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The 26S proteasome is an essential protease complex responsible for the degradation of ubiquitinated
proteins in eukaryotic cells. In rapidly proliferating yeast cells, proteasomes are mainly localized in the
nucleus, but the biological significance of the proteasome localization is still unclear. In this study, we
investigated the relationship between the proteasome localization and the functions by the anchor-away

KleWO_r{k: technique, a ligand-dependent sequestration of a target protein into specific compartment(s). Anchoring
Ubiquitin of the proteasome to the plasma membrane or the ribosome resulted in conditional depletion of the
E;gi:gi?;?: nuclear proteasomes, whereas anchoring to histone resulted in the proteasome sequestration into the
Yeast nucleus. We observed that the accumulation of ubiquitinated proteins in all the proteasome-targeted

cells, suggesting that both the nuclear and cytoplasmic proteasomes have proteolytic functions and that
the ubiquitinated proteins are produced and degraded in each compartment. Consistent with previous
studies, the nuclear proteasome-depleted cells exhibited a lethal phenotype. In contrast, the nuclear
sequestration of the proteasome resulted only in a mild growth defect, suggesting that the cytoplasmic

Protein traffic

proteasomes are not basically indispensable for cell growth in rapidly growing yeast cells.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The 26S proteasome is a 2.5MDa multi-subunit protease
responsible for degradation of polyubiquitinated proteins in
eukaryotic cells [1,2]. The ubiquitin-proteasome system is in-
volved in a wide variety of cellular processes and its malfunction
leads to a variety of diseases [3,4]. The 26S proteasome is
composed of at least 33 different subunits and is arranged into
two particles: a highly conserved 20S core particle (CP) containing
a central catalytic cavity and one or two 19S regulatory particles
(RP). The CP is a barrel-shaped structure of ~730 kDa, consisting
of four heptameric rings, whereas the RP is a ~930 kDa complex
consisting of 19 different subunits. The RP mediates multiple as-
pects of proteasome function such as substrate recognition,
deubiquitination, unfolding and translocation of substrates into
the CP. The RP can be separated into two major subcomplexes,
the base and the lid. The base includes six different AAA + ATPase
subunits (Rpt1-Rpt6) and three non-ATPase subunits (Rpnl,
Rpn2, Rpn13), while the lid consists of nine non-ATPase subunits
(Rpn3, 5-9, 11, 12, and Rpn15). Recent structural studies have
shown that the lid partly surrounds the base ATPase ring and
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two ubiquitin receptors, Rpn10 and Rpn13, are located on the
periphery of the 19S RP [5-8]. Recent studies have suggested that
the assembly process of the proteasome is a highly ordered and
multistep mechanism [9-12]. All the subcomplexes of the protea-
some, the CP, the base, and the lid, seemed to be formed indepen-
dently and the former two require multiple proteasome-dedicated
chaperones for efficient and correct assembly.

The proteasomes are localized within both the cytoplasm and
the nucleus. In rapidly proliferating yeast, proteasomes are en-
riched in the nucleus, presumably to ensure degradation of nuclear
proteins [13-15]. Upon quiescence entry, yeast proteasomes relo-
calize from the nucleus into the cytoplasm to form cytoplasmic
foci, named proteasome storage granules [16]. The proteasome
granules are rapidly disappeared by addition of glucose, a trigger
of quiescence exit, and are localized again to the nucleus, suggest-
ing that the nucleocytoplasmic transport of the 26S proteasome
occur rapidly and bidirectionally. Although whether the protea-
some biogenesis directly couples to the nuclear transport is yet
understood, previous studies have showed that importin o/B and
an adaptor protein Sts1/Cut8 are required for the nuclear localiza-
tion [17-19]. In a temperature-sensitive mutant of importin o,
srp1-49, proteasomes specifically accumulated at outer membrane
of the nuclear envelope at restrictive temperature [17,20,21]. Sts1,
Cut8 in Schizosaccharomyces pombe, is an essential NLS-containing
protein that can interact with the proteasome [18,19,22]. Both Sts1
and Cut8 are proteasome substrate themselves, therefore, it was
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proposed that a negative feedback loop of the proteasome activi-
ties and the nuclear localization. Because selective degradation of
securin is absolutely required for correct segregation of chromo-
somes, the proteasome activities in the nucleus are thought to be
essential [23]. Consistently, these proteasome transporter mutants
exhibit a growth defect under the non-permissive conditions.
However, how much degree of protein degradation in the nucleus
is still unclear. In contrast, biological significance of cytoplasmic
proteasomes has not been well documented, although protein
quality-control systems such as ER-associated degradation (ERAD)
exist in the cytoplasm [24,25].

In this study, we investigated the functional relationship be-
tween the proteasome localization and the biological significance
by anchor-away technique, a ligand-dependent sequestration of a
target protein into specific compartments [26]. We found that
cytoplasmic sequestration of the proteasome caused a lethal phe-
notype. In contrast, although significant amount of the ubiquitinat-
ed proteins accumulated, the sequestration of the proteasome to
the nucleus resulted in only a mild growth defect. These results di-
rectly demonstrated that the nuclear proteasomes are essential
and that the cytoplasmic proteasomes are not indispensable at
least in proliferating yeast cells.

2. Materials and methods
2.1. Yeast strains and media

Saccharomyces cerevisiae strains used in this study are listed in
Table 1. All the strains are isogenic to W303 strain. Standard genet-
ic techniques were used to manipulate yeast strains [27]. C-termi-
nal FRB-GFP-tagging was carried using standard PCR-based gene
insertion method with a plasmid pFA6a-FRB-GFP-KanMX6
[26,28]. Collect integration was confirmed by genomic PCR. For
spotting test, yeast cells were grown in YPD medium (1% yeast ex-
tracts, 2% peptone, 2% glucose, 400 mg/l adenine sulfate, and
20 mg/l uracil) at 28 °C. Then, serial dilutions (1:10) of overnight
cultures were spotted onto YPD agar supplemented with 1 pg/ml
rapamycin (Sigma).

2.2. Fluorescence microscopy

The cells grown in YPD medium supplemented with 1 pg/ml
rapamycin or on the rapamycin plate were mounted on a glass
slide and observed with a BX52 fluorescence microscope (Olym-
pus) equipped with a UPlanApo 100x, 1.45 NA objective (Olym-
pus), a confocal scanner unit CSU21 (Yokogawa), and an ORCA-ER
CCD camera (Hamamatsu Photonics), as described previously
[29]. Images were processed using the IPLab software (Scanalytics
Inc.).

2.3. Western blotting

Yeast cells were grown in YPD medium in the absence and pres-
ence of 1 pg/ml rapamycin to an ODggg of 0.7-1.0. Total cell ex-
tracts were prepared by mild-alkali method [30]. The proteins
were separated by SDS-PAGE on 4-12% NuPAGE Bis-Tris gels with
MES buffer (Life Technologies) and blotted onto a PVDF membrane
using the NuPAGE immunoblotting system (Life Technologies)
[31]. The membranes were probed with anti-ubiquitin Lys48-spe-
cific (Apu2, Millipore) or anti-PGK (22C5, Molecular Probes) mono-
clonal antibodies. Horseradish peroxidase-conjugated antibodies
(Jackson ImmunoResearch) were used as secondary antibodies.
Chemiluminescence signals produced by an ECL Prime reagent
(GE Healthcare) were detected using a CCD camera-based imager
LAS4000 (Fujifilm).

3. Results and discussion

3.1. The proteasome targeting by the anchor-away technique

To investigate the compartment-specific functions of the pro-
teasomes, we used the anchor-away technique in S. cerevisiae
[26]. The technique depends on the heterodimerization of the hu-
man FKBP12 (the human 12 kDa FK506 binding protein) to the FRB
(FKBP12-rapamycin-binding) domain of human mTOR that occurs
in the presence of rapamycin [26,32,33]. Because rapamycin is
toxic to wild-type yeast, rapamycin-resistant strains containing a
mutated TOR1 (tor1-1) and deleted FPR1 (Afprl) gene encoding
formyl peptide receptor 1 were used as background strains
throughout the study. Among 33 proteasome subunits, we inserted
the FRB-tag into an essential lid subunit Rpn11 by homologous
recombination. To investigate the cellular distribution of protea-
somes, green fluorescent protein (GFP) tag was also inserted. The
proteasome distributions and growth rates were indistinguishable
among wild-type, RPN11-GFP [29], and the RPN11-FRB-GFP strains,
suggesting that the FRB-tagging does not affect proteasome func-
tions (Figs. 1 and 2, data not shown). Pma1-FKBP is used for the
proteasome targeting to the plasma membrane (Fig. 1A), whereas
Rpl13a- and Htb2-FKBP are used for the targeting to the cytoplasm
and the nucleus, respectively. We generated a series of anchor-
away strains of the proteasome by genetic crosses (Table 1).

As reported originally by Haruki et al. [26], the yeast importin B,
Kap95, was rapidly targeted to the plasma membrane by the
Pma1l-anchoring after the addition of rapamycin within 30 min
(Fig. 1B). We next analyzed the Pma1l-anchoring proteasome strain
(Fig. 1C). After addition of rapamycin, cytosolic proteasomes were
rapidly targeted to the plasma membrane within 10 min, then, the
nuclear proteasomes were gradually relocalized to the cytoplasm
and were targeted to the Pmal-anchor within 4 h, a time period

Table 1

Yeast strains used in this study.
Strain name Genotype Reference
W303-1A MATa ura3-1 trp1-1 leu2-3,112 his3-11,15 ade2-1 can1-100 Our stock
K14708 MATa, tor1-1 fpr1::NAT [26]
HHY51 MATa. tor1-1 fpr1::NAT HTB2-FKBP12::HIS3 KAP95-FRB::kanMX6 [26]
HHY168 MATo tor1-1 fpr1::NAT RPL13A-2 x FKBP12::TRP1 [26]
HHY225 MATa tor1-1 fpr1::NAT PMA1-2 x FKBP12::TRP1 KAP95-FRB-GFP::KanMX6 [26]
YYS1199 MATa Apdr5::KanMX4 [29]
YYS1981 MATa tor1-1 fprl::NAT This study
YYS1983 MATa tor1-1 fpr1::NAT PMA1-2 x FKBP12::TRP1 This study
YYS1985 MATa tor1-1 fpr1::NAT RPL13A-2 x FKBP12::TRP1 This study
YYS1989 MATa tor1-1 fpr1::NAT HTB2-FKB12::HIS3 This study
YYS1991 MATo tor1-1 fpr1::NAT RPN11-FRB-GFP::KanMX6 This study
YYS1993 MATa tor1-1 fpr1::NAT PMA1-2 x FKBP12::TRP1 RPN11-FRB-GFP::KanMX6 This study
YYS1995 MATa tor1-1 fpr1::NAT RPL13A-2 x FKBP12::TRP1 RPN11-FRB-GFP::KanMX6 This study
YYS1999 MATa tor1-1 fpr1::NAT HTB2-FKB12::HIS3 RPN11-FRB-GFP::KanMX6 This study
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corresponding roughly to three doubling time of the cells (data not
shown). After 24 h, the proteasome signals were only detected in
the Pmal-resident compartments, the plasma membrane, multi-
vesicular bodies, and vacuole (Fig. 1C, plasma membrane). In the
ribosome-anchor cells, the nuclear proteasome signals were disap-
peared in the same kinetics of the Pma1-anchor cells and distrib-
uted throughout the cytoplasm (Fig. 1C, ribosome). These
observations suggested that the proteasomes are highly mobile
molecules in the cytoplasm, consistent with a previous study in
mammalian cells [34], and that the nuclear export occurs slowly.
In the histone-anchor cells, apparently normal distribution of the
proteasome was observed, but the signal intensity of the cytoplas-
mic proteasomes decreased to near background level (Fig. 1C, his-
tone). Although the anchor-away technique was developed for
cytoplasmic sequestration of nuclear proteins, nuclear sequestra-
tion by the Htb2-anchor appeared to occur effectively. Thus, the
cellular distributions of the proteasome can be manipulated by
the simple anchor-away technique.

3.2. The cytoplasmic localization of the proteasomes is not essential in
yeast

We next analyzed cell growth of the anchor-away strains. Serial
dilutions of the indicated strains were spotted onto rapamycin-
containing or control YPD plate (Fig. 2). The cells expressing
Kap95-FRB-GFP and Pma1-FKBP were used again as a positive con-
trol. The spot-test suggested that the proteasome targeting to the
plasma membrane and the ribosome resulted in lethality on the
plate containing rapamycin, while wild-type growth was observed
on the control plate (Fig. 2). We also determined the growth rate
and found that both the RPN11-FRB-GFP PMA1-FKBP and the
RPN11-FRB-GFP RPL13A-FKBP cells arrested their growth during
three to four doubling times in the presence of rapamycin (data
not shown). Concomitantly with the growth arrest, the nuclear-
depletions of the proteasomes were observed by fluorescent

Target Anchor +Rapamycin
Kap95 Pma1
Rpn11 -
- Pma1
(plasma membrane)
Rpn11  Pma1
o Rpl13a
ib
iiibgsome) Rpn11 Rpl13a
. Htb2
(histone)
Rpn11 Htb2

Fig. 2. Conditional depletion of the proteasome from the nucleus is lethal in yeast
cells. Serial dilutions (1:10) of the yeast cells were grown on YPD +1 pg/ml
rapamycin at 28 °C. The cells expressing Kap95-FRB-GFP and Pma1-FKBP (HHY225)
were used as a positive control.

microscopic analysis (data not shown). Thus, these results clearly
suggested that the essential function of the proteasome is that in
the nucleus. In contrast, strikingly, the nuclear sequestration of
the proteasome resulted in only a mild growth defect, suggesting
that the cytoplasmic proteasomes are not indispensable for the
cells growth (Fig. 2).

3.3. Accumulations of polyubiquitinated proteins in the proteasome-
sequestrating cells

Does proteasomes have compartment-specific functions other
than the protein degradation? In the nucleus, the ubiquitin-pro-
teasome system has been shown to interact with chromatin and
regulates multiple steps in gene transcription, from controlling
activators to mRNA exports. Complicatedly, both proteolytic and/
or non-proteolytic roles have been proposed in these processes (re-
viewed in Geng et al. [35]). In addition, the nuclear compartmen-
talized protein quality control has emerged with the

A B
plasma membrane gﬁ]pa%S_]:Fp?BB;;GFP/
FKBP tag
'}!5) Rapamycin Q\FRB tag
o [ A )
8 —
g k{zj Proteasome

C  Rpn11-FRB-GFP/
- Pma1-FKBP

(control)

Rpn11-FRB-GFP/

(plasma membrane)

Rpn11-FRB-GFP/
Rpl13a-FKBP

Rpn11-FRB-GFP/
Htb2-FKBP

(ribosme)

(histone)

Fig. 1. Compartment-specific sequestrations of the 26S proteasome in yeast cells. (A) A scheme of the anchor-away technique. FRB tag was fused to an essential proteasome
subunit Rpn11 as the target molecule. For the plasma membrane anchoring, FKBP12 tag was fused the abundant plasma membrane protein H*-ATPase Pmal as an anchor.
Upon addition of rapamycin, the FRB-tagged proteasomes and the FKBP-tagged Pmal were formed the ternary complex on the plasma membrane. (B) Fluorescent
microscopic image of the plasma membrane anchored Kap95, a yeast importin f. The cells expressing Kap95-FRB-GFP and Pma1-FKBP (HHY225) were treated with 1 pg/ml
rapamycin for 2 h and GFP signals were imaged with a confocal fluorescent microscopy. (C) Fluorescent microscopic images of the proteasome targeted cells. The cells
expressing Rpn11-FRB-GFP and the anchor proteins, Pma1-FKBP (YYS1993 for the plasma membrane), Rpl13a-FKBP (YYS1995 for the ribosome), Htb2-FKBP (YYS1999 for
histone H2B), or control (YYS1991), were treated with 1 pg/ml rapamycin for 24 h and GFP signals were imaged with confocal fluorescent microscopy.
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Fig. 3. Accumulation of ubiquitinated proteins in the proteasome targeted cells.
The proteasome targeted cells as in Fig. 1(C), the anchor-away cells were indicated
by AA, were treated with 1 pg/ml rapamycin for 6 h and were analyzed by Western-
blot with anti-ubiquitin K48-linkage specific antibody. As a control, the Apdr5 cells
cultured with or without MG132, a proteasome inhibitor, were analyzed in parallel.
Anti-PGK was used to confirm the equal loading.

identification of a yeast ubiquitin ligase San1 [36]. In the cyto-
plasm, proteasomes participate in two major protein quality con-
trol systems and degrade newly synthesized polypeptides at the
ribosome and ERAD substrates [37]. Interestingly, a recent study
has identified a specific compartment called JUNQ, juxta-nuclear
quality control compartment, for proteasomal degradations of
cytoplasmic misfolded proteins in both yeast and mammalian cells
[38,39]. If the nuclear ubiquitinated substrates are also shuttled to
the JUNQ, cytoplasmic sequestration of the proteasome might not
cause the accumulation of the ubiquitinated proteins.

To address this issue, we analyzed accumulation of ubiquitinat-
ed proteins in the anchor-away cells. Exponentially growing cells
were treated with rapamycin for 6 h and total cell extracts were
analyzed by Western-blot with Lys48-linked ubiquitin chain-spe-
cific antibody (Fig. 3). As a control, a proteasome inhibitor
(MG132)-treated cells were also analyzed. Strikingly, significant
accumulations of the polyubiquitinated proteins were observed
in all the proteasome-targeted cells as well as in the MG132-trea-
ted cells. Noteworthy, the similar accumulation levels between the
plasma membrane- and the ribosome-anchoring cells suggested
that the membrane-tethered proteasomes are competent to de-
grade cytosolic ubiquitinated proteins probably by extrinsic ubiq-
uitin receptor proteins [2]. Thus, the result suggests that both the
nuclear and the cytoplasmic proteasomes facilitate the degrada-
tion of ubiquitinated proteins. The accumulation in each compart-
ment also suggests that most ubiquitinated proteins might not
shuttle between the nucleus and the cytoplasm. If so, the cytoplas-
mic accumulation of the ubiquitinated proteins might not cause
cell death at least in rapidly dividing yeast cells. It would be inter-
esting to identify the accumulated substrates in future study. Also,
use of anchor-away technique described here might be a good ap-
proach to determine the transcriptional roles in the nuclear
proteasomes.

Collectively, we demonstrated that the nuclear proteasome is
essential for cell growth by the anchor-away technique. Unexpect-
edly, we found that the cytoplasmic proteasomes are not indis-
pensable for cell growth in yeast.
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