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Nuclear-specific degradation of Far1 is controlled by
the localization of the F-box protein Cdc4
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Farl is a bifunctional protein that is required to arrest
the cell cycle and establish cell polarity during yeast
mating. Here we show that SCFCd¢* ubiquitylates Farl
in the nucleus, which in turn targets the multi-ubiqui-
tylated protein to 26S proteasomes most likely located
at the nuclear envelope. In response to mating phero-
mones, a fraction of Farl was stabilized after its
export into the cytoplasm by Ste21/Msn5. Preventing
nuclear export destabilized Farl, while conversely
cytoplasmic Farl was stabilized, although the protein
was efficiently phosphorylated in a Cdc28-Cln-
dependent manner. The core SCF subunits Cdc53,
Hrtl and Skpl were distributed in the nucleus and the
cytoplasm, whereas the F-box protein Cdc4 was exclu-
sively nuclear. A cytoplasmic form of Cdc4 was unable
to complement the growth defect of cdc4-1 cells, but it
was sufficient to degrade Farl in the cytoplasm. Our
results illustrate the importance of subcellular local-
ization of F-box proteins, and provide an example of
how an extracellular signal regulates protein stability
at the level of substrate localization.
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Introduction

Ubiquitin-dependent degradation is triggered by the
covalent attachment of ubiquitin onto lysine residues,
which targets substrates for degradation by the 26S
proteasome (Ciechanover et al., 2000). Three classes of
enzymes are required to mediate these reactions: the El
ubiquitin-activating enzymes, the E2 ubiquitin-conjugat-
ing enzymes and the E3 ubiquitin ligases. In addition,
efficient polyubiquitylation may also require an E4-
conjugation factor (Koegl et al., 1999). The anaphase-
promoting complex (APC) and Skp1—cullin—F-box protein
complex (SCF) are multiprotein E3 ligases that regulate
the cell cycle (Peters, 1998): the APC promotes entry into
anaphase and exit from mitosis, whereas SCF complexes
trigger the G|—S transition. In budding yeast, entry into
S phase requires ubiquitin-dependent degradation of the
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cyclin-dependent kinase inhibitor Sicl (Schwob et al.,
1994; Verma et al., 1997), and genetic and biochemical
analysis revealed that a high molecular weight complex
containing Cdc4, Cdc34, Cdc53, Hrtl/Rbx1 and Skpl is
required for its ubiquitylation (Deshaies, 1999). CDC34
encodes an E2 ubiquitin-conjugating enzyme (Goebl et al.,
1988) whereas Cdc4 contains a conserved motif called the
F-box, which mediates its interaction with Skp1 (Bai et al.,
1996). A large family of proteins containing an F-box
motif has been discovered that may function as adaptors to
recruit specific substrates to the core ubiquitylation
complex (Patton et al., 1998). However, biochemical
evidence has only been provided for SCFC4¢4, SCFC™! and
SCPFMet30 and it thus remains possible that other F-box-
containing proteins may serve functions unlinked to E3
ubiquitin ligase activity (Kaplan ef al., 1997). In addition
to Sicl, SCFC44 is required to degrade Farl, Cdc6 and
Gcend, while ubiquitylation of the G; cyclins, Clnl and
Cln2, and the bud emergence protein Gic2 is mediated by
SCFOr! (Deshaies, 1999). Finally, degradation of the Cdk-
inhibitory kinase Swel (Kaiser et al., 1998), as well as the
transcription factor Met4, is dependent on SCFMeB30 (Patton
et al., 2000; Rouillon et al., 2000). Several SCF substrates
need to be phosphorylated for subsequent ubiquitylation to
occur and it is thought that phosphorylation of the substrate
constitutes at least part of the recognition signal that
mediates its binding to the SCF complex (Deshaies, 1999).

Multi-ubiquitylated proteins are recognized and de-
graded by 26S proteasomes, which are comprised of a 20S
catalytic and a 19S regulatory particle (Baumeister et al.,
1998). The mature 20S particle forms a cylindrical
structure with multiple peptidases in its center, while the
19S particle contains a substrate-unfolding activity and
isopeptidases that remove the polyubiquitin chain to
recycle ubiquitin. Interestingly, localization of both the
19S and 20S complex in Schizosaccharomyces pombe and
Saccharomyces cerevisiae revealed that the majority of the
proteasomes are nuclear (Russell et al., 1999) and/or may
accumulate at the inner nuclear envelope (NE) and the
endoplasmic reticulum (ER) (Enenkel et al., 1998;
Wilkinson et al., 1998). In mammalian cells, the localiza-
tion of proteasomes is less clear: some reports suggest that
proteasomes are found in the nucleus, the cytoplasm or
both, while others show association with the ER or with
centrosomes (Hirsch and Ploegh, 2000). The compart-
mentalized localization of proteasomes raises the question
of whether various substrates are degraded by a specific
subset of proteasomes.

We are interested in the temporal and spatial regulation
of Farl during the cell cycle and in response to
pheromones. Mating pheromones activate a mitogen-
activated protein (MAP) kinase signal transduction path-
way that induces changes in gene transcription, alterations
of cellular morphology and cell cycle arrest in G; (Gustin
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Fig. 1. Cytoplasmic Farl is stabilized. (A) The half life of Farl expressed from the GAL promoter was determined by GAL shut-off experiments (see
Material and methods) in farlA cells (YMP1054) treated (lower blot) or not treated (upper blot) with o-factor (oF) for 2 h. The blots were quantified
and the half life (in min) is indicated on the right. The right panels show the localization of Far1-GFP under the same conditions. (B) The half lives
(in min) of wild-type and Farl mutants schematically indicated on the left were determined by GAL shut-off experiments. The localization of the
corresponding GFP fusion proteins was visualized by fluorescence microscopy and was overlaid with the phase contrast image.

et al., 1998). These responses are initiated by binding of
pheromones to a seven-transmembrane receptor that is
coupled to a heterotrimeric G-protein. GBy then transduces
the signal via its effectors Ste5 and Ste20 to a MAP kinase
cascade composed of Stell, Ste7 and Fus3. Fus3
phosphorylates the transcriptional repressors Digl and
Dig2, resulting in activation of the transcription factor
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Ste12. In the absence of pheromones, Farl sequesters the
guanine-nucleotide exchange factor Cdc24 in the nucleus
of G cells; activation of Cdc28-Cln kinase at bud
emergence leads to phosphorylation of Farl at serine 87,
which triggers its ubiquitylation by SCFC%* and subse-
quent degradation (O’Shea and Herskowitz, 2000). As a
result, Cdc24 is able to localize to the presumptive bud site
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Fig. 2. Preventing nuclear export of Farl increases its rate of
degradation. (A) The half lives of wild-type Farl (upper panels) or
Far1-22 (lower panels) were determined in farl Aste21A (YMP1067,
upper blots) or for control Afarl cells (YMP1054, lower blots) by the
GAL shut-off protocol as described. (B) The half lives of Farl-ANES
(far1ANES, upper panel) or Far1-22/ANES (far1-22/ANES, lower
panel) were determined by GAL shut-off experiments in farlA cells.

to activate Cdc42 and trigger bud emergence. During
mating, Farl is required to polarize the actin cytoskeleton
along a morphogenetic gradient (Valtz et al., 1995).
Mating pheromones trigger nuclear export of a fraction of
the Far1-Cdc24 complex thereby targeting Cdc24 to the
activated heterotrimeric G-protein (Nern and Arkowitz,
2000; Shimada et al., 2000). Nuclear export of Farl is
mediated by the exportin Msn5/Ste21, which binds to a
small motif in the N-terminal domain of Farl (Blondel
et al., 1999). Farl plays a second role during mating and is
required to arrest the cell cycle, presumably by inhibiting
cyclin-dependent kinases in the nucleus. The cell cycle
arrest function requires phosphorylation of Farl by Fus3,
which promotes binding of Farl to the Cdc28-Cln
complex (Peter et al., 1993; Gartner et al., 1998).

Here we address the spatial regulation of Farl degrad-
ation. We found that Farl is ubiquitylated by SCFC44 in
the nucleus, and subsequently degraded by proteasomes,
possibly at the nuclear envelope. Cytoplasmic Farl was
stabilized, providing an explanation for its increased half
life in response to pheromones. Our results suggest that the
subcellular localization of Cdc4 restricts degradation of
Farl to the nucleus, implying that F-box proteins may
temporally and spatially control degradation of their
targets.

Results

Reduced ubiquitin-dependent degradation of
cytoplasmic Far1

During the cell cycle, SCFC44 degrades Farl with a half
life of ~20-25 min (Figure 1; McKinney and Cross, 1995;
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Henchoz et al., 1997). However, Farl was slightly, but
reproducibly stabilized in cells treated with pheromones
and its half life extended to 40 min (Figure 1A). This
stabilization was dependent on an intact signaling path-
way, and was not observed in cells lacking Fus3 (half life
15 min). Fus3 is involved in nuclear export of Farl
(Blondel et al., 1999), suggesting that pheromones may
stabilize Farl by increasing its cytoplasmic pool. Indeed,
the observed stabilization of Farl in response to o-factor
correlated with its nuclear export (Figure 1A, lower blot).
To confirm that nuclear localization of Far1 is required for
its degradation, we measured the half life of cytoplasmic
Farl containing point mutations in its major nuclear
localization signals (NLSs) (Farl-nlsl and Farl-nls1/2;
Blondel et al., 1999). As shown in Figure 1B, both Farl-
nls1 and Far1-nls1/2 were stabilized and their half life was
comparable to Farl-A50 (McKinney and Cross, 1995).
Moreover, adding the SV40-NLS to the C-terminus of
Far1-A50 partially relocalized the fusion protein [Farl-
A50-NLS(SV40)] to the nucleus and correlated with a
shorter half life in vivo (t;, ~30 min; Figure 1B),
suggesting that the NLS is indeed the degradation signal
contained within the N-terminal domain of Farl. Taken
together, these results demonstrate that cytoplasmic Farl
is stabilized and suggest that pheromones may increase the
half life of Farl by promoting its nuclear export.
Degradation of Farl is triggered by phosphorylation of
serine 87 (Henchoz et al., 1997; Gartner et al., 1998), and
as a consequence a non-phosphorylatable residue at this
position (Farl-22 has serine 87 mutated to a proline
residue) stabilizes the protein, although it is still localized
to the nucleus (Figure 1B). In contrast, the Far1-22/nls1
double mutant was predominantly cytoplasmic, and its
half life was significantly increased compared with each
single mutant. We interpret this additive effect as indicat-
ing that phosphorylation of serine 87 and nuclear local-
ization of Farl contribute separately to its ubiquitin-
dependent degradation.

Preventing nuclear export of Far1 increases its rate
of degradation, but does not interfere with its
recruitment to specific sites in response to the
proteasome inhibitor MG132

To confirm that Farl is degraded in the nucleus, we
measured the half life of wild-type Farl in msn5/ste21A
cells (Figure 2A), or conversely Farl-ANES in wild-type
cells (Figure 2B). In both cases, Farl was unstable and
degraded slightly faster than wild-type Farl in wild-type
cells. Degradation requires phosphorylation of serine 87,
as both Far1-22 in msn5/ste21 A cells and Far1-22/ANES in
wild-type cells were significantly stabilized (Figure 2A
and B). These results imply that the kinase that triggers
degradation of Farl is active in the nucleus. We conclude
that nuclear export of Farl is not needed for its degrad-
ation, suggesting that Farl is ubiquitylated and degraded
in the nucleus. These results do not exclude, however, that
ubiquitylated Farl is degraded in the cytoplasm after
export by a novel mechanism that may recognize its
ubiquitin chains rather than the known NES. To test this
possibility, we analyzed the localization of wild-type or
mutant Farl fused to green fluorescent protein (GFP) in
ergbA cells where proteasomal degradation can be
inhibited by the addition of MG132 (Lee and Goldberg,
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Fig. 3. Ubiquitylated Farl accumulates at specific sites in the nucleus. (A-D) erg6A cells (RH3622) expressing the indicated wild-type or mutant Farl
fused to GFP were treated with the proteasome inhibitor MG132 (+ MG132) or, for control, its solvent DMSO (+ DMSO) and visualized after 3 h by
phase contrast (upper rows) or fluorescence microscopy (lower rows). The numbers indicate the percentage of cells that accumulated GFP spots; at

least 200 cells were counted for each strain.

1998b). In the presence of MG132, Farl-GFP was found
in discrete spots, possibly at the nuclear envelope in >90%
of the cells (Figure 3A). Occasionally such spots were also
detectable in unperturbed cells or cells treated with the
solvent dimethylsulfoxide (DMSO) (5% of the cells),
suggesting that they are not an artifact of the inhibitor
MG132. In contrast, no spots were observed in MG132-
treated cells expressing Farl-22-GFP (Figure 3C), indi-
cating that their formation depends on ubiquitylation of
Farl. This localization pattern is strikingly similar to
proteasomal subunits (Enenkel er al., 1998), suggesting
that these spots may represent Farl-GFP interacting with
26S proteasomes at the nuclear envelope. Farl-
ANES-GFP in wild-type cells (Figure 3B) or wild-type
Farl in msn5A/ste21A cells (data not shown) similarly
accumulated nuclear spots in the presence of MG132,
suggesting that nuclear export of Farl is not required for
its ubiquitylation. In contrast, Farl-nls1/nls2 was distrib-
uted throughout the cytoplasm and only a few spots were
detectable; these spots most likely represent the fraction of
Farl-nlsl/nls2 that still shuttles through the nucleus
(Figure 3D). Taken together these results suggest that
Farl is ubiquitylated in the nucleus, and may be degraded
by proteasomes located at the nuclear envelope.

Cdc28-CIn can phosphorylate Far1 in the
cytoplasm and in the nucleus

Cytoplasmic Farl may be stable because of a defect in its
phosphorylation on serine 87 (Henchoz et al., 1997;
Gartner et al., 1998). Farl-nlsl accumulated several
modified species that migrated slower on SDS gels and
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were sensitive to incubation with alkaline phosphatase
(Figure 4A), demonstrating that these species are phos-
phorylated forms of Farl. These modified forms were also
detected with Far1-22/nls1, implying that phosphorylation
of residues other than serine 87 are responsible for the up-
shift. Wild-type or Farl-nlsl were phosphorylated in
fus3A or fus3-A cells (Figure 4C), implying that the
majority of these phosphorylations are not mediated by
Fus3. In contrast, cells arrested by depletion of the G;
cyclins did not accumulate phosphorylated forms of wild-
type Farl or Farl-nls1 (Figure 4B, — CIn2), while the same
cells grown under conditions that allow expression of Cln2
resulted in efficient phosphorylation of these proteins
(+ CIn2). These results suggest that phosphorylation of
wild-type or Farl-nls1 is dependent on Cdc28—Cln kinase,
and that Farl may be phosphorylated in both the
cytoplasm and the nucleus. Consistent with this notion,
CIn1-GFP as well as CIn2-GFP were localized in both the
nucleus and the cytoplasm (Figure 4D), as recently
described (Miller and Cross, 2000).

Cytoplasmic Far1-nils1 and Far1-nis1/nis2 are
efficiently ubiquitylated by reconstituted SCFcdc4

in vitro

To exclude the possibility that the mutations introduced
into Farl-nlsl and Farl-nls1/nls2 may interfere with its
ubiquitylation, we performed in vitro ubiquitylation
experiments using reconstituted SCFC* and in vitro-
translated 33S-labeled wild-type or mutant forms of Farl
(Figure 4E). Clearly, SCFC44 was able to ubiquitylate
wild-type Farl (lanes 1-5), Farl-nlsl (lanes 6-8) and



Nuclear-specific degradation of Far1 by SCFCdc4

A . B cin,2 304 C
.L_:'E— CLNZ + - + - + -+ . far1afus3a fus3A WT
cwe - + ———
iy~ Se— — - e p— - - _'-:_‘
i 2 11 12 13 14 15 16 17 18 19
34 5 6 7 8 910 § H E N5 % E 8 E
5 o TS 8T T g €
E 2 oz 9 St ESFcE T
3 =] - = = m o ] =
> w = i) B bl 3 -
g = g 5
E
1]
E WT nls1 nls122 nis1, 2
D C|n1 'GFP C|I'l2-GFP no tag Kiffiga = 4 4 4+ = = 4 4 = 4 4 = 4 4

- . . . .

SOF —+4 -+-++-++-++
Ub =+ =4+~ i b
Melb = - 4 - - - -4 - -4 - -

Ubs-Farl —=
‘Flﬂ -

234586 ?8 91D111213H

Fig. 4. Cdc28-Cln-dependent phosphorylation of Farl can occur in the cytoplasm and the nucleus. (A) Farl-nls] accumulates phosphorylated species
(arrowhead). Extracts from farlA cells expressing Farl-nls1 were incubated with active (+ CIP, lane 2) or heat-inactivated (— CIP, lane 1) alkaline
phosphatase, and immunoblotted with specific antibodies. (B) YMG258 cells (cini,2,34 MET-CLN2) transformed with an empty control plasmid
(lanes 3 and 4), or plasmids expressing wild-type (lanes 5 and 6) or mutant Farl (lanes 7-10) as indicated, were grown in selective media lacking
methionine at 30°C to early log phase; the culture was divided and methionine was added to one half to repress CIn2 expression (- CIn2), while no
methionine was added to the control half (+ CIn2). Extracts were prepared after 3 h and immunoblotted for Farl. (C) The phosphorylation of wild-
type or mutant Farl was analyzed as above in either far/A (YMP1054; lane 19), farl A fus3A (YMP291, lanes 11-14) or fus3A cells (YMP293,
lanes 16-18), transformed with an empty control vector (lanes 11 and 15) or plasmids expressing either wild-type (lanes 12 and 16) or the indicated
mutant Farl (lanes 13, 14, 17-19). (D) Cln1-GFP and CIn2-GFP are localized both in the cytoplasm and in the nucleus. Wild-type cells expressing
either Cln1-GFP (left panels) or CIn2—GFP (middle panels) from the GAL promoter were grown at 30°C to early log phase in selective media,

and analyzed by fluorescence microscopy. The right panel (no GFP) shows cells expressing untagged Cln2 to control for background fluorescence.
(E) Ubiquitylation of wild-type and mutant Farl by SCFC4* in vitro. Wild type (lanes 1-5) or the indicated Farl mutants (lanes 6-14) were in vitro
translated in the presence of [>*S]methionine and incubated as indicated with reconstituted SCFC4** (SCF), Cdc28-CIn2 (Kinase) and ubiquitin (Ub)
as described in Materials and methods. Where indicated, Me-ubiquitin instead of ubiquitin was added as a control (Me-Ub). The arrows point to the
position of unphosphorylated (Farl) and phosphorylated Farl (P-Farl), respectively, while the brackets mark the position of multi-ubiquitylated Farl

(Ub,-Farl).

Farl-nls1/2 (lanes 12-14) with similar efficiency. The
smear of slower migrating forms represents ubiquitylated
species of Farl, because addition of methyl-ubiquitin
(Me-Ub), which cannot be extended into multi-ubiquitin
chains (Hershko and Heller, 1985), competes with the
formation of these high molecular weight forms. As
expected, ubiquitylation required the addition of purified
Cdc28-CIn2 (kinase) and a phosphorylatable serine 87
(lanes 9—11), confirming that ubiquitylation of Farl-nlsl
or Farl-nls1/2 was dependent on phosphorylation of
serine 87 by Cdc28-Cln2. We conclude that stabilization
of Farl-nlsl and Farl-nlsl/nls2 in vivo is not due to a
defect in its ubiquitylation caused by these mutations,
consistent with our earlier observation that Far1-A50 fused
to the NLS of SV40 was efficiently degraded (Figure 1B).

Cdc4 is exclusively localized to the cell nucleus

To determine whether the subcellular localization of SCF
components may explain the nuclear-specific degradation
of Farl, we constructed functional GFP fusions of Cdc53,
Skpl, Cdc34 and Hrtl. All these common SCF
components were distributed in the cytoplasm and the
nucleus (Figure 5SE-G; Blondel ef al., 2000), at least when
overexpressed from the GAL promoter. Thus, the sub-

cellular localization of the core SCF subunits does not
exclude cytoplasmic degradation of Farl. In contrast, Cdc4
is found in the nucleus (Choi et al., 1990), raising the
possibility that cytoplasmic Farl may be stable because
SCFCde4 js exclusively localized in the nucleus. To
examine the localization of Cdc4 further, we constructed
functional Cdc4—-GFP and Cdc4—myc proteins (Galan and
Peter, 1999), and localized the fusion proteins after
expression from the GAL promoter. As shown in
Figure 5A, Cdc4-GFP was exclusively nuclear at all
stages of the cell cycle as well as in o-factor-arrested cells.
Identical results were obtained when Cdc4-myc was
localized by indirect immunofluorescence using 9E10
antibodies (data not shown). Interestingly, Cdc4—GFP may
also be associated with one of the two spindle poles
(arrowhead; C.Lafourcade and M.Peter, unpublished
results). Taken together, these results suggest that Farl
may be specifically degraded in the nucleus because of the
nuclear localization of Cdc4. In contrast, the F-box protein
Grr1 was found both in the nucleus and the cytoplasm at all
stages of the cell cycle (Figure 5B) as well as in o-factor-
arrested cells (Figure 5SC), consistent with the finding that it
is required to degrade cytoplasmic Gic2 and the G, cyclins
CInl and CIn2. Interestingly, Grrl localized to the
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Fig. 5. Cdc4-GFP is exclusively in the nucleus while Grr1-GFP is localized in both nucleus and cytoplasm. (A) Wild-type cells (K699) expressing
Cdc4-GFP from the GAL promoter were grown to early log phase in selective media at 30°C, and analyzed by phase (lower rows) and fluorescence
microscopy (upper rows). Where indicated, cells were treated with pheromones for 2 h (+ o-factor, right panels). Note that Cdc4—GFP is nuclear at all
stages of the cell cycle and in response to pheromones, and may localize to the mother-specific spindle pole body (arrowhead). (B-D) grriA cells
(YMP2957) transformed with a control plasmid (D) or a plasmid expressing Grr1-GFP from the GAL promoter were analyzed as described in (A).
Grr1-GFP is found at the cytokinesis ring late in mitosis (B, arrowhead). (E-G) Wild-type cells (K699) transformed with plasmids expressing either
Cdc34-GFP (E), Cdc53-GFP (F) or Skpl-GFP (G) from the GAL promoter were analyzed as described in (A). Where indicated, o-factor was added

for 2 h.

cytokinesis ring late in mitosis (arrowhead), indicating that
Grrl may be involved in degradation of substrates during
cytokinesis.

A single monopartite NLS is responsible for
nuclear localization of Cdc4

To examine how Cdc4 is targeted to the nucleus we
searched for a functional NLS within its coding sequence.
We found that a fusion protein between the N-terminal
domain of Cdc4 (amino acids 1-106) and GFP localized to
the nucleus (Figure 6B), suggesting that it contains a
functional NLS. Indeed, amino acids 82-85 resemble a
monopartite NLS sequence (Figure 6A; Dingwall and
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Laskey, 1991), and mutating arginine 83 to glycine
strongly reduced the nuclear localization of the GFP
fusion protein (Figure 6B). To address the functional
importance of this NLS for the localization of full-length
Cdc4-GFP, we mutated the basic amino acids in
positions 82, 83 and 85 to alanine (Cdc43*). Clearly, the
nuclear localization of the mutant protein was strongly
reduced (Figure 6C), demonstrating that this motif is
indeed part of a functional NLS in vivo.

Cdc4 fused to a nuclear export signal (NES) is
predominantly cytoplasmic

To test the idea that nuclear localization of Cdc4 is
responsible for compartmentalized degradation of Farl,
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Fig. 6. Cdc4 contains a monopartite NLS in its N-terminus. (A) Schematic representation of Cdc4. The monopartite NLS (amino acids 82-85; KRVK)
and the F-box (black bar) are indicated. The numbers indicate the amino acids starting from the N-terminus (N) to the C-terminus (C) of Cdc4.

(B) Wild-type cells (K699) expressing from the GAL promoter GFP fused to the N-terminal 106 amino acids of wild-type (Cdc4'~1%-GFP, left panels)
or mutant Cdc4 (Cdc4!-106R83G)_GFP, right panels) were analyzed by fluorescence microscopy. (C) Wild-type cells (K699) expressing from the GAL
promoter either wild-type Cdc4—GFP (Cdc4wt, left panels) or a mutant Cdc4—GFP harboring three changes (K82A, R83A and K85A) in the putative
monopartite NLS (Cdc43A, right panels). (D) cdc4-1 cells expressing GFP alone (GFP), Cdc4*A-GFP or wild-type Cdc4—GFP from the GAL promoter

were grown for 3 days at 37°C on media containing galactose (GAL).

we examined the phenotype of cells expressing Cdc4 in
the cytoplasm. For this purpose, we fused the leucine-rich
NES sequence of human PKI (Figure 7A) to the
N-terminus of Cdc4—GFP (NES-Cdc4); this NES se-
quence is able to function efficiently as an NES in budding
yeast, presumably by binding to the export receptor Crm1.
For control, Cdc4—GFP was fused to a mutated NES where
all four leucines were replaced by alanine residues
(NES*A-Cdc4). All Cdc4 fusion proteins were expressed
from the inducible GAL promoter or the constitutive TEF
promoter (Ronicke et al., 1997), and were present at
similar levels (Figure 8D). Interestingly, NES—Cdc4-GFP
was predominantly cytoplasmic, and the diffuse nuclear
staining of NES-Cdc4-GFP was virtually absent
(Figure 7B). In contrast, NES*A-Cdc4-GFP was exclu-
sively nuclear (Figure 7C) and indistinguishable from
Cdc4-GFP (Figures 5A and 6C; data not shown),
confirming that indeed the function of the NES and not
adverse effects of the N-terminal fusion was responsible
for the redistribution of Cdc4 to the cytoplasm.

Nuclear localization of Cdc4 is required for its
essential function in vivo

We next determined the functional consequences of
cytoplasmic Cdc4. Wild-type or different forms of Cdc4
expressed from the TEF promoter were analyzed for their
ability to restore growth of a temperature-sensitive cdc4-1
strain (Figure 8A). Interestingly, both Cdc43A as well as
NES-Cdc4 failed to restore growth of cdc4-1 cells at 37°C
(Figures 6D and 8A). In contrast, cdc4-1 cells expressing
wild-type Cdc4 or NES*-Cdc4 grew efficiently
(Figure 8A). While we cannot exclude the possibility
that the mutations in Cdc4?* may interfere with its

function by means other than localization, this is unlikely
to be the case for NES—Cdc4, because no mutations have
been introduced into the coding sequence of Cdc4 and
N-terminal fusions do not interfere with its function. Thus,
these results strongly suggest that cytoplasmic Cdc4 is
defective for its essential function in vivo. At the
restrictive temperature, cdc4-1 cells carrying an empty
vector or expressing cytoplasmic Cdc4 arrest with elong-
ated buds (Figure 8B), G; DNA content (Figure 8C) and
increased levels of Sicl (Figure 8D), suggesting that
nuclear Cdc4 is required to degrade Sicl at the G,—S
transition. Consistent with this notion, a functional
Sicl-GFP fusion protein was localized in the nucleus
(Figure 8E).

Expression of cytoplasmic Cdc4 in wild-type cells from
its endogenous promoter, or the constitutive TEF- or CYC
promoters, had no obvious effect on cell morphology or
growth (data not shown). In contrast, overexpression of
NES-Cdc4, but not NES*A-Cdc4, from the GAL promoter
was toxic (Figure 9A), possibly because cytoplasmic Cdc4
may induce ectopic degradation of proteins that are not
normally accessible to SCFC44, Interestingly, SCFC4* was
able to ubiquitylate CIn2 in vitro (Figure 9B), and CIn2
was weakly stabilized in cdc4-1 mutant cells in vivo
(t12 = 4 min in wild type, ~7.5 min in cdc4-1 cells). Cln2
is mainly ubiquitylated by SCFO"! (Barral et al., 1995;
Seol et al., 1999; Skowyra et al., 1999), indicating that the
subcellular localization of Cdc4 and Grrl may contribute
to their substrate specificity in vivo. However, CIn2 is not
the only substrate that may be degraded by overexpressed
cytoplasmic Cdc4, because cells expressing a non-
phosphorylatable and thus stable CIn2 (Cln2-4T3S;
Lanker et al., 1996) were still sensitive to overexpression
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at 30°C to early log phase in selective media containing 2% raffinose, at which time expression of NES-Cdc4-GFP or NES*A-Cdc4-GFP was

induced for 3 h by addition of 2% galactose.

of NES—Cdc4 (data not shown). Nevertheless, these results
suggest that compartmentalization of Cdc4 may contribute
to its substrate specificity in vivo.

NES-Cdc4 is able to degrade cytoplasmic Far1-nis1
If cytoplasmic Farl were indeed stable because Cdc4 is
exclusively nuclear, we would predict that NES—Cdc4
should trigger degradation of Farl-nlsl. Indeed, the
steady-state levels of Farl-nlsl were greatly reduced in
wild-type cells expressing NES—-Cdc4 from the TEF
promoter, and the phosphorylated forms of Farl-nlsl
were virtually undetectable (data not shown). This reduc-
tion in Farl-nlsl levels was due to increased degradation,
because its half life decreased to ~25 min (Figure 10A). In
contrast, expression of NES*A-Cdc4 (Figure 10A) or wild-
type Cdc4 (data not shown) had no effect. Cytoplasmic
degradation of Farl-nlsl was still dependent on phos-
phorylation of serine 87 (Figure 10B), indicating that it is
mediated by the SCFNES-Cde4 complex. However, degrad-
ation of Farl-nls1 by NES—Cdc4 required overexpression
and was only weakly observed if NES-Cdc4 was
expressed from the endogenous promoters (data not
shown). Taken together, these results show that targeting
Cdc4 to the cytoplasm is necessary and sufficient to induce
degradation of Farl-nlsl, suggesting that the subcellular
localization of Cdc4 restricts degradation of Farl to the
nucleus.

Discussion

We show here that Farl was rapidly ubiquitylated and
degraded in the nucleus, while cytoplasmic Farl was
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stabilized. Activation of the MAP kinase pathway during
yeast mating stabilizes a fraction of Farl, most likely by
promoting its nuclear export. Compartmentalized degrad-
ation of Farl was mediated by nuclear localization of the
F-box protein Cdc4, and targeting Cdc4 to the cytoplasm
was sufficient to promote degradation of cytoplasmic Farl.
Thus, internal and external signals may regulate degrad-
ation of key proteins by changing their subcellular
localization.

Ubiquitylation of SCFc9* substrates in the nucleus
Several lines of evidence strongly suggest that Farl is
ubiquitylated and degraded only in the nucleus. First,
nuclear Farl unable to be exported is rapidly degraded,
while conversely cytoplasmic Farl is stabilized. Secondly,
Cdc4 is localized in the nucleus, and relocalization of
Cdc4 to the cytoplasm was sufficient to induce degradation
of cytoplasmic Farl. We conclude that the localization of
Cdc4 restricts degradation of Farl to the nucleus. Besides
Farl, SCF®4 complexes also govern ubiquitylation of
Cdc6, Sicl and Gen4 (Deshaies, 1999). Interestingly,
cytoplasmic mutants of Cdc6 (cdc6-nls and cdc6A23-36)
are significantly stabilized, although the proteins interact
efficiently with Cdc4 (Elsasser et al., 1999). In addition,
cdc4-1 cells expressing NES—Cdc4 failed to degrade Sicl,
suggesting that most, if not all, substrates of SCFC44 are
exclusively ubiquitylated in the nucleus.

Degradation of Far1 by 26S proteasomes located
at the nuclear envelope?

Strikingly, ubiquitylated Farl concentrated at specific sites
around the nucleus in the presence of the proteasome
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inhibitor MG132. It was estimated that ~80% of the yeast
proteasomes are located at the NE or ER (Enenkel et al.,
1998), suggesting that most of the ubiquitylated proteins
are degraded in this cellular compartment. By immuno-
electron microscopy, a large fraction of S.pombe protea-
somes has been shown to reside at the inner nuclear
envelope (Wilkinson et al., 1998), implying that nuclear
proteins do not need to be exported into the cytoplasm for
degradation. We thus speculate that the spots observed in
MG132-treated cells represent ubiquitylated Farl, which
may accumulate at proteasomes located at the nuclear
envelope. However, we cannot exclude the possibility that
ubiquitylated Far1 aggregates unspecifically in the nucleus
in response to MG132, possibly because inhibition of
proteasomal degradation may trigger a stress response (Lee
and Goldberg, 1998a; Meriin et al., 1998) or interfere with
nuclear transport mechanisms (Tomoda et al., 1999). In
contrast to Farl, Gic2 was distributed throughout the
cytoplasm in MG132-treated cells, while the F-box protein
Grrl accumulated at both the NE and in the cytoplasm

(data not shown), suggesting that only nuclear proteins
accumulate in discrete spots when proteasomal degrad-
ation is inhibited. Thus, cytoplasmic proteins may be
degraded by cytoplasmic proteasomes, implying that
distinct proteasomes degrade proteins ubiquitylated in
the nucleus or the cytoplasm. Because Grr1 is found in both
populations, it is unlikely that substrates contain intrinsic
signals that target them to specific subsets of proteasomes,
although differences in ubiquitin chains or linkage cannot
be excluded. We speculate that the subcellular compart-
ment where proteins are ubiquitylated determines by which
proteasomes they will subsequently be degraded.

Specific subcellular localization of F-box proteins

The common core subunits of yeast SCF complexes,
including Cdc53, Skpl and Hrtl (Blondel ef al., 2000), are
distributed in the nucleus and cytoplasm, and likewise
Cdc34 is found in both compartments (Goebl et al., 1994).
In contrast, several F-box proteins localize to specific
subcellular locations. Cdc4 and Met30 are nuclear
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Fig. 9. Subcellular localization may contribute to substrate specificity
of Cdc4 in vivo. (A) Wild-type cells (K699) were transformed with a
control vector (empty vector), or plasmids expressing either NES—-Cdc4
or NES*A-Cdc4 from the inducible GAL promoter. Individual
transformants were grown at 30°C on medium containing galactose
(right plate, GAL promoter on) or glucose (left plate, GAL promoter
off), and photographed after 3 days. (B) SCFC4 is able to ubiquitylate
CIn2 in vitro. In vitro-translated [>S]methionine-labeled CIn2 (lane 1)
was incubated in DEAE-extracts prepared from wild-type (lanes 2 and
3) or cdc4-1 cells (lanes 4-8), complemented where indicated (+) with
ubiquitin (Ub), and bacculo-expressed Cdc34, Cdc4 and Cdc28. In

lane 3, methylated ubiquitin (Me-Ub) was added instead of ubiquitin to
compete for polyubiquitylation. The arrow points to unphosphorylated
(CIn2) or phosphorylated CIn2 (P-CIn2), while the bracket marks the
position of polyubiquitylated CIn2 (Ub,-Cln2).

(Rouillon et al., 2000), while Grrl is nuclear and
cytoplasmic. In addition, Cdc4 may associate with one
of the two spindle pole bodies, raising the possibility that
Cdc4 may ubiquitylate an unknown target involved in
spindle function or spindle pole body maturation and/or
duplication (Freed et al., 1999). Grrl also localized to the
actin ring in telophase, and thus may play a role in
cytokinesis. Thus, the localization of F-box proteins may
be responsible, at least in part, for the subcellular
compartmentalization of SCF-mediated degradation. The
localization and abundance of F-box proteins may also be
regulated during the cell cycle or in response to signals.
For example, the mammalian F-box protein, Skp2, is
predominantly nuclear, but is expressed in a cell cycle-
dependent manner and is rapidly degraded when cells exit
from the cell cycle (Wirbelauer et al., 2000). Intracellular
and extracellular signals may thus regulate both expres-
sion and localization of F-box proteins.

In most cases, binding of substrates to their F-box
protein is dependent on site-specific phosphorylation
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Fig. 10. Wild-type cells expressing NES—Cdc4 are able to degrade
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Note that cytoplasmic NES—Cdc4 is able to degrade cytoplasmic Farl-
nls1 in a manner dependent on a phosphorylatable serine 87.

(Deshaies, 1999), providing the possibility of controlling
protein degradation by regulating the activity of the
kinase. Several SCFC4* substrates, including Farl, Sicl
and Cdcb6, are phosphorylated by cyclin-dependent kinases
(Schneider er al., 1996; Henchoz et al., 1997; Elsasser
et al., 1999), which can function in the nucleus as well as
the cytoplasm (Miller and Cross, 2000). Nevertheless,
cytoplasmic Farl was stabilized at all stages of the cell
cycle, suggesting that phosphorylation is not the only
mechanism to temporally control degradation. On the
other hand, phosphorylation of Gic2 is mediated by a
kinase, which responds to Cdc42-GTP and may be active
only after bud emergence. Thus, spatial and temporal
degradation of SCF targets may be regulated by the
expression and localization of F-box proteins, together
with activation of protein kinases that phosphorylate
substrates to increase their binding affinity for F-box
proteins.

Finally, the subcellular localization of F-box proteins
may also contribute to their substrate specificity in vivo.
Although CIn2 is predominantly ubiquitylated by
SCFS! jn vivo (Barral et al., 1995), SCFCd4 was able to
ubiquitylate Cln2 in vitro (Figure 9B). Moreover, over-
expression of cytoplasmic NES—Cdc4 was toxic in
wild-type cells, suggesting that F-box proteins may be
sequestered in subcellular compartments where they
have access to only a subset of their potential targets.

Regulating protein degradation by changing the
subcellular localization

Compartmentalized degradation provides the possibility of
controlling degradation of specific proteins by regulating
their subcellular localization. Farl is a striking example



because it functions both in the nucleus and the cytoplasm
during yeast mating (Blondel et al., 1999). Activation of
the mating pathway triggers export of Farl into the
cytoplasm, thereby stabilizing the cytoplasmic fraction of
Farl. Degradation of Farl in the cytoplasm may be
unfavorable because cells need to assemble large com-
plexes at the cell cortex that organize the actin cyto-
skeleton. However, cells expressing NES—Cdc4 did not
exhibit a severe mating defect (data not shown), perhaps
because cytoplasmic Farl may not be easily accessible to
SCFCde4 complexes.

In contrast, nuclear Far1 is rapidly degraded even when
cells are arrested by pheromones. This is surprising at first,
because Cdc28—Cln activity, which is thought to trigger
degradation of Farl at bud emergence by phosphorylating
serine 87, is inhibited in response to pheromones
(Wittenberg and Reed, 1988; Peter and Herskowitz,
1994). Nevertheless, degradation of Farl in «-factor-
treated cells requires phosphorylation of serine 87, imply-
ing that a kinase other than Cdc28—Cln may phosphorylate
Farl in response to pheromones. Interestingly, Pho85-Pcl2
is able to phosphorylate Farl (Huang et al., 1998), and has
been proposed to contribute to the degradation of Sicl
in vivo. Degradation of nuclear Farl in response to
pheromones may allow cells to resume cell cycle
progression rapidly if the pheromone signal ceases.

The localization of the SCFCd4 target, Cdc6, is cell
cycle regulated: Cdc6 is predominantly cytoplasmic in the
G, phase, but enters the nucleus at START where it stays
until the end of the next M phase (Jong et al., 1996).
Nuclear Cdc6 is required to load Mcm proteins onto DNA
after inactivation of Cdc28—Clb kinase, thereby establish-
ing competence for DNA replication after mitosis (Diffley,
1998). Cdc6 levels increase during G; (Detweiler and Li,
1997), thus correlating with its cytoplasmic localization.
Stable cytoplasmic Cdc6 may provide the possibility of re-
importing Cdc6 after a prolonged G, arrest during mating.
Thus, compartmentalized degradation of regulatory
proteins may contribute to their rapid activation by
relocalizing these proteins from a compartment where
they are stable to the site of action.

Compartmentalized degradation of proteins is not
unique to yeast. Nuclear export of the mammalian tumor
suppressor protein p53 to the cytoplasm is required for its
degradation (Freedman and Levine, 1998), and it has been
shown that various stress signals activate pS3 by regulat-
ing its subcellular localization (Ashcroft et al., 2000).
Consistent with this model, inhibiting nuclear export by
addition of leptomycin B stabilizes p53, thereby increasing
its transcriptional activity. Likewise, degradation of the
CKI p27 requires its nuclear export by the signalosome
component Jabl (Tomoda et al., 1999), perhaps by
association with the pore component mNPAP60 (Muller
et al.,2000). Finally, degradation of cyclin B at metaphase
starts at the mitotic spindle, and only at later stages occurs
all over the nucleoplasm (Clute and Pines, 1999; Huang
and Raff, 1999). The reasons for these differences are not
fully understood, but in analogy to F-box proteins may
reflect distinct localization of the substrate-specific APC
adaptors, Cdc20 and Cdhl. Taken together, local degrad-
ation of key proteins may be a general mechanism to
regulate various biological processes in a spatial and
temporal manner.

Nuclear-specific degradation of Far1 by SCFCdc4

Materials and methods

Yeast strains and genetic manipulations

Yeast strains are described in Supplementary table I, available at The
EMBO Journal Online. All strains are derived from W303: ade2-1,
trpl-1, canl-100, leu2-3,112, his3-11,15, ura3, GAL+, psi+, ssd1-d2 or
S288c: ade2-101, ura3-52, lys2-801, trp1-Al, his34200, leu2-A. Standard
yeast growth conditions and genetic manipulations were used (Guthrie
and Fink, 1991).

DNA manipulations

Plasmids and oligonucleotides (synthesized by Genset) are listed in
Supplementary tables II and III. Detailed descriptions of the plasmid
constructions are provided upon request. PCRs were performed with the
Expand polymerase kit as recommended by the manufacturer (Boehringer
Mannheim), and confirmed by sequencing. The following oligo pairs
were used to construct the GFP fusions with the vector pMJ200
(Jaquenoud et al., 1998). Cdc4-GFP: oTP718/0TP719; Grrl-GFP:
0TP720/0TP721; Cdc53—-GFP: oTP834/0TP833; Skpl-GFP: oTP831/
oTP856; CInl-GFP; oTP772/0TP773; ClIn2-GFP: oTP770/0TP771.
Wild-type or the mutant NES sequence was fused to CDC4 by PCR
using oTP760 and oTP719, respectively. The K82A, R83A and K85A
substitutions were introduced into Cdc4 (cdc4**-GFP) by oligo-directed
mutagenesis using the primers 0TP718, oTP781, oTP780 and oTP719. To
express Far1-22/A338-382 from the inducible GAL promoter, pTP62 was
digested with Xhol and Sphl, and ligated with the Xhol-Spel fragment
from pTP63 and the Spel-Sphl fragment from pBM77 to yield pPBM125.
pBM3 was constructed by ligating the Notl-Xhol, Xhol-Sphl,
Sphl-EcoRI and Notl-Xhol fragments from pTP487 together with the
EcoRI-BamHI fragment from pRS316-NLS(SV40)-GFP to yield pBM3.

Western blots and antibodies

Standard procedures were used for yeast cell extract preparation and
immunoblotting. Antibodies against the N- or C-terminal domain of Cdc4
were used as recommended by the manufacturer (Santa Cruz antibody
company). Polyclonal antibodies against Farl were used as described
(Blondel et al., 1999). P.Silver kindly provided antibodies against GFP.

In vitro ubiquitylation assays

In vitro ubiquitylation assays using either cell free extracts from budding
yeast (Henchoz et al., 1997) or reconstituted SCFC4e* (Seol et al., 1999)
have been described previously. Substrates were generated by in vitro
transcription and translation of linearized plasmids in the presence of
[**SImethionine (Promega). In a complete reaction, the yeast extracts
were replaced by purified Ubal (50 ng), Cdc34 (100 ng) and SCFCde4
complex (50-100 ng). Cdc28—Cln2 kinase activity was supplied as insect
lysate (2 pg total protein) containing expressed Cln2m¢, GST-Cdc28,
Cks1 and Cakl (Seol et al., 1999). Insect lysate containing expressed
ClIn2 alone was used to represent absence of Cdc28—Cln2 kinase activity.
SCFC44 complex (PYHACdc4—Cdc53-Skpl-Hrtl) was expressed in SF9
insect cells and bound to o-polyoma beads as described (Seol et al.,
1999). The o-polyoma beads were eluted with polyoma peptide and the
eluate was used to supply SCFCd4 activity.

Microscopy and FACS analysis
GFP-tagged proteins were visualized using a Chroma GFPII filter
(excitation 440—470 nm), photographed with a Photometrics CCD camera
and analyzed with Photoshop 4.0 software (Adobe). Cells expressing GFP
fusion proteins from the inducible GAL promoter were grown to early log
phase at 25°C in selective media containing 2% raffinose, at which time
2% galactose was added for 5 h.

The DNA content of cdc4-1 mutant strains harboring either wild-type
or mutant forms of CDC4 was monitored by fluorescence-activated cell
sorting (FACS) analysis as described (Epstein and Cross, 1992).

Determination of half life

Half lives were determined as described previously (Henchoz et al.,
1997). Briefly, farlA cells (YMP1054) were grown at 30°C to early log
phase in medium containing 2% raffinose, at which time expression of
wild-type or mutant Farl from the GAL promoter was induced by adding
2% galactose. Where indicated, o-factor was added to a final
concentration of 25 pg/ml. After 2 h, 2% glucose was added, aliquots
were collected after the times indicated and the Farl protein levels were
analyzed by immunoblotting. The half lives were determined after
quantitation of the immunoblots using the NIH image program. The
stability of Gic2 was also determined in erg64 cells (RH3622) treated or
not treated with MG132 (Sigma, 50 uM final concentration, diluted from
50 mM stock solution in DMSO) added at the same time as glucose.
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Phosphatase assays and analysis of Far phosphorylation
Extracts prepared from farlA cells expressing Farl-nlsl were
resuspended in 100 pl of alkaline phosphatase (CIP) buffer and split in
two parts. One half was incubated with 1 U of CIP for 15 min at 37°C,
whereas the other half was incubated under the same conditions but with
1 U of heat inactivated (10 min at 100°C) CIP. Proteins were precipitated
with trichloroacetic acid (10% final concentration), resuspended in gel
sample buffer and analyzed by immunoblotting with Farl antibodies.

YMG258 cells were transformed with plasmids expressing either wild-
type or mutant Farl and grown at 30°C to early log phase in selective
media lacking methionine. The culture was divided, and methionine was
added to one half to repress expression of Cln2. Cells were harvested after
2 h and immunoblotted with Farl antibodies.

Localization of GFP-tagged proteins with the proteasome
inhibitor MG132

erg6A cells (RH3622) transformed with plasmids expressing the indicated
GFP-tagged proteins from the inducible GAL promoter were grown at
30°C in selective media containing 2% raffinose to mid log phase, at
which time 2% galactose was added for 2 h. MG132, or for control an
equal amount of its solvent DMSO, was added to a final concentration of
50 uM, and the cells were analyzed after 2 h by fluorescence microscopy.

Supplementary data
Supplementary data for this paper are available at The EMBO Journal Online.
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