified by PCR, and Ura™ transformants were then selected on medium containing 5-fluoroorotic acid.

¢ Strain YMK101 was a spore from a cross between W303-1A yrb1-51 (YMK94) and W303-1B msn5::TRP1 (YMKG68), a MAT« derivative of HMK30.

/MSNS5 was deleted from the genome by a one-step PCR-based gene replacement using appropriate synthetic oligonucleotide primers and pRS41H (96) as the
template DNA. Hygromycin B-resistant colonies were then selected, and gene replacements were confirmed by PCR and reduced mating efficiency.

and that reimport into the nucleus contributes to pathway
downregulation following initial stimulation (53). It has re-
mained obscure, mechanistically speaking, how nuclear local-
ization of Ste5 contributes to the regulation of pathway acti-
vation and signal flux.

Given that Ste5 is the least abundant component of this
entire signaling system (=500 molecules per haploid cell) (38),
we suspected that dynamic regulation of the location and level
of this scaffold protein provides a critically important control
point for influencing the timing, potency, duration, and spec-
ificity of signaling in this pathway. Indeed, as described here,
we found that the subcellular localization of Ste5 and cell cycle
progression have dramatic effects in controlling the stability of
SteS. Our findings provide new insights about the physiological
importance of Ste5 nuclear localization and G, cyclin-depen-
dent protein kinase 1 (CDKI1) action in establishment and
maintenance of the conditions that preserve signaling fidelity
in this system.

MATERIALS AND METHODS

Yeast strains and media. Strains (Table 1) were cultivated at the indicated
temperature (23, 30, or 37°C) in standard rich (yeast extract-peptone [YP]) or
defined minimal (synthetic complete [SC]) medium (91) containing either 2%
glucose (Glc), 2% raffinose and 0.2% sucrose (Raf-Suc), or 2% galactose (Gal),
supplemented, where necessary, with appropriate nutrients to maintain selection
for plasmids. For expression of genes under the control of the GALI promoter,
cells were pregrown to mid-exponential phase in SC containing Raf-Suc and then
Gal was added (final concentration, 2%) for various times, as indicated. To

retard pheromone proteolysis, culture medium was preadjusted to pH 3.5 with
Na succinate (final concentration, 50 mM) (17). Standard techniques for prop-
agation and genetic manipulation of yeast were used (91).

Plasmids and recombinant DNA methods. Standard procedures for construc-
tion and propagation of plasmid DNA in Escherichia coli strain DH5« were used
(40, 84). Plasmids pPP1968 (pSTES-STES5-3xGFP, CEN) (111), pCJ6 (pGALI-
HIS6-MYC-STES, 2um), pCJ117 (pGALI-HIS6-MYC-STES5, CEN), pCI80
(pGALI-HIS6-MYC-STES-GFP, CEN) (34, 49), and pUB223 (pCUPI-UBI K48R
G76A) (57) have been described. To construct C-terminally FLAG;-tagged SteS5,
the FLAG; epitope was amplified from p3FLAG-KanMX (35) by PCR using a
synthetic oligonucleotide that included the sequence corresponding to an endog-
enous Xhol site near the 3’ end of the STES coding sequence as the upstream
primer and an oligonucleotide that included a stop codon and an Xbal site as the
downstream primer. The resulting PCR product was subcloned as an Xhol-Xbal
fragment into pCJ98 (which encodes an untagged version of Ste5 behind the
GALI promoter; C. Inouye and J. Thorner, unpublished results), generating
pLG92. In-frame attachment of the FLAG; epitope tag was confirmed by direct
DNA sequence analysis. Low-copy-number and multicopy plasmids expressing a
green fluorescent protein (GFP)-Ste5 fusion under the control of a constitutive
promoter (NOPI) were constructed in two steps. First, the STES coding region
was amplified as an Ncol-BamHI fragment using primers OSTES5-1 (5'-GGG
GGC CAT GGG TAT GGA AAC TCC TAC AGA C-3') and OSTES-2 (5'-
GGG GGG ATC CCT ATA TAT AAT CCA TAT GG-3') from YEp13-STES
(gift of V. L. MacKay, University of Washington, Seattle) and inserted into
the corresponding sites of pUN100-NOPIprom-ProtA-TEV-ADHIterm (45).
The STES-containing insert was then released as a PstI fragment and inserted
into the Pstl sites of CEN vector pRS315 and 2um DNA vector pRS425 (92)
into which had been inserted before (as an Apal-Spel fragment) an ADE2-
NOPIprom-GFP(S65T)-TEV-GAL4term cassette (B. Senger and E. Hurt, un-
published results), yielding pNOP(G1AL)-GFP-Ste5 and pNOP(G2AL)-GFP-
Ste5, respectively. YEplac195-NOPIprom-myc-STES (plasmid 1729 in Hurt lab
collection) was constructed by ligating a SacI-Pstl NOPIprom-3Xmyc frag-
ment from pRS315-NOPIprom-myc-NUP116-C (3) into the corresponding
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sites of YEplac195, yielding YEplac195-NOPIprom-myc (plasmid 1728 in Hurt
lab collection), and then inserting therein the STES5-containing PstI fragment
described immediately above. Unless otherwise indicated, all tagged Ste5 deriv-
atives were fully functional, as judged by ability to rescue the sterility of ste5A
cells. To generate an untagged version of a nuclear localization signal mutant
[Ste5(NLSm)] under the control of its native promoter, pPP2105 (111) was
digested with Eagl (to excise a 13Xmyc tag) and religated, yielding pLG120.
DNA sequence analysis confirmed that the in-frame stop codon of the STES
open reading frame was still intact.

Measurement of reporter gene expression. To measure FUSI-lacZ reporter
gene expression, exponentially growing cells carrying a high-copy FUSI-lacZ
reporter plasmid (YEpU-FUS1Z) (4) were incubated with and without 1 pM
a-factor for 60 min, and the level of B-galactosidase activity present was mea-
sured using a colorimetric substrate as described previously in detail (4).

Protein extraction. In most experiments, protein was extracted from yeast cells
by alkaline lysis and trichloroacetic acid (TCA) precipitation by the method of
Yaffe and Schatz (116). Briefly, cells were harvested by centrifugation, and the
resulting pellets were flash-frozen in liquid N,. For analysis, the pellets were
resuspended by vortex mixing in 150 pl of 1.85 M NaOH and 7.4% B-mercap-
toethanol and incubated for 10 min on ice, and then ice-cold TCA (final con-
centration, 25%) was added. After 10 min on ice, the precipitated protein was
collected by centrifugation at maximum speed in a microcentrifuge at 4°C,
washed twice with ice-cold acetone to remove residual TCA, and resuspended in
an appropriate volume (32 .l per A4 unit) of 5% sodium dodecyl sulfate (SDS)
in 0.1 M untitered Tris base. For SDS-polyacrylamide gel electrophoresis
(PAGE) of such samples, 8 .l (per 1.0 44 unit) of 5X concentrated SDS-PAGE
sample buffer was added to each sample, and after the samples were boiled for
2 min and clarified by centrifugation in a microcentrifuge, a portion (typically
~10 pl, the equivalent of ~0.25 A4, unit) of the resulting supernatant solution
was subjected to SDS-PAGE on an 8% slab gel, transferred to a nitrocellulose
membrane, and analyzed by immunoblotting.

Where noted, protein was extracted from yeast cells by SDS solubilization and
glass bead lysis. Briefly, samples (~10 A4, units) of exponentially growing cells
were harvested, washed in ice-cold sterile phosphate-buffered saline (PBS), and
resuspended in 200 .l of 2X SDS-PAGE sample buffer to which was added ~100
wl of acid- and ether-washed glass beads (400- to 500-nm diameter), followed by
boiling for 3 min and three 10-s bursts of vigorous vortex mixing. After clarifi-
cation by centrifugation in a microcentrifuge, appropriate portions (to achieve
equivalent loading based on the initial A, and extract volume) were analyzed by
SDS-PAGE and immunoblotting.

Antibodies and immunoblotting. Proteins resolved in slab gels were trans-
ferred to nitrocellulose filter paper, incubated with the appropriate primary
antibodies and then incubated with appropriate secondary antibodies. Proteins
were then visualized and quantified using standard chemiluminescence detection
for horseradish peroxidase-conjugated secondary antibodies or using an infrared
imaging system (Odyssey v2.1 software; Li-Cor Biosciences, Inc., Lincoln, NE)
for infrared dye-conjugated secondary antibodies.

To detect Ste5 in experiments in which it was immunoprecipitated and/or
overexpressed, affinity-purified polyclonal rabbit anti-Ste5 immunoglobulin G
(IgG) (44) was used. To detect Ste5S expressed at its endogenous (or near
endogenous) level, a different polyclonal rabbit anti-Ste5 antiserum (gift of K. R.
Benjamin, Molecular Sciences Institute, Berkeley, CA) was used. The other
primary antibodies used in this study were mouse anti-c-myc monoclonal anti-
body (MAb) 9E10 (28), mouse antiubiquitin MAb (Santa Cruz Biotechnology,
Inc.), rabbit polyclonal anti-Pgkl antiserum (6), rabbit polyclonal anti-Cdc12
antiserum (101), and rabbit polyclonal anti-Yrb1 antiserum (53).

Measurement of Ste5 half-life. The stability of Ste5 in vivo was measured using
either a protein synthesis shutoff technique or a GALI promoter-based pulse-
chase method. Similar results were obtained by using either approach. For
analysis by protein synthesis shutoff, cells expressing Ste5 at its endogenous level
were grown to mid-exponential phase and then subjected to the test condition
(e.g., temperature shift, etc.) immediately after the addition of cycloheximide
(CHX) (final concentration of 10 wg/ml), and samples were taken at the indi-
cated times. In experiments involving pheromone, cells were pregrown to mid-
exponential phase in YPD (yeast extract-peptone-dextrose) buffered with 50 mM
Na succinate (pH 3.5) and then treated with a-factor (final concentration of 3
M) for 30 min followed by addition of the CHX. For analysis by Gal-induced
pulse-chase, cells expressing STES from the GALI promoter were grown to
mid-exponential phase in medium containing Raf-Suc, and then STE5 expression
was induced by the addition of Gal (final concentration, 2%). After a 2-h period
of synthesis, the cells were collected, washed with fresh medium containing Glc
(2%) and resuspended in the same medium, and samples were taken at the
indicated times.
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Effect of proteasome inhibitor MG132. To allow for efficient entry of MG132,
an erg6A mutant was used (59). The erg6A cells carrying a URA3-marked 2pm
DNA plasmid expressing Hiss-myc-Ste5 from the GAL1 promoter were grown to
mid-exponential phase at 30° in SC medium lacking Ura but containing Raf-Suc,
synthesis of Ste5 was induced by the addition of 2% Gal for 2 h, and the cells
were then collected and washed with and resuspended in medium containing 2%
Glc as described above. The resulting cell suspension was split into two equal
portions, which were then incubated in the absence (solvent dimethyl sulfoxide
[DMSO] alone) or presence of MG132 (final concentration of 50 wM; added
from a concentrated stock in DMSO), and samples were taken at the indicated
times. The cells in each sample were harvested by centrifugation and snap-
frozen in liquid N,, and the resulting pellets were lysed by vigorous vortex
mixing with glass beads in ice-cold lysis buffer (0.1% Tween 20, 125 mM
potassium acetate, 4 mM MgCl,, 0.5 mM EDTA, 5 mM sodium bisulfite, 20
mM Tris-HCI [pH 7.2]) containing 12.5% glycerol, 1 mM dithiothreitol, and
a commercial protease-inhibitor mix (Complete EDTA-free; Roche Diagnos-
tics, Inc.). From the resulting lysates (1 mg total protein), myc-tagged Ste5
was immunoprecipitated using mouse ascitic fluid containing anti-c-myc MAb
9E10, as described previously (49). Immune complexes were solubilized in
SDS-PAGE sample buffer, and after boiling and clarification, they were
analyzed by SDS-PAGE and immunoblotting.

Special growth conditions in the presence of a trace of detergent also make S.
cerevisiae cells more permeable to MG132 (63), which permitted analysis of
endogenous Ste5. Briefly, strain W303-1A carrying an empty URA3 vector was
pregrown to mid-exponential phase in a synthetic medium (0.17% yeast nitrogen
base without ammonium sulfate or amino acids [Difco]) supplemented with 0.1%
proline and the other necessary supplements for growth of these cells and 2%
Glc. The cells were then reinoculated at an A4, of 0.5 into a fresh sample of the
same medium also containing 0.003% SDS and grown for another 3 h, where-
upon the culture was divided into two equal portions and then incubated in the
absence (solvent DMSO alone) or presence of MG132 (final concentration of 75
1M from a concentrated stock in DMSO). After 30 min, CHX (final concentra-
tion of 50 pg/ml) was added to stop protein synthesis, and commencing 10 min
later, samples were taken at the indicated times.

Fluorescence microscopy. Live cells expressing GFP fusions to Ste5 were
grown to mid-exponential phase (and in some experiments, then treated with 5
M a-factor), concentrated by brief centrifugation, spotted onto an agarose pad,
and examined immediately thereafter under an epifluorescence microscope
(model BH-2; Olympus) using a 100X objective equipped with a GFP band-pass
filter (Chroma Technology Corp.). Images were collected using a charged-cou-
pled-device camera (Olympus), recorded with Magnafire SP imaging software
(Optronics), and digitally processed using Photoshop (Adobe).

In vivo ubiquitinylation assay. Strain BYB84 (ste5A) was cotransformed with
a plasmid (pLG92) expressing Ste5-FLAG; from the GALI promoter and a
plasmid (pUB233) expressing a Hiss-myc-tagged mutant ubiquitin, Ubi(K48R
G76A), from the Cu®*-inducible CUPI promoter. As controls, the same
strain was transformed with each of these plasmids alone, along with the
corresponding other empty vector. Transformants were grown to mid-expo-
nential phase in selective medium with Raf-Suc, and then Hisgs-myc-
Ubi(K48R G76A) expression was induced by the addition of 250 pM CuSO,
for 4 h, followed by induction of Ste5-FLAG; expression by the addition of
2% Gal for 2 h. Cells were harvested by centrifugation, washed once with
ice-cold sterile PBS containing 5 mM N-ethylmaleimide (NEM), and frozen
in liquid N,. The resulting cell pellets (equivalent to ~40 A4y, units) were
lysed by the alkaline lysis and TCA precipitation method described above,
and the precipitated protein was collected by centrifugation at 30,000 X g for
30 min at 4°C in a refrigerated preparative centrifuge (Sorvall RC-5B). The
protein pellet was solubilized in 6 M guanidinium hydrochloride containing 5
mM NEM and buffered with 100 mM sodium phosphate and 10 mM Tris-HCl
(both pH 8.0) (buffer A). After the protein was completely redissolved, the
solution was clarified by centrifugation at 16,000 X g for 30 min at 4°C.
Hisg-myc-Ubi(K48R G76A)-tagged proteins in the resulting supernatant frac-
tion were recovered by incubation at 4°C for 4 h with 100 wl of a 50:50 slurry
of Ni?*-charged nitrilotriacetate-derivatized agarose beads (HIS-Select HC
nickel affinity gel; Sigma Chemical Co.). The beads were washed successively
once with 1 ml of buffer A, twice with 8 M urea containing 5 mM NEM and
buffered with 100 mM sodium phosphate and 10 mM Tris-HCI (both pH 8.0)
(buffer B), and finally twice with buffer B that was adjusted to pH 6.3. Bound
proteins were then eluted with 200 wl of 2X SDS-PAGE sample buffer and
analyzed by SDS-PAGE and immunoblotting.
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RESULTS

Pheromone stimulation stabilizes Ste5. Molecular modeling
and simulations predict that the level of a scaffold protein can
profoundly influence the output of a signaling pathway (13, 30,
90). Measurement of the cellular content of each component
of the yeast mating pheromone response pathway indicates
that SteS is the most limiting factor required for signal prop-
agation (38; T. M. Thomson, K. R. Benjamin, A. Bush, T.
Love, R. C. Yu, A. Gordon, A. Colman-Lerner, D. Endy, and
R. Brent, submitted for publication). Correspondingly, we
have found that Ste5 overexpression dramatically potentiates
signaling in response to pheromone by nearly an order of
magnitude and, importantly, can elicit robust pathway output
even in the absence of pheromone when present at a high
enough level (Fig. 1A). This response occurs even though
active G; Cdkl (Cln-Cdc28) is present in these cells and has
been demonstrated to block Ste5 binding to the plasma mem-
brane (93). Therefore, we reasoned that, normally, there may
be additional mechanisms that set the appropriate level of Ste5
to maximize its ability to mount a stimulus-evoked signal while
minimizing its capacity to inadvertently cause stimulus-inde-
pendent signaling. Hence, we explored whether any aspect of
the spatial and temporal regulation of Ste5 function and local-
ization during the cell cycle and in response to pheromone
might contribute to controlling its cellular level.

To begin to address this issue, we monitored the endogenous
level of Ste5 over time in the absence or presence of phero-
mone (after blocking any further new synthesis by treatment of
the cells with CHX) by immunoblotting (Fig. 1B). We also
measured Ste5 stability via an independent method for pulse-
chase analysis, which utilized Glc-imposed repression after a
burst of Gal-induced GALI promoter-dependent expression
(see later figures). Very similar results were obtained by either
method. During vegetative growth, Ste5 appears to be a mod-
erately unstable protein (Fig, 1B, left top) with a half-life (¢,,,)
of ~60 min (Fig. 1B, right), in agreement with previous obser-
vations (31). However, we found that after cells were exposed
to pheromone (Fig. 1B, left bottom), Ste5 remained almost
completely stable throughout the time course analyzed (¢, >>
2 h) (Fig. 1B, right).

Ste5 has been shown to be directly phosphorylated by Fus3
in response to pheromone in vivo (43), in yeast cell extracts
(31, 52), and in vitro with purified proteins (7, 11). Indeed, we
did not observe pheromone-induced stabilization of Ste5 in a
fus3A kssIA double mutant (Fig. 1C, compare lane 8 with lane
4), indicating that pheromone-stimulated inhibition of Ste5
turnover requires MAPK action. However, the MAPK-medi-
ated phosphorylation of SteS (or another cellular component)
could reduce the rate of Ste5 degradation directly or could do
so indirectly because MAPK function is required to stimulate
relocalization of Ste5 to the cytosol, where it may be more
stable.

Preventing nuclear export increases the rate of Ste5 degra-
dation. Nuclear export and plasma membrane recruitment of
Ste5 are rapidly stimulated in response to pheromone (53, 66,
79, 89) and occur concomitantly with the pheromone-induced
stabilization of Ste5 we observed, as monitored by examination
of GFP-tagged Ste5 expressed at a near endogenous level (Fig.
2A). This correlation led us to consider the possibility that Ste5
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is susceptible to degradation in the nucleus, but not in the
cytosol. Thus, the observed stabilization caused by pheromone
stimulation might be primarily a consequence of the increase
in the cytoplasmic pool of Ste5 after its pheromone-induced
nuclear export. If this view is correct, then the steady-state
level of Ste5 should be decreased and its rate of turnover
increased if Ste5 is prevented from escaping the nucleus.
Therefore, we examined the stability of Ste5 in cells lacking
exportin MsnS5, which clearly trapped more of the GFP-tagged
Ste5 population in the nucleus (Fig. 2B). Indeed, for cells
expressing myc-tagged Ste5 at a near endogenous level from
the low-level NOPI promoter, the steady-state level of Ste5
was substantially reduced in msn5A cells compared to other-
wise isogenic MSN5 ™" cells, as assessed by immunoblotting of
equivalent amounts of cell extract (Fig. 2C; see also Fig. 3A).
Correspondingly, we found that the rate of turnover of Ste5 (as
assessed by examining endogenous Ste5 using the protein syn-
thesis shutoff method) (Fig. 2D, left) is more rapid in msn5SA
cells (¢,, of ~30 min) than it is in otherwise isogenic MSN5™*
cells (Fig. 2D, right). These results indicate that, when trapped
in the nucleus, Ste5 is more rapidly degraded, suggesting that
the nucleus is the cellular compartment where Ste5 degrada-
tion occurs.

Preventing nuclear entry stabilizes Ste5. If Ste5 destruction
occurs exclusively in the nucleus, we reasoned that preventing
its nuclear import should stabilize Ste5, mimicking the stabili-
zation observed upon pheromone-induced nuclear export.
Therefore, we examined the effect of preventing Ste5 import
into the nucleus in three different ways. First, we determined
the steady-state level of Ste5 in otherwise isogenic MSN5™
cells, msn5A cells, and msn5A cells also carrying temperature-
sensitive mutations in the yeast RanBP1 ortholog (yrb1-51" or
yrb1-52). Yrbl is a key coregulator of the Ran GTPase cycle
that controls nucleocytoplasmic trafficking of proteins in yeast
(72, 88). Loss-of-function yrbI mutations prevent efficient hy-
drolysis of Ran-bound GTP in the cytosol. The resulting high
cytosolic level of Ran-GTP impedes nuclear import because
Ran-GTP binding to importins prevents cargo binding (39).
We have demonstrated before that the yrbI-51 and yrbI-52
alleles impede overall protein import into the nucleus, includ-
ing, specifically, import of a GFP-Ste5 fusion (53). Strikingly,
introduction of either of these yrbI” mutations into msn5A
cells increased the steady-state level of myc-tagged Ste5 in cell
extracts compared to that in msn5A cells alone (Fig. 3A) and
increased the visible cytoplasmic pool of GFP-tagged Ste5
(Fig. 3B), consistent with the conclusion that the sole reason
that the absence of Msn5 destabilizes Ste5 is because more
SteS is sequestered in the nucleus where it is inherently less
stable than when it is in the cytosol.

As a second approach to address this issue, we examined the
level of Ste5(NLSm), a variant in which multiple substitution
mutations (E53A, K54A, R57A, F58V, Q59A, R60A, S61A,
and S62A) have been introduced into a primary nuclear local-
ization signal (66, 79). In our hands, these mutations signifi-
cantly reduce (but do not eliminate) nuclear localization of
Ste5 (Fig. 3C), as we have observed previously for a deletion
(deletion of residues 26 to 99) that removes this entire se-
quence (C. Inouye, N. Dhillon, and J. Thorner, unpublished
results). Nonetheless, consistent with the conclusion that effi-
cient SteS degradation requires its presence in the nucleus, we
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FIG. 1. Effect of Ste5 overexpression on signaling output and of pheromone treatment on Ste5 stability. (A) Exponentially growing cultures of
ste5SA cells (YABS) carrying a high-copy-number plasmid expressing a FUSI-lacZ reporter gene (YEpU-FUS1Z) and expressing GFP-STES from
the NOPI promoter on either a low-copy-number plasmid (left) or a high-copy-number plasmid (right) were treated in the absence (—) or presence
(+) of 1 pM a-factor for 60 min, and then the specific activity of B-galactosidase (black columns) was measured {values in Miller units
[B-galactosidase (B-gal)] represent the means of three independent trials, and the error bars represent the standard deviations of those means}.
The cultures overexpressing GFP-Ste5 grew more slowly and displayed a high proportion of shmoo-shaped cells. (B) (Left) Wild-type (W303) cells
were grown to mid-exponential phase and either treated with 3 wM a-factor for 30 min (+ « factor) or not treated with a-factor (— « factor),
followed by the addition of CHX (final concentration, 10 wg/ml) to stop any further protein synthesis. Samples were then taken every 30 min as
indicated above the gels, and the level of Ste5 was assessed by SDS-PAGE and immunoblotting with rabbit polyclonal anti-Ste5 antiserum (IB:
a-Ste5). For a control for equivalent loading in the lanes, the same samples were also immunoblotted with rabbit polyclonal anti-Pgkl antiserum
(IB: a-Pgk1). The results of a representative experiment are shown. (Right) To determine the time dependence of Ste5 degradation, the amount
of Ste5 in each sample was quantified using an infrared imaging system (Li-Cor Odyssey version 2.1 software) and normalized to the corresponding
content of Pgkl, and the logs of the means of the values so obtained for three independent experiments (performed as described for the left panels)
were plotted against time after CHX was added. Error bars represent the standard errors of the means. (C) Wild-type cells (BY4741) or an
otherwise isogenic fus3A kssIA derivative (RCY9321) were grown to mid-exponential phase and either treated (+) or not treated (—) with 3 uM
a-factor for 30 min followed by the addition (+) of CHX (10 pg/ml), and 2 h later, a sample was taken and the amounts of Ste5 and Pgkl were
determined as described above for panel B.

found that the steady-state level of Ste5(NLSm) was reproduc- ficially tethered to the plasma membrane by attaching in frame

ibly higher than that of wild-type Ste5 expressed in an identical
manner (Fig. 3D), providing further evidence that preventing
nuclear import impedes Ste5 degradation.

As a third independent means to address whether prevent-
ing Ste5 from entering the nucleus stabilizes this protein, we
measured the half-life of otherwise normal Ste5 that we arti-

to its C-terminal end the S-palmitoylated and S-farnesylated
C-terminal CCAAX box of yeast Ras2 (62, 86). Both Ste5-
CCAAX and, as a control, Ste5-SSAAX (an otherwise identi-
cal derivative that lacks the two Cys residues, so it cannot be
modified by either lipophilic substituent) were expressed from
the GAL1 promoter, at which time synthesis was turned off by
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FIG. 2. Stabilization of SteS is concomitant with its exit from the nucleus. (A) An exponentially growing culture of an ste5A mutant (BYB69)
expressing Ste5-GFP; from the STES promoter on a CEN plasmid was not treated (— « factor) or treated with 3 WM a-factor (+ « factor). After
45 min, samples of the cells were visualized by standard epifluorescence microscopy as described in Materials and Methods. (B) Exponentially
growing cultures of ste5A cells (YABS) or otherwise isogenic ste5A msnA cells (YABS expressing Ste5-GFP; as in panel A) were visualized by
standard fluorescence microscopy. (C) Wild-type (WT) cells (W303) or an otherwise isogenic msn5A derivative (HMK30) were transformed with
a plasmid expressing Myc-tagged Ste5 from the NOPI promoter and grown to mid-exponential phase. Extracts were prepared from samples of cell
paste (samples with the same weight [wet weight]) by vigorous vortex mixing with glass beads, and the steady-state level of Myc-Ste5 present was
analyzed by SDS-PAGE and immunoblotting with an anti-c-Myc monoclonal antibody (IB: a-myc) (MAb 9E10), as described in Materials and
Methods. (D) Rate of Ste5 degradation in wild-type cells (W303) or in an otherwise isogenic msn5A derivative (HMK30) was monitored after the

addition of CHX and plotted as described in the legend to Fig. 1B.

the addition of Glc. Because this targeting of Ste5 to the
membrane causes pathway activation (79, 111), we used a ste5A
stel 1A strain for these experiments to block any downstream
signaling. We found that the Ste5-SSAAX derivative, which
presumably enters the nucleus freely, was degraded with a
half-life indistinguishable from that of normal Ste5 (¢, , of ~60
min) (Fig. 3E). In contrast, all of the Ste5-CCAAX species
were markedly stabilized (Ste5-CCAAX migrated as several
bands representing the S-farnesylated, the S-palmitoylated,
and the doubly modified derivatives, with and without proteo-
Iytic -AAX removal and subsequent carboxymethylation, as
observed for other CCAAX box-containing molecules, such as
the Gy subunit, Stel8 [48]) (Fig. 3E). Most strikingly, the
degree of stabilization achieved by tethering Ste5 to the plasma
membrane in the absence of pheromone (f,, >> 2 h) was
equivalent to the stabilization of Ste5 evoked in response to
pheromone (compare Fig. 1B and Fig. 3E), suggesting that the
nuclear export and membrane localization of Ste5 triggered by
pheromone are sufficient to explain its pheromone-induced
stabilization. Indeed, only the change in subcellular localiza-
tion can account for how Ste5 degradation is prevented in
response to pheromone (as opposed to Fus3-dependent mod-
ification of Ste5 or any other downstream signaling events)

since no signaling occurs in the ste/IA cells we used for these
particular experiments.

Thus, impeding efficient exit of Ste5 from the nucleus in-
creased its rate of breakdown, whereas blocking efficient access
of Ste5 to the nucleus markedly stabilized the protein. Taken
together, these findings argued strongly that degradation of
Ste5 takes place primarily, if not exclusively, in the nucleus.

SteS is degraded in a ubiquitin- and proteasome-dependent
manner. In budding yeast, protein degradation can occur via at
least three distinct mechanisms: (i) inherent sensitivity to a
compartment-specific protease (113), (ii) targeting by the ubiq-
uitin-proteasome system (100), and (iii) reclamation via au-
tophagy and digestion by vacuolar proteases (67). The fact that
Ste5 degradation occurs in the nucleus made the third possi-
bility unlikely. To distinguish between the first two possibilities,
we examined the effect of blocking the activity of the 26S
proteasome on the rate of Ste5 turnover. We utilized a strain
carrying a temperature-sensitive mutation in CIM3, which en-
codes one of the six AAA™-ATPases of the 19S cap of the 26S
proteasome that is required for degradation of ubiquitinylated
substrates and localized mainly to the nucleus throughout the
cell cycle (82). After the shift to a restrictive temperature, Ste5
was markedly stabilized in a cim3-1 mutant (36) compared to
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FIG. 3. Retention of Ste5 in the cytosol prevents degradation. (A) Wild-type (WT) cells and otherwise isogenic msn5A and msn5A yrb1-51
derivatives were transformed with a plasmid expressing Myc-tagged Ste5 from the NOPI promoter and grown at 23°C until mid-exponential phase,
and cell extracts were prepared by vigorous vortex mixing with glass beads. The amount of Ste5 present was assessed by SDS-PAGE and
immunoblotting with an anti-c-Myc MAb 9E10 (IB: a-myc). For a control for equivalent loading in the lanes, the same samples were also
immunoblotted with rabbit polyclonal anti-Yrb1 antiserum (IB: a-Yrb1). (B) The same cells shown in panel A were transformed with a plasmid
expressing GFP-tagged Ste5 from the NOPI promoter, grown at 23°C until mid-exponential phase, and then visualized by fluorescence microscopy
as described in Materials and Methods. Representative fields are shown. (C) Exponentially growing cultures of ste5A cells (YABS) carrying a CEN
vector expressing either Ste5-GFP; or Ste5(NLSm)-GFP; from the STES promoter were visualized by standard fluorescence microscopy.
Representative fields are shown. (D) An ste5A mutant (BYB69) transformed with a CEN vector expressing either untagged wild-type Ste5 or
untagged SteS(NLSm), each from the STES promoter, was grown to mid-exponential phase, harvested, and lysed by the TCA precipitation method
as described in Materials and Methods, and the resulting extracts were analyzed by SDS-PAGE and immunoblotting with rabbit polyclonal
anti-Ste5 antiserum. For a control for equivalent loading in the lanes, the same samples were also immunoblotted with rabbit polyclonal anti-Pgk1
antiserum. (E) A ste5A stellA strain (YLG18) expressing from the GALI promoter on a CEN plasmid either Ste5-CCAAX or, as a control,
Ste5-SSAAX were pregrown in raffinose-containing medium until early exponential phase, and expression was induced by the addition of galactose.
After 2 h, the cells were washed and resuspended in glucose-containing medium to shut off further expression, and samples were taken every 30
min. (Left) The level of Ste5 was determined by immunoblotting with polyclonal anti-Ste5 antiserum, and (right) the results of three independent
experiments were plotted as described in the legend to Fig. 1B. For Ste5-CCAAX, the multiple bands represent various states of modification
(farnesylation and/or palmitoylation, with or without proteolytic AAX removal accompanied [or not] thereafter by carboxymethylation).

the otherwise isogenic CIM3™ control cells (Fig. 4A), suggest-
ing that Ste5 degradation occurs in a proteasome-dependent
manner.

To confirm this conclusion in an independent manner, we
examined the effect on Ste5 degradation of treating cells with
MG132, a well-characterized peptide aldehyde inhibitor of the
proteasome (59). Using either the GALI promoter-based
pulse-chase method to study the turnover of epitope-tagged
Ste5 in drug-permeable erg6A cells (Fig. 4B) or the CHX-
dependent protein synthesis shutoff method to analyze endog-
enous SteS under growth conditions that enhance the perme-
ability of wild-type cells to MG132 (Fig. 4C), we found that

treatment with MG132, but not with the solvent alone
(DMSO)), clearly stabilized Ste5. These results indicate that the
turnover of Ste5 observed in naive cells is mediated by the
proteasome.

It is well established that degradation by the 26S proteasome
requires addition of a chain of at least four K48-linked ubiq-
uitin molecules to the target protein (97, 100). Therefore, we
next examined whether Ste5 is ubiquitinylated in vivo. Because
the level of endogenous Ste5 is quite low, we used several
tactics to permit detection of its ubiquitinylated species. We
overexpressed an epitope-tagged derivative, Ste5-FLAG;, in
ste5A cells in which a Hise- and myc-tagged mutant ubiquitin,
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FIG. 4. Ste5 is degraded in a ubiquitin- and proteasome-dependent manner. (A) A wild-type (WT) strain (MHY753) and an otherwise isogenic
strain carrying a temperature-sensitive mutation, cim3-1, in the 19S cap of the proteasome (MHY754) were grown to mid-exponential phase at
26°C, shifted to 37°C for 30 min, and treated with CHX, and samples were taken every 30 min, in which the levels of Ste5 and Pgkl were assessed,
as described in the legend to Fig. 1B. (B) BKY48-5C, an erg6A mutant permeable to proteasome inhibitor MG132, expressing Hisg-myc-Ste5 under
the control of the GALI promoter was grown to mid-exponential phase in raffinose-containing medium, and then Ste5 expression was induced by
the addition of galactose. After 2 h, the culture was washed and resuspended in medium containing 2% glucose to shut off any further Ste5
expression (time zero), and half of the culture was incubated with MG132 (final concentration of 50 uM, added from a concentrated stock in
DMSO) (+ MG132) or with the same volume of solvent alone (+ DMSO). At the times indicated above the gel, samples were taken, the cells
were lysed, and the resulting extracts were subjected to immunoprecipitation using anti-c-Myc MAb 9E10 (IP: a-myc) as described in Materials
and Methods. The amount of Myc-tagged SteS in the resulting immune complexes was analyzed by SDS-PAGE and immunoblotting with the same
antibody (MAb 9E10) (IB: a-myc). (C) To permit entry of MG132 into a wild-type strain (W303), cells pregrown in standard minimal medium
supplemented with the appropriate nutrients were incubated for 3 h in a synthetic medium supplemented with 0.1% proline as the nitrogen source
and containing 0.003% SDS. One half of the culture received either solvent alone (DMSO) or MG132 (final concentration, 75 wM) in the same
solvent as indicated above the gel. After 30 min, CHX (final concentration, 50 wg/ml) was added, and 10 min later, samples were taken at the time
points indicated above the gel. The levels of Ste5 and Pgkl were analyzed (left) and plotted (right) as described in the legend to Fig. 1B. (D) To
determine whether Ste5 is a ubiquitinylated protein in vivo during vegetative growth, a ste5A mutant (BYB84) was cotransformed with a CEN vector
expressing Ste5-FLAG; from the GALI promoter and another CEN vector expressing Hisg-Myc-Ubi(K48R G76A) from the CUPI promoter or with
each plasmid alone along with the corresponding empty vector as controls. After induction of expression, cells were lysed under denaturing conditions,
and a sample of each lysate was analyzed by SDS-PAGE and immunoblotting with polyclonal anti-Ste5 antiserum (lanes 1 to 3). The remaining portion
of each lysate was incubated with over Ni**-loaded NTA beads to enrich for proteins covalently tagged by the Hisg-Myc-Ubi(K48R G76A). Ubiquiti-
nylated Ste5 (Ub-Ste5) was detected by immunoblotting the eluate of the bead-bound proteins with rabbit polyclonal anti-Ste5 antiserum (lanes 4 to 6),
and total ubiquitinylated proteins were detected with a monoclonal antiubiquitin antibody («-Ub) (lanes 7 to 9).
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Ubi(K48R G76A), was also overexpressed from the CUPI
promoter. Overexpression of the mutant ubiquitin allowed for
successful competition with endogenous ubiquitin for attach-
ment to targets, but the K48R substitution prevents polymer-
ization of K48-linked chains, making the target a poor sub-
strate for recognition by the proteasome. Moreover, once
attached, the G76A substitution inhibits hydrolytic removal of
protein-linked ubiquitin by deubiquitinating enzymes, whose
activity is often unleashed upon cell lysis (57). To further
inhibit promiscuous deubiquitinating activity and help preserve
ubiquitin modification, cell extracts were prepared under de-
naturing conditions and a sulfhydryl alkylating agent, NEM,
was also included in every buffer because all known deubiq-
uitinating enzymes have an active site Cys that is essential for
activity (20).

Under these conditions, GALI promoter-driven expression
of Ste5-FLAG; clearly elevated the amount of Ste5 present, as
assessed by immunoblotting with polyclonal anti-Ste5 anti-
serum (Fig. 4D, left), and overexpression of Hiss-myc-
Ubi(K48R G76A) clearly increased the level and number of
ubiquitinylated species that could be captured by binding to a
Ni** -nitrilotriacetic acid (Ni**-NTA) affinity resin, as judged
by immunoblotting elutes of the bead-bound proteins with an
antiubiquitin MAb (Fig. 4D, right). We found that, when co-
expressed with His,-Myc-Ubi(K48R G76A), a readily detect-
able amount of Ste5-FLAG; was retained on the Ni*"-NTA
affinity resin, whereas when either was expressed alone, there
was little or no Ste5-FLAG; bound to the beads (Fig. 4D,
middle). Based on the degree of retardation of its mobility, the
bound SteS-FLAG; species appeared to be monoubiquitin-
ylated, as expected, due to the abundant overexpression of the
nonpolymerizing Ubi(K48R G76A) mutant. These data dem-
onstrate that Ste5S can undergo ubiquitinylation in vivo, con-
sistent with the observed proteasome-dependent turnover of
endogenous Ste5 in vegetatively growing cells.

Ste5 RING-H2 domain has no role in Ste5 degradation.
Substrate-specific ubiquitinylation requires a ubiquitin ligase
(E3) that acts as a matchmaker by recruiting both the target
and an appropriate ubiquitin-charged ubiquitin-conjugating
enzyme (E2). Two major classes of E3 include those with a
HECT domain and those with a Zn**-binding RING (or
RING-H2) domain (78). Ste5 contains a RING-H2 domain in
its N terminus (residues 177 to 229) (50). Substitution muta-
tions in certain residues whose side chains serve as Zn*" li-
gands, such as Ste5(C177A C180A), are loss-of-function alleles
and cripple positive functions of Ste5 in signaling, including its
ability to bind GBvy and to self-associate (29, 50, 103, 115).
However, hyperactive alleles have also been identified in the
Ste5 RING-H2 domain, such as Ste5(C226Y) (89). One way to
explain the phenotype of the latter mutation would be if the
RING-H2 domain also has a negative function, like autoubig-
uitinylation for self-degradation. However, using the GAL
shutoff method, we found that neither the loss-of-function
allele, Ste5(C177A C180A), nor the hyperactive allele,
Ste5(C226Y), conferred any significant stabilization (Fig. 5), as
judged by their initial steady-state level or the rate of degra-
dation in comparison to wild-type Ste5. Therefore, we sought
to identify the specific enzymes that act in trans to ubiquitin-
ylate SteS for its nucleus-specific and proteasome-mediated
degradation.

MoL. CELL. BIOL.

SCF<“* is responsible for Ste5 degradation. Mating pher-
omone action arrests cells in G, and stabilizes Ste5. Therefore,
it seemed reasonable that the ubiquitinylation machinery that
promotes the G,-to-S transition might be involved in Ste5
degradation. One factor critical for the G,-to-S transition is the
nuclear E3 comprising the Skpl-Cullin/Cdc53-F box protein
(SCF) complex that contains a RING protein (Hrt1/Rbx1), its
associated E2 (Cdc34), and the F-box-containing substrate rec-
ognition factor, Cdc4 (76, 110). Cdc4 is localized exclusively to
the nucleus, whereas the core subunits of the SCF complex
and Cdc34 are found in both the nucleus and the cytoplasm
(9, 16, 37).

To examine whether the SC complex is the major E3
that mediates degradation of Ste5 in the nucleus, we analyzed
the effects of temperature-sensitive mutations (cdc34-2 and
cdc4-1) in two essential components of SCF<4* on the steady-
state level of endogenous SteS. For a control, we also examined
a temperature-sensitive mutation (apcl0-22) that ablates the
function of another nuclear E3, the anaphase-promoting com-
plex, which regulates cell cycle progression at other stages (74).
To enhance our ability to detect any stabilizing effect of these
mutations, we used msn5A cells, in which Ste5 is trapped in the
nucleus and displays an accelerated rate of degradation, as we
have demonstrated already (Fig. 1 and 2). Indeed, we found
that, at the restrictive temperature (but not at the permissive
temperature), the steady-state level of Ste5 was reproducibly
increased in msnSA cells carrying the cdc34-2 or cdc4-1 muta-
tion (Fig. 6A). In contrast, in msnSA cells carrying the apc10-22
mutation, there was no significant change in Ste5 level at either
temperature, compared to that observed in msn5A cells alone
(Fig. 6A). The increase in level conferred by the absence of
functional Cdc4 or Cdc34 is not an indirect effect of arresting
cell cycle progression in G, because the cim3-1* proteasome
mutation conferred a similar degree of Ste5 stabilization (Fig.
4) but causes arrest of cell cycle progression at the G,-to-M
transition (36).

To confirm these conclusions, we examined the effects of the
cdc4-1 and cdc34-2 mutations on the rate of Ste5 degradation
in both wild-type and msn5A cells at a restrictive temperature
using the CHX-dependent protein synthesis shutoff method.
Consistent with their observed effects on the steady-state level
of Ste5, both the cdc34* and the cdc4” mutations dramatically
reduced the rate of Ste5 turnover, both in wild-type cells where
Ste5 is able to shuttle between the nucleus and cytoplasm (Fig.
6B) and even more dramatically when Ste5 was trapped in the
nucleus by the lack of Msn5 (Fig. 6C). We found in these
experiments and most others in which cdc4 and cdc34 mutants
were compared (see below) that inactivation of Cdc4 had a
stronger effect in preventing Ste5 degradation than inactiva-
tion of Cdc34, suggesting that perhaps other E2 enzymes can
also associate and operate with SCF<?**, albeit less efficiently
than Cdc34. These data indicate that the SCF<?“* complex
makes a major contribution to marking Ste$ for its ubiquitin-
and proteasome-mediated destruction in the nucleus.

Regulation of SteS degradation by G, CDK phosphoryla-
tion. Mechanistic and structural studies have revealed that
substrate phosphorylation precedes substrate recognition by
SCF<%* and subsequent ubiquitin addition to accessible Lys
residues in the target (77, 95). The MAPK-mediated phosphor-
ylation of Ste5 induced in response to pheromone (31, 43, 52)

FCdc4
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FIG. 5. RING-H2 domain mutations in Ste5 do not affect its stability. (A) A ste5A strain (BYB84) expressing genes under control of the GALI
promoter on a CEN vector. A strain expressing His,-Myc-tagged versions of either wild-type Ste5 or Ste5(C177A C180A) as indicated above the
gels were pregrown in raffinose-containing medium until early exponential phase, and expression was induced by the addition of galactose for 2 h.
Cells were then washed and resuspended in glucose-containing medium to shut off further expression, and portions of the culture were taken every
30 min thereafter. These cell samples were lysed by vortex mixing with glass beads and resolved by SDS-PAGE, and the level of Ste5 was
determined by immunoblotting with anti-c-myc MAb 9E10 (IB: a-myc). For a control for equivalent loading in the lanes, the same samples were
also immunoblotted with rabbit polyclonal anti-Cdc12 antiserum (IB: a-Cdc12). (B) The half-lives of wild-type His,-Myc-tagged versions of
wild-type SteS5 or Ste5(C226Y) expressed from the GALI promoter on a 2um DNA plasmid were determined in ste5A cells (BYB84) using the
GAL shutoff protocol as described above for panel A. (C) The results of the experiment in panel B were quantified, normalized to the level of
Cdc12 in the same samples, and plotted on a log scale against time after expression was shut off.

cannot be responsible for marking SteS for destruction be-
cause, as we have shown here, MAPK action is required to
stabilize Ste5 by promoting its nuclear export, allowing it to
escape the ubiquitin- and proteasome-mediated degradation
that occurs in the nucleus (Fig. 1, 2, and 3). Therefore, phos-
phorylation by some other kinase is presumably responsible for
marking Ste5 for destruction in the nucleus. Indeed, it has
been observed that, during vegetative growth, Ste5 is phosphor-
ylated by the major G, CDK, CIn2-Cdc28 (31, 93). Moreover,
it is well established that, as the level of Cln2-Cdc28 activity
rises and cells commit to entry into a new cycle, signaling
through the mating pheromone response pathway is inhibited
(18, 69). However, the molecular basis for this effect has been
controversial. Some suggest that G; CDK-mediated phosphor-
ylation blocks signaling in this pathway by interfering with
Stell function (105), whereas others claim Ste20 function is
impeded (70). Yet others have provided evidence that CIn2-
Cdc28-dependent phosphorylation prevents stable association

of Ste5 with the plasma membrane (93). However, in light of
the cumulative results we have presented here and the clear-
cut role that G, CDK phosphorylation has in marking other
SCF<%* gubstrates for destruction (71), we reasoned that a
contributing mechanism by which phosphorylation of Ste5 by
ClIn2-Cdc28 helps prevent signal propagation as cells commit
to START and exit G, is via lowering the overall level of Ste5
by marking it for SCF“““*-dependent ubiquitinylation and sub-
sequent degradation by nuclear proteasomes (82).

To confirm this idea, we first examined the steady-state level
of endogenous Ste5 in asynchronous cultures of msn5A cells
and in otherwise isogenic msn5A cells carrying the tempera-
ture-sensitive c¢dc28-13 allele (19). We found that the nuclear
pool of Ste5 was measurably elevated at the restrictive tem-
perature in the msn5A cdc28-13 cells compared to the msnSA
control (Fig. 7A), and a modest effect of the cdc28-13 mutation
was even observed at the permissive temperature. These par-
ticular experiments were performed with asynchronous cells
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FIG. 6. Ste5 turnover requires the SCF“““* ubiquitin ligase. (A) (Left) Exponentially growing cultures of wild-type (WT), msnSA, msn5A
apcl0-22, msnSA cdc34-2, and msn5A cdc4-1 cells were each divided into two equal portions, which were then incubated for 2 h at either a
permissive temperature (23°C) or a restrictive temperature (37°C). The cells were then harvested, and protein was extracted by the TCA method.
The resulting extracts were resolved by SDS-PAGE and immunoblotted with anti-Ste5 antiserum. (Right) The level of Ste5 was quantified,
normalized to the level of Pgkl in the same samples (not shown), and plotted. Values represent the averages from two independent experiments,
and the error bars represent the standard error of those means. (B) (Left) Exponentially growing cultures of wild-type, cdc34-2, or cdc4-1 cells were
shifted to 37°C for 45 min followed by the addition of cycloheximide (10 wg/ml) for 10 min. Samples were then taken at the time points indicated
above the gels, and the level of endogenous Ste5 was analyzed by SDS-PAGE and immunoblotting with polyclonal anti-Ste5 antiserum.
(Right) The level of endogenous Ste5 in wild-type, cdc34-2, or cdc4-1 cells was normalized to the level of Pgkl in the same samples (not
shown) and plotted on a log scale against time after the addition of CHX. Values represent the averages of three independent experiments
conducted as shown in the left panels, and the error bars represent the standard errors of those means. (C) Exponentially growing cultures
of msn5A, msn5A cdc34-2, or msn5A cdc4-1 cells were shifted to 37°C for 45 min followed by the addition of CHX (10 pg/ml) for 10 min,
and then analyzed as explained above for panel B.
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FIG. 7. High G, CDK activity promotes Ste5 degradation. (A) Exponentially growing cultures of an msn5A derivative (YLG90) of an wild-type strain
(BF264-15D) and an msn5A derivative (YLG91) of an otherwise isogenic cdc28-13 strain were divided into two equal portions, which were incubated for
3 h at either the permissive temperature (23°C) or restrictive temperature (37°C). The cells were then harvested, and protein was extracted by the TCA
method. The resulting extracts were resolved by SDS-PAGE and immunoblotted with anti-Ste5 antiserum. For a control for equivalent loading in the
lanes, the same samples were also immunoblotted with rabbit polyclonal anti-Pgkl antiserum. (B) Wild-type (WT) cells (BF264-15D) and otherwise
isogenic clnlA cln2A cin3A GALI-CLN?2 cells (JTY2142) were pregrown in YP medium with 2% Gal to early exponential phase, at which point each
culture was divided into two equal portions. One portion was washed and resuspended in YP medium with 2% Glc to repress Cln2 expression (lanes 2
and 4), and the other portion was maintained in YP medium with 2% Gal (lanes 1 and 3). After 2.5 h, the cells were harvested, and the content of Ste5
and Pgk1 (as a loading control) in each culture was analyzed as described above for panel A. (C) To determine whether the level of SteS in the nucleus
correlates with cell cycle position, exponentially growing cultures of ste5A cells (YABS) expressing Ste5-GFP; from the STES promoter on a CEN vector
were visualized by fluorescence microscopy (~80% of the cells displayed detectable fluorescence). The pattern of Ste5 localization in representative cells
from each phase of the cell cycle, as determined by their budding pattern, is shown. (D) To examine the cell cycle dependence of SteS degradation, cells
of aciniA cln2A cln3A GALI-CLN?2 strain or an otherwise isogenic msn5A derivative of the same strain were arrested by depletion of the G, cyclin Cln2
by growth in medium containing 5% Glc for 3 h. Then, the cells were released from G, arrest by resuspension in medium containing 1% Gal-1%
Raf-0.2% Suc. Thereafter, samples were collected at 30 min intervals over the next 2 h, and the content of Ste5 and Pgk1 (as a loading control) in each
sample was analyzed as described above for panel A. Measurement of the budding index by examination under the microscope was used to confirm the
resumption of cell cycling (n = 200 cells at each time point).
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shifted to 37°C, and it has been reported before that the cdc28-
13" mutant arrests with a significant fraction of the population
in cell cycle stages other than G, when shifted to 37 or 38°C
(81, 112). Once Cln-bound Cdc28 has initiated Ste5 breakdown
at the G,/S boundary, any cell that has passed that point in the
cell cycle will have a much lower content of Ste5 than that of
a G, cell. Hence, the observed increase in Ste5 level in the
cdc28-13 mutant underestimates the effect of the loss of G
Cdk1 phosphorylation on stabilizing Ste5 compared to cells
uniformly arrested in G,.

Therefore, as an independent approach to specifically ad-
dress whether Cln-activated Cdc28 phosphorylation affects
SteS stability, we analyzed the effects of CIn2 depletion and
CIn2 overexpression on the steady-state level of endogenous
Ste5. For this purpose, we examined cultures of a strain (clnlA
cIn2A cln3A) that requires expression of CLN2 from the GAL!
promoter to grow. For wild-type cells of the same lineage, a
shift of carbon source (from Gal to Glc) had no effect on the
steady-state level of Ste5 (Fig. 7B, lanes 1 and 2). By contrast,
when the cinlA cin2A cin3A (pGAL-CLN?2) cells were grown
on Gal, where CIn2 is overproduced, the level of Ste5 was
lower than in wild-type cells and present as multiple isoforms
of lower mobility, diagnostic of phosphorylation (Fig. 7B, lane
3), in agreement with the findings of Strickfaden et al. (93).
After shift of the culture of c/nIA cIn2A cin3A (pGAL-CLN?2)
cells to Glc for 150 min, the level of Ste5 increased significantly
and the slower-migrating isoforms disappeared (Fig. 7B, lane
4). These results are consistent with the hypothesis that CIn2-
Cdc28-mediated phosphorylation is a prelude to the SCF<4*-
dependent destruction of Ste5 in the nucleus.

The above findings predict that the level of nuclear Ste5
should be highest in unbudded cells and should fall rather
precipitously as cells commit to the cell cycle and exit G,. Close
inspection of random fields of cells in exponentially growing
cultures of cells expressing Ste5-GFP; at a near endogenous
level (from the STES5 promoter on a CEN plasmid in ste5A
cells) showed exactly this expected pattern (Fig. 7C). Unbud-
ded and newborn cells have the brightest nuclear signal. The
Ste5 signal is distinctly fainter in cells with very small buds,
indicative of cells that have initiated S phase. Cells with large
buds that have not undergone mitosis have the faintest Ste5
signal, and in cells undergoing mitosis (and prior to cytokine-
sis), the level of SteS5 starts to rise again. Thus, the level of Ste5
does indeed correlate with cell cycle phase.

Despite the cumulative evidence that only haploid cells in G,
are susceptible to stimulation of the pheromone response path-
way (12, 18, 85), it has been observed that cells synchronized in M
phase by arrest of a cdcl5” mutation at the nonpermissive
temperature are capable of responding to pheromone, as
judged by induction of the transcript of a pheromone-induced
gene (FUSI) (69). Our finding that the level of Ste5-GFP,
starts to rise during M phase could reconcile these results, if
the amount of Ste5 continues to increase in cells held at the
cdcl5 block and reaches a level above the threshold required
for signaling competence.

Apparent cell cycle-dependent heterogeneity in the level of
Ste5 was noted in a prior study (66). However, in that work, a
Ste5-myc, derivative overexpressed from the CUPI promoter
on a high-copy-number (2um DNA) plasmid was examined by
indirect immunofluorescence, and therefore, it could not be
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ruled out that nonuniform segregation of the 2um DNA plas-
mid and/or nonuniform cell permeabilization prior to antibody
decoration was responsible for the reported differences in
staining at different stages of the cell cycle.

As an additional independent method to demonstrate the
cell cycle- and Cln2-dependent change in the level of Ste5, we
synchronized both clnIA cln2A cin3A (pGAL-CLN2) cells and
clnlA cin2A cin3A (pGAL-CLN2) cells also carrying an msnSA
mutation in G, by shifting the cells from Gal-containing me-
dium to Glc-containing medium and then released them from
the block by returning them to Gal-containing medium and
monitored the level of Ste5. Strikingly, in agreement with the
need for active Cln2-Cdc28 to promote both entry into the cell
cycle and Ste5 degradation, the level of Ste5 was highest in
unbudded cells and subsequently decreased substantially as the
cells progressed through the cell cycle, concomitant with the
onset of budding (Fig. 7D, left). As expected, the nuclear pool
of Ste5 was subject to even more rapid degradation once the
cells entered the cell cycle (Fig. 7D, right). We noted that in
the clnlA cIn2A cin3A (pGAL-CLN2) cells, Ste5 became hy-
perphosphorylated, in agreement with the findings of Strickfa-
den et al. (93). Moreover, Ste5 phosphorylation was clearly
accompanied by a concomitant decrease in its level (Fig. 7D,
lower panels). In marked contrast, Strickfaden et al. (93) did
not observe any change in the level of Ste5 during the cell
cycle, but in their work, they used a Ste5(ANLS) allele that is
largely restricted to the cytoplasm. Based on the findings we
have presented here, the behavior observed for Ste5(ANLS) is
exactly what would be predicted because it escapes SCF<9-
dependent ubiquitinylation and proteasome-mediated destruc-
tion in the nucleus. In this regard, we noted that, in msn5A
cells, where Ste5 is more restricted to the nucleus, the phos-
phorylated species with the lowest mobility are absent (Fig.
7D, right), most likely because they are the most susceptible to
SCF“%“_dependent ubiquitinylation and therefore undergo
the most rapid degradation, in agreement with the known
preference of SCF<¥“* for substrates that have been phosphor-
ylated at multiple sites (68, 71, 95). Taken together, these data
argue that the level of Ste5 is regulated in a cell cycle-depen-
dent manner because phosphorylation by G, cyclin-activated
Cdk1 during passage through “START” targets Ste5 for ubiqg-
uitinylation by the SCF““** complex. Thereby, this mechanism
would help ensure that, once cells have exited G, the level of
Ste5 is below the critical threshold necessary to mount a pher-
omone response.

SCF““*.controlled degradation of Ste5 prevents spurious
MAPK pathway activation. As mentioned earlier, it has long
been recognized that only haploid cells in G, are susceptible to
stimulation of the pheromone response pathway (12, 18, 85).
Our findings suggest that the cells are competent to respond
only in this phase of the cell cycle at least in part because the
level of Ste5 is at its maximum in early G,. In other words, our
results indicate that nucleus- and G,-to-S-specific degradation
of Ste5 may be an important mechanism to restrict the capacity
of cells to activate this MAPK pathway to G,. If so, inefficient
nuclear degradation of Ste5 might raise its level above the
threshold necessary to trigger signaling and thus elicit pathway
activation even in the absence of any pheromone stimulus.
Activation of this pathway elicits several well-characterized
responses, including growth inhibition, arrest in the G, (un-
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FIG. 8. Ubiquitin-dependent proteolysis of Ste5 prevents inadvertent MAPK signaling. (A) To examine the effect of elevated SteS expression
when its nuclear degradation is compromised, serial dilutions of exponentially growing wild-type (WT) (W303) and otherwise isogenic cdc34-2,
cdc4-1, and apcl0-22 mutants carrying either an empty CEN vector or the same vector expressing from the GALI promoter either wild-type Ste5
or the signaling-defective mutant Ste5(R407S K411S), were spotted onto plates containing SC medium supplemented with Gal and Ura and grown
for 3 days at the indicated temperatures (23 and 30°C). (B) To examine the basis of the growth arrest observed, cultures of cdc34-2 and cdc4-1
cells carrying either an empty vector control (left) of the same plasmid expressing SteS from the GALI promoter (right) were grown in
raffinose-containing at 30°C until early exponential phase, at which time galactose was added (final concentration, 2%). After 5 h, cells were
visualized by light microscopy. Each panel depicts a collage of representative cells. (C) The percentages of normal cells, cells with elongated buds,
large unbudded (G, -arrested) cells, and overt shmoos in the cell populations shown in panel B were determined by microscopic examination of

these cultures (n = 200 cells for each culture).

budded) phase of the cell cycle, and induction of the shmoo
morphology (51, 102).

Consistent with our hypothesis, we found that modest over-
expression of Ste5 was well-tolerated by wild-type cells but was
growth inhibitory to cells carrying mutations in components of
SCFC9e* (cdc34-2" or cdc4-1") when they were incubated at a
semipermissive temperature at which they are still able to grow
quite well (Fig. 8A). In other words, when cells are capable (at
23°C) of degrading Ste5 via G, Cdkl-initiated and SCFC9¢*-
dependent ubiquitinylation in the nucleus, they can continue to
grow even when Ste$ is overexpressed from the GAL promoter
presumably because G; Cdkl-dependent destruction of Ste5
and/or G, Cdkl-dependent displacement of Ste5 from the
plasma membrane (93) can keep pace with the elevated STES
expression and prevent any signaling in cycling cells. However,
under conditions (at 30°C) where SCF<“**-mediated degrada-
tion is only slightly compromised, three readouts of the induc-
tion of pheromone response all occurred—growth inhibition
(Fig. 8A), G,-specific arrest (Fig. 8B and C), and shmoo for-
mation (Fig. 8B and C)—even though active G, Cdkl is
present in these cells. Thus, G, Cdkl phosphorylation of Ste5
is not sufficient to prevent signaling in the absence of efficient
SteS degradation. These findings indicate that, to prevent Ste5-

dependent signaling, G, Cdkl-dependent turnover and G,
Cdk1-dependent blockade of its membrane recruitment are
both necessary.

In fact, these results provide an independent confirmation
that Ste5 is an authentic SCF“““* target because it has been
observed before that overexpression of demonstrated sub-
strates of SCF<““* inhibits the growth of cells carrying temper-
ature-sensitive mutations in components of the SCF<“* com-
plex at a semipermissive temperature (2, 23, 109). Elevated
levels of expression of Ste5 were somewhat more deleterious to
the cdc4” mutant than to the cdc34”® mutant (Fig. 8A), in
agreement with the greater Ste5 stabilization conferred, in
most of our experiments, by the loss of Cdc4 function (Fig. 6).
Moreover, this behavior was specific to cells with compromised
SCF<%* function because cells harboring a mutation (apc10-
22) in another nuclear E3, the anaphase-promoting complex,
grew just as well at 30°C as the wild-type control when Ste5 was
overexpressed, in agreement with the lack of effect of this
mutation on Ste5 degradation (Fig. 6).

The observed growth inhibition caused by Ste5 overexpres-
sion when SCF<“** function is compromised could be due to
competition for the more limited pool of SCF“* available
and the resulting inability to efficiently degrade other sub-
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strates that need to be eliminated to permit optimal cell cycle
progression (e.g., Sicl). Alternately, because the degradation
of Ste5 itself is impeded, the observed growth inhibition could
arise instead from elevated MAPK pathway activation and
ensuing cell cycle arrest due to the increased level of signaling.
As one means to address this issue, we used, as a negative
control, a signaling-defective SteS mutant, Ste5(R407S K411S),
which we have demonstrated before is expressed at the same
level as wild-type Ste5 (34). Hence, as a Cdc34- and SCF<4*
substrate, it should impede Cdc34- and SCF““*-mediated deg-
radation of Sicl and other substrates to the exact same extent
as overexpressed wild-type Ste5 does. We found that when the
signaling-defective mutant of Ste5 was overexpressed, no
growth inhibition was observed (Fig. 8A, right). Likewise, we
found that overexpression of wild-type Ste5 had no effect on
the growth of cdc34” and cdc4” cells at 30°C if they also lacked
Stell, the MAPK kinase kinase of the signaling cascade (data
not shown). These two controls support the conclusion that the
growth arrest arises from enhanced Ste5-mediated signaling
and is not due to cdc4” or cdc34" mutations sensitizing the
cells to elevation of the level of any SCF<?** substrate.

In this same regard, the growth arrest caused by Ste5 over-
expression cannot be attributed to an inability to degrade an-
other SCF““* substrate, the CDK inhibitor Farl (9, 46). Like
Sicl, Farl should be stabilized by the cdc4” and cdc34* muta-
tions in the vector-only control cells (Fig. 8B and C), and
perhaps even more so in the cells also overexpressing the
signaling-defective Ste5 mutant (data not shown). However, in
both cases, the population consisted mainly of large budded
cells with markedly elongated buds, the known phenotype for
cells with the cdc34” and cdc4” mutations, which delay the final
stages of the G,/S transition (42). In marked contrast, the
majority of the population (>60%) in the culture overexpress-
ing wild-type Ste5 were present as large unbudded cells and
shmoos (Fig. 8B and C). Our results are consistent with a
previous finding that, even in the absence of pheromone-in-
duced signaling, overexpression of Farl in cdc34* cells under
semipermissive conditions caused G, arrest, but not shmoo
formation (46). Hence, shmoo formation evoked under the
same conditions by Ste5 overexpression provides a second cri-
terion by which we conclude that the inability to efficiently
degrade Ste5 leads to elevated signaling.

Finally, when Ste5 expressed at its endogenous level was
spared from efficient SCF“““*-dependent degradation by de-
pletion of G, cyclins (Fig. 7D), in excess of 30% of the unbud-
ded cells that accumulated displayed a clear-cut shmoo-like
morphology (data not shown). Taken together, all of the above
findings argue strongly that the nucleus-specific, ubiquitin-de-
pendent, cell cycle-regulated destruction of Ste5 is required to
prevent inadvertent pathway activation in the absence of pher-
omone and is an important mechanism for setting the proper
threshold for the optimal spatial and temporal control of sig-
naling flux through the pheromone response pathway.

DISCUSSION

The scaffold protein Ste5 is essential for signal propagation
in the mating pheromone-initiated MAPK signaling cascade.
Despite its crucial importance, little was known about how
SteS itself is regulated. Here we have shown that the low
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steady-state level of Ste5 in vegetatively growing cells is main-
tained via its ubiquitin- and proteasome-mediated degradation
specifically in the nucleus and that this degradation is pro-
moted by G, cyclin- and CDK1-dependent phosphorylation of
SteS during exit from G,, thereby marking Ste5 as a substrate
for the SCF“““* ubiquitin ligase. Conversely, we also show here
that pheromone action stabilizes Ste5 by stimulating its Msn5-
dependent export from the nucleus and that, once in the cy-
tosol or at the plasma membrane, the half-life of Ste5 is mark-
edly prolonged. Given these new insights, restriction of Ste5
ubiquitinylation and degradation to the nucleus make physio-
logical sense because, once exported to the cytoplasm and thus
spared from destruction, Ste5 is free to deliver its bound
MAPK cascade components to the cell membrane, thereby
potentiating and sustaining signaling. In addition, we provide
compelling evidence that the nucleus-restricted, SCF<4*- and
cell cycle-dependent degradation of Ste5 is an important mech-
anism that contributes to keeping the level of Ste5 below the
threshold that could cause spurious stimulus-independent
pathway activation. Finally, this mechanism provides an addi-
tional satisfying explanation for why only yeast cells that have
not yet exited G, have the capacity to respond efficiaciously to
a pheromone signal.

Our findings are summarized schematically in Fig. 9. In
essence, the cell has two mechanisms for turning Ste5 off that
likely operate hand in hand—G, Cdkl-initiated displacement
of Ste5 from the membrane (93) may allow it to shuttle into the
nucleus where it can undergo ubiquitin- and proteasome-me-
diated destruction, as we have shown, and conversely, lowering
the level of SteS via its G; Cdkl-initiated degradation in the
nucleus as we have described reduces the cytoplasmic pool of
SteS that would need to be excluded from the membrane.
Thus, both mechanisms ensure that the maximum amount of
membrane-binding-competent Ste5 is available in a G, cell and
act together to drop the level of signaling-competent Ste5
below the threshold needed for pheromone-evoked signaling
as cells passage out of G;.

As we demonstrated here, Ste5 appears to be an only mod-
erately unstable protein in naive cells (¢,,, of ~60 min). How-
ever, this overall rate of turnover is misleading because Ste5
undergoes continuous nucleocytoplasmic shuttling and, as we
showed, the molecules that are in the cytosol are spared from
degradation. Indeed, when exit of Ste5 from the nucleus is
impeded by lack of the exportin Msn5, Ste5 turnover was
commensurately more rapid (¢,, of ~30 min). We have evi-
dence that another karyopherin, the exportin Crm1/Xpol, also
contributes to the basal (as opposed to the pheromone-stimu-
lated) exit of Ste5 from the nucleus (I. Macara, C. Sette, and
J. Thorner, unpublished results). If Ste5S were confined exclu-
sively to the nucleus, its intrinsic rate of breakdown in that
compartment might approach that observed for bona fide cell
cycle regulators, such as the G; cyclin CIn2 (57, 83) and the
S-phase CDK inhibitor Sicl (68) (¢,,, of ~5 to 10 min). Indeed,
the rather precipitous drop in the cellular content of Ste5 we
observed in synchronized msn5A cells as they exit G, indicates
that the degradation of Ste5 in the nucleus may be rapid
enough to provide the kind of irreversible switch-like transition
necessary to execute a dramatic reduction in the capacity of the
cell to respond to pheromone once cells have committed to
entering the cell cycle.
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FIG. 9. Control of Ste5 degradation by compartmentalization and protein kinase action. In naive cells, Ste5 undergoes nucleocytoplasmic
shuttling, with the highest concentration residing in the nucleus. In early G,, prior to the buildup of G, cyclins (like CIn2) and Cln-dependent
activation of Cdk1/Cdc28, the nuclear pool of Ste5 is at a maximum, which can be rapidly drawn upon if the cells encounter mating pheromone.
Pheromone-evoked MAPK (Fus3 and Kss1)-dependent phosphorylation of Ste5 stimulates its Msn5-dependent export from the nucleus, and once
Ste5 is in the cytosol where it is stable, the amount of Ste5 that can be recruited to the plasma membrane to potentiate signaling becomes
correspondingly elevated. This mechanism provides a self-reinforcing feed-forward loop that strengthens and sustains signaling. However, once the
levels of the G, cyclins (especially Cln2) have risen sufficiently, Cdk1(Cdc28) becomes activated. Active Cln-bound Cdk1 promotes the processes
required for exit from G, and entry into S phase (e.g., phosphorylation of the CDK inhibitor Sicl, thereby marking it for its SCF““**-dependent
and proteasome-mediated destruction). Likewise, active Cln-bound Cdk1 also phosphorylates Ste5; in the cytosol, the G, Cdkl-dependent
modifications block membrane binding, and in the nucleus, G, Cdkl phosphorylation initiates SCF€“*-dependent and proteasome-mediated
destruction. Removal of this scaffold protein and its displacement from the membrane obviate the ability of the cells to mount a productive
pheromone response at any subsequent stage of the cell division cycle. When the cells return to G,, when Ste5 is stable, an adequate amount of
Ste5 builds up and is again available to promote an efficacious response to pheromone, if the cells encounter this signal. See text for further
discussion. Abbreviations: PH, pleckstrin homology domain; PM, plasma membrane-binding motif; P, phosphate; NPC, nuclear pore complex: Ub,

ubiquitin.

Our evidence argues that regulation by the ubiquitin-pro-
teasome system contributes in a significant way to setting the
critical threshold for SteS function. We found that wild-type
cells tolerate an increase in the level of Ste5, whereas cells in
which G,-specific degradation of Ste5 in the nucleus is com-
promised displayed response pathway activation in the absence
of pheromone, as judged by growth inhibition, G,-specific ar-
rest, and the formation of characteristic shmoos. Normally,
elevation of stable cytosolic Ste5 is achieved following initial
exposure to pheromone via its self-reinforcing export from the
nucleus. Thus, overall, the mechanism we have uncovered
helps maximize the ability of the cell to mount an efficacious
response if the cell encounters pheromone, provided it is in the
G, phase of the cell cycle, while minimizing the likelihood that
spurious activation of a response will occur in the absence of an
authentic upstream signal, even if the cell is in G,. Akin to
Ste5, reducing the rate of turnover of KSR (kinase suppressor
of Ras), a pseudokinase that acts as a scaffold in the mamma-
lian Ras-Raf-MEK-ERK (extracellular signal-regulated ki-
nase) pathway, appears to be important for achieving sustained

activation of a MAPK-dependent signaling response after re-
ceptor tyrosine kinase stimulation (80).

Catalysis of Ste5 ubiquitinylation by SCF“** is presumably
the rate-limiting step for Ste5 degradation because, once the
first ubiquitin is attached, this E3 is known to be a highly
processive enzyme (77). On the other hand, studies of other
targets of SCFI“* indicate that the specific position in the
substrate to which the ubiquitin chain is attached can pro-
foundly influence the rate of subsequent proteasomal proteol-
ysis (75). It might be interesting to explore whether the exact
site(s) of Ste5 ubiquitin modification influences the kinetics,
amplitude, duration, and cell cycle dependence of signaling.
The fact that SCFC* can bind only to substrates that have
been prephosphorylated by G, cyclin-activated Cdk1 (68) pro-
vides a built-in mechanism, first, to ensure that even nuclear
Ste5 is spared from degradation in G, when the level of Cln-
bound Cdc28 is low and, second, to initiate rapid and efficient
degradation of Ste5 once a sufficient level of Cln-bound Cdk1
is present to trigger exit from G,. This role for Cln-bound
Cdk1-mediated phosphorylation in dramatically lowering the
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cellular content of Ste5 provides a distinctly different mecha-
nism for impeding Ste5-dependent signaling than that pro-
posed by Strickfaden et al. (93). They provided evidence that
Ste5 phosphorylated at multiple sites in its N-terminal region
(including T4, S11, T29, S43, S69, S71, S81, and T102) by G,
cyclin-bound Cdk1 has a much reduced affinity for the plasma
membrane, which should inhibit signal propagation and con-
tribute to restricting pathway activation to the G, phase of the
cell cycle. We showed here that depletion of CIn2 results in a
marked increase in the level of SteS; conversely, overexpres-
sion of CIn2 results in a reduction in the steady-state level of
Ste5. Correspondingly, we also observed that the highest accu-
mulation of GFP-tagged Ste5 occurs in unbudded (G,-phase)
cells and that inactivation of Cdkl resulted in accumulation
of an even higher level of Ste5. Although G, Cdkl-depen-
dent reduction in the level of Ste5 and G,; Cdkl-dependent
inhibition of membrane association are distinct processes,
both likely contribute to preventing SteS from acting at any
stage of the cell cycle other than G,, as already discussed.

Given this dual mechanism for blocking Ste5-dependent sig-
naling, it is not hard to see how, as reported by Strickfaden et
al. (93), abnormally high Cdk1 activity (due to overexpression
of CLN2 from the GAL promoter) could still block signaling by
a mutant, Ste5(NLSm), that is impaired in its nuclear import or
by an overexpressed hyperactive allele, Ste5-Q59L. We showed
that overexpression of CLN2 from the GAL promoter not only
results in elevation of Cdkl-mediated phosphorylation of Ste5
(Fig. 7B) but also drives Ste5 degradation (Fig. 7D). Thus,
Ste5-Q59L and even SteS(NLSm), which, in our hands, is still
able to enter the nucleus (Fig. 3C), will still be subject to Cdk1-
and SCF“““*-mediated degradation. Indeed, we have shown
that as long as the G, Cdkl-dependent and SCF“““*-mediated
destruction of Ste5 is not compromised, the cell can tolerate
GAL-driven overexpression of wild-type Ste5 even when CLN2
is expressed at its endogenous level, and the cell continues to
divide (Fig. 8A). Thus, again, it is easy to envision that an
elevated rate of phosphorylation (due to GAL-driven CLN2
expression) can—via the combined mechanisms of promoting
Ste5 degradation and inhibiting Ste5 membrane association—
readily block signaling even by Ste5(NLSm) or the overex-
pressed hyperactive Ste5 allele.

Versions of Ste5 tethered to the plasma membrane artifi-
cially never enter the nucleus, yet they are fully capable of
supporting a robust mating pheromone response (34, 79). By
contrast, an msnS5A xpol-1* double mutant exhibits completely
defective mating, even at a permissive temperature, whereas
both an msn5A single mutant and an xpol-1* single mutant
display reduced but readily detectable mating (C. Sette and
J. Thorner, unpublished results). Thus, normally, initiation of
pheromone response requires that at least some cytosolic pool
of Ste5 be present via its exit from the nucleus (Fig. 9). If
pheromone is present to generate free GBvy to recruit that
initial pool of Ste5 to the plasma membrane, activation of some
Fus3 ensues. The activated MAPK then translocates to the
nucleus (99), where it phosphorylates Ste5 (31), thereby greatly
stimulating its Msn5-dependent nuclear export (66), which, as
we have shown here, allows the scaffold to escape SCFC9e4-
mediated destruction and permits the now stable protein to
accumulate at the tip of the mating projection. Thus, the nu-
clear pool of Ste5 serves as a storehouse and reservoir to
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supply the full complement of Ste5 that is needed to mount an
effective and sustained signal, and continuous low-level shut-
tling of some of the scaffold into the cytosol from that depot
gives the cell the capacity to constantly be on guard for the
presence of a pheromone signal. The basal level of Fus3 ac-
tivity may be important for promoting the Msn5-dependent
shuttling of these pioneer Ste5 molecules into the cytosol be-
cause, as would be predicted from our findings, it has recently
been reported that fus3A cells display a lower steady-state level
of Ste5 (117), just as we observed for cells lacking MsnS5.

Prior work suggested that reimport of Ste5 into the nucleus
contributes to attenuation of pheromone-evoked signaling (53)
and reduces inadvertent signaling in naive cells (55, 111). Our
discovery that Ste5 degradation can occur only in the nucleus
now provides a physiologically meaningful rationale for these
findings. In this regard, an observation made by Bhattacharyya
et al. (7) is of some interest. They found that binding of a
fragment of Ste5 to Fus3 stimulates the activity of this MAPK
in vitro, which results in phosphorylation of Ste5 on T287, and
that, as judged by site-directed mutagenesis at least, this resi-
due in Ste5 appears to be important for downregulation of
signaling in vivo. In light of our findings, it will be interesting to
determine whether phosphorylation at this site occurs in vivo
and, if so, whether modification at this site increases nuclear
import or prevents nuclear export of Ste5 (or both), thus con-
tributing to signal attenuation by promoting degradation of
Ste5 in the nuclear compartment.

Initially, it was an attractive hypothesis that the RING-H2
domain (residues 177 to 229) in Ste5 might contribute to its
own destruction via autoubiquitinylation. The observation that
two-hybrid analysis of an N-terminal fragment of Ste5 identi-
fied the ubiquitin-conjugating enzyme (E2) Ubc4 as an inter-
acting partner and that this interaction required the RING-H2
domain (P. Pryciak, University of Massachusetts Medical Cen-
ter, personal communication) provided some support for this
hypothesis. However, as we showed here, several mutations in
the RING-H2 motif that have clear phenotypic effects on Ste5
function did not detectably alter its rate of turnover in vivo.
Furthermore, when incubated individually with ATP, commer-
cially obtained E1, and purified recombinant versions of each
yeast E2, bacterially expressed and purified fragments of Ste5
containing its RING-H2 domain or full-length Ste5 did not
show any detectable autoubiquitinylation activity under condi-
tions where another recombinant yeast RING-containing pro-
tein, Apcll, displayed copious autoubiquitinylation (L. Gar-
renton, A. Savifion-Tejeda, and J. Thorner, unpublished
results). Therefore, even if the RING-H2 domain in Ste5 can
promote ubiquitinylation in vivo (when Ste5 is appropriately
modified and/or associated with the right factors), we suspect
that Ste5 will not act as an E3 on itself, but on some other
component of the pheromone response pathway.

Evidence from a variety of organisms implicates ubiquitin-
ylation in modulating MAPK signaling through effects exerted
at a variety of levels (assembly of protein kinase-containing
complexes, subcellular localization of MAPKs and/or their
substrates, or degradation of MAPKSs and/or their substrates)
(reviewed in reference 54). In yeast, Ste5 joins a growing list of
components of the mating pheromone response pathway re-
portedly regulated by ubiquitin- and proteasome-mediated de-
struction. However, for many of these proteins, including Ste2
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(47), Gpal (87), Ste7 (104), Stell (26), and Stel2 (27), pher-
omone treatment apparently stimulates the ubiquitin- and pro-
teasome-mediated degradation of these molecules as a means
to downregulate and/or terminate signaling. In contrast, as we
have shown here, pheromone treatment rescues Ste5 from the
ubiquitin- and proteasome-mediated degradation it would oth-
erwise undergo in the nucleus. In this respect, the behavior of
Ste5 resembles that of Farl, which serves as a scaffold protein
for the Cdc42 guanine nucleotide exchange factor, Cdc24, in
polarized morphogenesis of the shmoo (108) and which also
serves as an inhibitor of the G, CDK (73). As for Ste5, pher-
omone treatment promotes nuclear export of Farl, and be-
cause Farl is another target of the SCF<“*, its exit from the
nucleus results in stabilization of the protein (9, 46). It makes
sound physiological sense that the cell would employ one com-
mon mechanism to make certain that the two scaffold proteins
pivotal to the execution of the two major physiological
branches of the mating response are simultaneously stabilized
and thus available in the cytosol to associate with the plasma
membrane where they need to act. Other SCFC** targets
(Sicl, Cdc6, and Gen4) are also stabilized when sequestered
away from nuclear Cdc4 (22, 25). Likewise, in mammalian
cells, changes in subcellular localization control the rate of
ubiquitinylation and subsequent degradation of key regulatory
proteins, including the p53 tumor suppressor (41) and the
CDK inhibitor p27%"*(32). Our work shows that similar mech-
anisms can be extended to the scaffold proteins that control
MAPK signaling.
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