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Abstract: Proteasomes are conserved protease complexes enriched in the nuclei of dividing
yeast cells, a major site for protein degradation. If yeast cells do not proliferate and transit
to quiescence, metabolic changes result in the dissociation of proteasomes into proteolytic
core and regulatory complexes and their sequestration into motile cytosolic proteasome
storage granuli. These granuli rapidly clear with the resumption of growth, releasing the
stored proteasomes, which relocalize back to the nucleus to promote cell cycle progression.
Here, 1 report on three models of how proteasomes are transported from the cytoplasm
into the nucleus of yeast cells. The first model applies for dividing yeast and is based on
the canonical pathway using classical nuclear localization sequences of proteasomal
subcomplexes and the classical import receptor importin/karyopherin af. The second model
applies for quiescent yeast cells, which resume growth and use BIm10, a HEAT-like repeat
protein structurally related to karyopherin B, for nuclear import of proteasome core
particles. In the third model, the fully-assembled proteasome is imported into the nucleus.
Our still marginal knowledge about proteasome dynamics will inspire the discussion
on how protein degradation by proteasomes may be regulated in different cellular
compartments of dividing and quiescent eukaryotic cells.
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1. Where Are Proteins Degraded by Proteasomes?

The ubiquitin-proteasome system accounts for 80%—-90% of the protein breakdown in growing
yeast and mammalian cells. Its substrate repertoire comprises a large variety of short-lived proteins
that have been conjugated to polyubiquitin chains [1]. Proteins associated with nuclear functions, such as
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cyclins and transcription factors (e.g., tumor suppressor protein p53), were among the first proteasomal
substrates to be identified [2,3]. Misfolded ribosomal products were identified among the cytoplasmic
proteasomal substrates, but their fraction within the substrate repertoire is significantly smaller than
originally estimated [4]. Indeed, a growing body of literature demonstrates that misfolded proteins
synthesized in the cytoplasm are trafficked to the nucleus for degradation (for a review, see [5]),
although nuclear proteins can also be exported into the cytoplasm for degradation [6]. In this context,
the finding that cytosolic proteasomes are not indispensable for protein degradation, while nuclear
proteasomes are essential in yeast, challenged the concept that proteasomal proteolysis primarily
occurs in the cytoplasm [7]. Although it is unknown how cytosolic misfolded proteins are targeted into
the nucleus, intriguing results suggest that the canonical nuclear import pathway couples ribosome-bound
nascent polypeptides to proteasomes for degradation in yeast [8]. Thus, it is not surprising that most
proteasomes are indeed enriched in the nuclei of eukaryotic cells, where they exist as holo-enzymes
and achieve the degradation of polyubiquitylated proteins [9,10]. Already in the early nineteen
nineties, Werner Franke and colleagues located proteasomes primarily in the nuclei of Xenopus laevis
oocytes and cultured mammalian cells [3,11,12]. Later studies on mammalian cell cultures with high
cell density have drawn the attention to proteasomes in the cytoplasm [13]. To elucidate the major sites
of proteasomal protein degradation, it is important understand the dynamics of proteasomes between
the nucleus and the cytoplasm.

2. What Do We Know about Proteasome Assembly to Understand Proteasome Dynamics?

Proteasomes contain more than 33 different subunits and are composed of two major complexes,
the proteolytic core (CP), with a molecular mass of ~750 kDa, and the regulator complex (RP), with
a molecular mass of ~950 kDa [14]. The combination of native polyacrylamide gel electrophoresis
(PAGE) and green fluorescent protein (GFP) imaging technologies results in high resolution separation
of different RP-CP assemblies [15]. In dividing cells, the majority of proteasomes occur as RP-CP-RP
and RP-CP holo-enzymes corresponding to 30S and 26S proteasomes, respectively. As the proteasome
is second to the ribosome in terms of protein complex abundance in dividing cells, CP and RP must
be continuously assembled from precursor complexes, which, despite their short-half-lives, represent a
considerable fraction of newly synthesized proteins in the cell [16].

In a simplified model of CP assembly, CP precursor complexes consist of a seven-membered
o subunit ring and a seven-membered 3 subunit ring. Certain § subunits have propeptides, the processing
of which can be monitored by epitope-tagged versions of these subunits; the epitope-tag may influence
the kinetics of propeptide processing [16,17], but antibodies directed against specific B-propeptides
are presently unavailable.

To form the barrel-shaped CP, two CP precursor complexes, symbolized as half-CP, dimerize into
the pre-holo-CP, an unstable intermediate in CP maturation. In the cavity between both inner B rings,
the proteolytically active sites are exposed by auto-catalytic cleavage of the B-propeptides [18].
The correctness of CP maturation is guided by a hierarchy of several CP-dedicated chaperones,
of which Ump1 has a pivotal function in the assembly of the pre-holo-CP [19]. Umpl is degraded with
the active site generation in the pre-holo-CP [17].
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Access into the matured CP is inhibited by closed outer a rings [20]. Induced opening of the a ring
gates is possible by intrinsically disordered proteins [21] and by the RP. In principle, the association of
the RP with the CP extends the proteasomal substrate repertoire to folded proteins, which are targeted
for degradation by polyubiquitylation.

The RP is composed of two subcomplexes, the RP lid and base [22]. The RP lid contains ~8 Rpn
subunits, of which, Rpnl1 removes the ubiquitin moieties from substrates prior to their degradation.
The RP base contains 2 HEAT (Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A),
yeast PI3-kinase TOR1)-like repeat proteins, called Rpnl and Rpn2, and a ring of ATPases, which
open the CP o rings and unfold the protein substrate for translocation into the CP proteolytic
cavity [23]. Rpnl0 and Rpnl3, which confer the recognition of polyubiquitin chains, are also
associated with the RP base [24,25].

3. Do Parallels Exist between Nuclear Transport of Proteasomes and Other Macromolecular
Machineries?

The high concentration of RP-CP assemblies in the nucleus is achieved by a targeted nuclear import
mechanism. The kinetics of nuclear transport of proteasomes are unknown, though they may be
similar to the kinetics of the nuclear transport of ribosomes, protein complexes with comparable
redundancy [26]. Two hundred thousands ribosomes are assembled during one generation of 100 min in
yeast. With approximately 150 nuclear pores per cell, 1000 newly synthesized ribosomal proteins are
imported per minute into the yeast nucleus, where they are assembled with ribosomal RNA into
pre-ribosomal particles. Twenty five pre-ribosomal particles are exported per minute from the nucleus to
the cytoplasm [26]. To achieve this efficiency, ribosome assembly and transport is orchestrated by
multiple chaperones and transport receptors that belong or at least are related to the family of
HEAT-repeat like B importins/karyopherins [27].

Proteasome assembly is also governed by multiple chaperones and possibly multiple transport
receptors. This multiplicity might be needed for escorting proteasomal cargoes through the nuclear pore.

4. What Do We Know about the Basic Concept of Nuclear Transport through Nuclear Pores?

The nuclear pore is capable of maintaining an entropic permeability barrier between the nucleus and
cytoplasm and prevents the random diffusion of protein cargo larger than ~40 kDa [28]. The plasticity
and flexibility of this barrier is generated by intrinsically disordered FG-rich nucleoporins [29,30].
Their transient displacements are mediated by nuclear transport receptors in association with their
protein cargo. The directionality of the movement of the cargo-receptor complexes through the
meshwork of FG-rich nucleoporins is promoted by the Ran-GTPase gradient between the nucleus and
the cytoplasm. According to the well-established model of nuclear import, the cargo:import receptor
(importin/karyopherin) complex is assembled in the cytoplasm, where Ran is bound to GDP due to
the Ran-GTPase activating enzyme, RanGAP. The Ran-GTP gradient confers directionality for the
movement of the cargo:importin complex through the nuclear pore. In the nucleus, the cargo is
released from the importin by Ran-GTP, and the Ran-GTP-bound importin is recycled back into the
cytoplasm. In the case of nuclear export, the ternary cargo:exportin:Ran-GTP complex is assembled in
the nucleoplasm and disassembled in the cytoplasm upon Ran-GTP hydrolysis [31]. The canonical
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import pathway using classical nuclear localization sequences (NLS) and the canonical NLS receptor
heterodimer, importin/karyopherin aff, named Srpl/Kap95, is well established. Protein cargos with
NLS are recognized by importin/karyopherin o, while importin/karyopherin  mediates the interaction
with the nuclear pore and Ran-GTP [31,32].

5. How Are Yeast Proteasomes Imported into the Nucleus during Cell Division?

In this review, I will give a historical retrospective on our knowledge about the nuclear transport of
proteasomes, mainly on their nuclear import, as the nuclear export of proteasomes remains poorly
understood. The dimension of the nuclear pore with an inner diameter of 39 nm [33] theoretically
permits the longitudinal transport of a fully-assembled proteasome with dimensions of 20 nm x 45 nm.
However, studies with yeast mutants defective in nuclear import (srp/-49 E145K) and classical
approaches in biochemistry from our and other laboratories provided evidence that nuclear proteasomes
are assembled from modules in the nucleus [34-37]. Our early studies in dividing yeast cells suggested
that CP precursor complexes are imported into the nucleus by the canonical importin/karyopherin off
pathway and depend on canonical NLSs within the a subunits [35] (Table 1, Figure 1A). NLSs are not
only present in several CP a subunits, but also within RP base subunits Rpt2 and Rpn2, and Stsl,
a NLS-containing protein that associates with RP lid subunit Rpnll, such that each module of
the proteasome is equipped with at least one NLS [38] (Figure 1B). The fusion of these NLS to
non-nuclear proteins resulted in proteins that were targeted into the nucleus of digitonin-permeabilized
mammalian cells. Notably, deletion of the NLS of Stsl prevented the interaction with the canonical
import receptor, importin/karyopherin a (Srpl). In this sts/IANLS mutant, not only the nuclear
localization of the RP lid, but also nuclear localization of the RP base and the CP was affected,
suggesting that Sts1 has a general impact on nuclear localization of proteasome holo-enzymes [38].
Except for the NLS of Sts1 and the bipartite NLS of Rpn2, it was difficult to verify the functions of
proteasomal NLS in vivo due to their redundancy, like NLSs of CP a subunits [34,35,39-41].

Nobl, a nuclear protein, is also involved in nuclear CP maturation and RP-CP assembly, suggesting
that proteasomes reach maturation on their way to the nucleus [42]. Nuclear import of proteasomes
and the nuclear proteasome mobility in dividing yeast also depend on the presence Arc3, a subunit of
the actin regulatory complex, and Cdc48, an AAA-ATPase chaperone complex involved in the
proteasomal degradation of unfolded proteins [43].

The model of nuclear proteasome assembly from imported modules is in agreement with Keiji
Tanaka’s hypothesis, which proposed that the CP exists in two a ring conformations, with exposed
NLSs or masked NLSs [44]. Most attempts to reconstitute the nuclear import of mature CP that was
either isolated from Thermoplasma acidophilum, cultured human or yeast cells were ambiguous with
regard to their interpretation [35,45,46]. In the mature CP, the NLSs within the a rings are most likely
masked due to closed a ring gates [20]. The NLSs are only exposed in open a rings as apparently
present within CP precursor complexes. Consistent with this concept of two CP conformations, we
found that CP precursor complexes, but not mature CP, are recognized by karyopherin aff [35].
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Figure 1. Current models of the nuclear import of yeast proteasomes (A) In highly
proliferating cells, nuclear proteasomes are assembled from proteasomal modules that are
recognized by the canonical import receptor, importin/karyopherin aff. Classical nuclear
localization sequences (NLS) are accessible in o subunits of CP precursor complexes with
disordered o rings [39—41]. The dimerization of two half-CP yields the pre-holo-CP,
a labile CP precursor complex. In the pre-holo-CP, the active sites are freed by B-propeptide
processing, which is guided by the CP-dedicated maturation factor Umpl. Umpl is degraded
upon CP maturation. The o rings are closed, and the NLS is no longer accessible [17,35].
(B) The RP is imported into the nucleus by the canonical NLS receptor pathway. Rpt2 and
Rpn2 confer NLS to the RP base and Sts1 to the RP lid. Stsl is a short-lived protein and
degraded by RP-CP assemblies [34,36,38]. (C) Proteasomes are imported into the nucleus
as holo-enzymes independent of the canonical importin/karyopherin of3 pathway. The regulation
of this recently discovered import pathway is not yet understood [47]. (D) When quiescent
cells resume growth, nuclear import of mature CP is facilitated by BIm10, a conserved
240-kDa HEAT-like repeat protein with structural similarity to karyopherin  [48]. BIm10
preferentially binds to CP with disordered o rings, which is comparable with o ring
conformations in the pre-holo-CP and half-CP. Open or disordered o rings represent an
import-competent conformation [49]. CP precursor complexes are not available during
quiescence, due to stalled protein synthesis. Proteasome structures were drawn according
to cryo-electron microscopy studies with a license from Cell Press Elsevier [50].
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Table 1. CP configurations related to nuclear transport.

Structure Name and Specification

Umpl-associated CP precursor complex, symbolized as
half-CP. Five of seven [ subunits (cyan) are synthesized with
propeptides [16,17]. Four of seven o subunits (blue) carry
classical NLS (al, a2, a4 and a6 in yeast) [39-41]. The a ring
is disordered and can bind to Blm10 and the canonical
NLS receptor importin/karyopherin aff [35,49].

In the pre-holo-CP or nascent CP, the B subunit propeptides are
processed and Ump1 is degraded [17]. The a ring is disordered
and can bind to BIm10 and possibly to the NLS receptor,
importin/karyopherin of3 [49].

The interior between the p rings (cyan) of the mature CP
harbors the proteolytic sites [18]. The a rings (blue) are
closed and do not bind to Blml0O or the NLS receptor,
importin/karyopherin aff [20,35,51].

Mature CP bound to BIm10 (red) represents the nuclear import
receptor-cargo complex upon exit from quiescence, when CP
precursor complexes are unavailable [48]. The o rings (blue)
bound to BIm10 are disordered [52].

6. Do Multiple Import Pathways Exist for Dividing Yeast Cells? The Canonical Import Pathway
of Proteasomal Modules vs. the Non-Canonical Import Pathway of Holo-Enzyme Complexes

The question of proteasome import into the nucleus was recently addressed again by quantitative
live-cell imaging using fluorescence correlation spectroscopy with yeast strains expressing different
GFP-tagged versions of proteasomal subunits. Irrespective of which of the chosen proteasomal subunits
(CP, Pre6, a4; RP base, Rpnl; RP lid, Rpn7) were labelled with GFP, each GFP-labelled subunit was
fully incorporated into the respective proteasomal subcomplex and behaved as a suitable reporter protein
on proteasome localization. Thus, fluorescence correlation spectroscopy enabled the monitoring of
spatio-temporal dynamics of RP-CP assemblies in living yeast cells, and this promised to circumvent
potential artefacts of biochemical approaches, due to labile proteasome intermediates, such as CP
precursor complexes. It was found that RP-CP assemblies are stable in the importin/karyopherin o
mutant, srp/-49, which led to the conclusion that RP-CP assembly is independent of the canonical
nuclear import pathway and takes place in the cytoplasm (Figure 1C). However, one caveat of
fluorescence correlation spectroscopy is that CP precursor complexes were neither detectable in
wild-type nor in srp/-49 mutants [47]. Biochemical means, such as western blot analysis for CP
precursor complexes, would have given an answer as to which fraction of the CP has already matured
and which fraction was still in the progress of being matured, since the use of the GFP-labeled CP
subunit 04 (Pre6) may interfere with CP maturation, as indicated by delayed  propeptide processing.
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How will these recent findings by fluorescence correlation microscopy be interpreted, if the
short-lived and labile pre-holo-CP is the real cargo of nuclear import? Like the half~-CP precursor,
the pre-holo-CP also represents a CP conformation with accessible NLS. Its import could either be
directly and/or indirectly mediated by the canonical NLS receptor, importin/karyopherin af.
Accordingly, our previous attempts to isolate proteasomal import cargos from srpl/-49 mutants
most likely yielded half-CP, which resulted from the decay of pre-holo-CP. The detection of
incompletely processed 5 subunits (i-B5) within proteasomal import cargo points towards the presence
of pre-holo-CP [35]. Redistributions of pre-holo-CP cannot be resolved by fluorescence correlation
spectroscopy, because pre-holo-CP is not distinguishable from mature CP by size or shape.

Additional findings argue for the model of the nuclear import of CP precursor complexes. Umpl,
the CP-dedicated maturase and reporter of CP precursor complexes, is detectable in wild-type cells,
if it is stabilized by a fusion to GFP. The Umpl-GFP fusion protein is fully incorporated into CP
precursor complexes and thus suited for reporting on the localization of CP precursor complexes.
Ump1-GFP, like all other proteasomal subunits, primarily localized to the nucleus in dividing cells [35,49].
In the case of the UMPI deletion, approximately half of the CP population is composed of CP
precursor complexes, most likely pre-holo-CP [53]. The inefficiency of CP maturation in the absence
of Umpl is compensated by augmented CP synthesis [54]. If one assumes that the CP is matured in
the cytoplasm, GFP-labeled CP subunit B5 would then be expected to accumulate as part of CP
precursor complexes in the cytoplasm of umpIA cells. Instead, the opposite is observed; the nuclear CP
population, which consists half of CP precursor complexes and half of mature CP, was found to be
strikingly increased in umplIA cells, supporting the conclusion that the majority of pre-holo-CP
accumulates in the nucleus [49]. A similar phenomenon is reported for paclApac2?A cells, in which
the CP-dedicated chaperones, Pacl and Pac2, are deleted [19]. Thus, we have reasons to believe that
pre-holo-CP represents the real import cargo, despite their being impossible to track, either by classical
biochemical fractionation or by advanced methods in fluorescence spectroscopy. A “molecular
stethoscope” digging into the cavity of the CP would provide insight as to where the CP is matured on
the road to the nucleus.

Future studies are needed to clarify the conditions under which the import of assembled RP-CP
predominates the previously proposed canonical import pathway of precursor intermediates and
proteasomal subcomplexes, since not only Umpl, but also RP-dedicated chaperones are present in
the nucleus. It is also unclear why the cellular distribution of proteasomes was unaffected in studies using
fluorescence correlation spectroscopy of the importin/karyopherin o mutant, s7p/-49. The dependence of
the nuclear import of proteasomes on the canonical pathway was called into question, even though each
module of the proteasomes contains functional NLSs. The literature provides increasing evidence that the
directionality and orientation of proteasome transport is governed by Stsl, a NLS-containing protein,
which genetically and physically interacts with the RP lid subunit, Rpnl1 [38,55]. Cut8, the fission yeast
ortholog/homolog of Stsl, serves as an anchor for proteasomes at the inner nuclear membrane, but a
related protein has not yet been identified in mammals [56,57].
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7. Is the Concept of Nuclear Import of Yeast Proteasomes Applicable to Higher Eukaryotic
Cells?

The question arose early whether these findings in yeast can be extended to mammalian
proteasomes, since in contrast to yeast having a closed mitosis, mammalian cells undergo an open
mitosis with the disintegration of the nuclear envelope. In mammalian cells, the restoration of the nuclear
envelope certainly allows for nuclear reuptake of proteasomes without the need for import through
nuclear pores. After cytokinesis, proteasomes were found to be primarily nuclear in daughter cells.
During interphase, proteasomes were seen in clusters in the cytoplasm and at the nuclear matrix [58].
These early findings based on indirect immunofluorescence microscopy, were confirmed by later direct
fluorescence microscopy using GFP-labeling techniques. The first example of a functional GFP-fusion
protein of a mammalian proteasomal subunit was the cytokine-inducible iB1 (Lmp2), which allowed
the monitoring of the intracellular movements of the immune-specific CP. GFP-labeled iB1 was found to
be equally distributed throughout the nucleus and the cytoplasm of human fibrosarcoma cells [59].
Fluorescence recovery after photobleaching experiments revealed that the transport of GFP-labeled
immuno-CP across the nuclear envelope, in other words through nuclear pores, occurred from the
cyto- to the nucleoplasm, albeit very slowly. In fact, the presence of the immuno-CP in the nucleus
seemed to depend on the mitotic breakdown of the nuclear envelope, suggesting that the immune-CP
is taken up into the nucleus with the restoration of the nuclear envelope [59].

These observations are contrasted by recent findings of nuclear CP precursor complexes of
cytokine-inducible immuno-CP in mouse cortical astrocytes [60]. In addition, Pomp, the mammalian
ortholog of Umpl, is nuclear in human embryonic kidney cells (HEK293) [61]. In highly proliferating
mammalian cells, the constitutive/standard CP is nuclear during cell proliferation. Live cell imaging
studies on human melanoma cultures clearly show a primarily nuclear localization of the GFP-labeled
version of the a3 subunit [62]. Thus, nuclear CP localization and maturation is not a yeast-specific
phenomenon. If nuclear CP maturation is attenuated and short-lived, CP precursor complexes become
detectable; nuclear CP maturation may also become traceable in mammalian cells. However, the extent
of nuclear CP maturation in mammalian cells seems to depend on the cell line and the stage of
the cell cycle [10].

Taken together, our knowledge about nuclear CP maturation in yeast is not simply applicable to
mammalian cells, because the transition from a single-cell organism, such as yeast, to multicellular
organisms and differentiated tissues is not trivial.

In contrast to yeasts, in mammalian cells, the CP precursor complex assembly was proposed to
exclusively take place at the ER [63], which may provide scaffolding structures for early events of
CP precursor assembly [64]. The debate about the localization of proteasome assembly and maturation
is still ongoing.

8. How Are Yeast Proteasomes Imported into the Nucleus upon the Exit from Quiescence?

Since protein synthesis is remarkably reduced in quiescence, CP precursor complexes are not
available as import cargoes. Only mature CP exists, but its nuclear import by the canonical pathway is
negligible. Thus, an alternative import pathway must exist that allows nuclear import of mature CP.
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To resume cell growth upon the exit from quiescence, cytosolically-stored CP and RP need to be
rapidly imported into the nucleus, where proteasomal proteolysis and cell cycle progression are
immediately reactivated. We found that instead of the canonical import pathway, the newest member
of conserved proteasome activators, Blm10 (Blm10 might not be conserved in fruit fly and fission
yeast; [65,66]), facilitates nuclear import of the mature CP [48] (Figure 1D). Based on our findings,
Blm10 represents the first CP-dedicated nuclear import receptor for the mature CP [48,49]. BIm10 is
a 240-kDa protein that belongs to the HEAT-repeat like family and has a similar overall structure
as karyopherin B, with a toroidal arrangement of HEAT repeats [67,68]. Like B karyopherins,
BIm10 binds FG-rich nucleoporins. Blm10-bound CP is dissociated by Ran-GTP, as expected for an
importin-cargo complex, once it encounters Ran-GTP in the nucleus [48]. The conserved C-terminal
region of BIm10 is required for nuclear targeting [65,69]. We identified a major Ran-GTP binding site
within the C-terminal region of BIm10, which currently awaits validation by X-ray structure analysis.
As nuclear import of the RP does not depend on BIm10, it either follows the canonical pathway or
additional nuclear transport receptors exist that mediate the interaction of the RP with the nuclear pore.

With the identification of BIm10 as a CP-dedicated import receptor, it may even be conceivable
that BIm10 facilitates NLS-independent import of CP species during cell proliferation, although the
Blm10-bound CP species constitute a considerably smaller fraction of proteasomes in proliferating
cells, compared to quiescent cells [51].

Furthermore, BIm10 is preferentially associated with CP with open o ring conformations, which is
equivalent to an import-competent conformation. BIm10 is also categorized as a chaperone-like
protein, as it controls the late steps of CP maturation and binds to those CP in which the N-termini of
o subunits are disordered, leading to open a rings. In a simplified view, Blm10 confers a cap on
open a rings and assures latent enzyme activity comparable with the free CP in which the a rings are
closed [51]. Open a ring conformations certainly predominate in proteasomal mutants affecting
CP maturation [51]. In these mutants, Blm10-association is found with CP precursor complexes,
the half-CP, as well as pre-holo-CP and mature CP [49,53]. The binding of BIm10 to these CP
conformations may allow an alternative nuclear import pathway that is independent of the canonical
import pathway. An important point to note is that Blm10 is not an essential protein. Thus, Blm10-mediated
nuclear import of CP complexes is not likely to predominate the canonical import pathway.
Our finding that nuclear import of CP is significantly delayed in b/mI0A cells, once they exit
quiescence, argues for the canonical import pathway during cell proliferation. In these mutants, nuclear
import of the CP is delayed by the duration required to assemble CP precursor complexes from newly
synthesized subunits to provide import-competent CP species [48].

In the case of BLMI0 deletion in a mutant background with deficient CP maturation, the RP takes
over the chaperoning function of BIm10 in proteasome assembly [51,70]. Consequently, the RP could
mediate nuclear import of the CP in precursor and mature configurations, thus providing an example
that redundant pathways for the assembly and nuclear import of proteasomes are in place to
complement each other, if one component in this sophisticated system is out of order.
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9. Do Alternative Import Pathways of Proteasomes Exist in Quiescent Vertebrate Cells?

The plasticity of the import pathway for mature CP becomes evident by studies using reconstituted
nuclei based on Xenopus egg extracts, the same cell-free reconstitution assay that was used to test the
capacity of Blm10 in the nuclear import of mature CP from yeast [48]. Quiescent yeast cells and
Xenopus eggs are similar in that with the resumption of growth, either signaled by the addition of
glucose or by fertilization, the mature CP is immediately imported into the nucleus to promote cell
proliferation. In the reconstitution system based on Xenopus egg extracts, nuclear import of mature CP
depends on the presence of Rpnl and Rpn2, which are both non-ATPase subunits of the RP base, as
well as on Hsp90 and karyopherin . These proteins form with the mature CP the so-called “20S+”
import complex. Although the presence of karyopherin B provides a possible link to the canonical
import pathway, nuclear import of the “20S+” species was reported to be independent of Ran-GTPase,
suggesting that non-canonical concepts of nuclear import exist in vertebrate systems [71].

10. Is There a Common Principle behind the Different Import Pathways of Proteasomes?

So far, all models of import pathways have in common that the CP is not transported as a free
particle. Instead, it is either capped by the RP, by BIm10 or is not yet matured, as in the case of
inactive precursor complexes. The composition of the nuclear pore selectivity barrier with its
intrinsically disordered FG-rich nucleoporins may be incompatible with the transport of free CP,
because intrinsically disordered proteins, such as FG-rich nucleoporins, might be preferentially
degraded by free CP [21].

11. What Is Known about Nuclear Export of Yeast Proteasomes?

In eukaryotic cells, the transition from proliferation to quiescence and vice versa is accompanied by
profound changes in metabolic pathways [72]. Processes, like trafficking of proteasomes between the
nucleus and cytoplasm, as well as dynamic reorganization of hundreds of metabolic enzymes into large
proteinaceous, membraneless bodies are observed before cells arrest in quiescence.

With the decline of ATP in quiescence, proteasome holo-enzymes tend to dissociate into RP and
CP, which is observed in quiescent yeast [48,73] and neurons with quiescent synapses [74]. In yeast,
proteasome holo-enzymes migrate from the nuclear matrix to the nuclear envelope. The significance of
these movements may reflect changes in proteolytic demands in these cells. Once the proteasomes are
exported through the nuclear pore, they seem to condense into membraneless droplets, which pinch off
the nuclear pores and migrate as stabile entities through the cytoplasm. This phenomenon of proteasome
droplets in yeast cells was first studied in detail by Isabelle Sagot and her co-workers (2008), who coined
the term, proteasome storage granuli (PSG). At the same time, reversible proteasome droplets in
the nuclear periphery, named the juxtanuclear quality compartment (JUNQ), were addressed in cell cycle
arrested yeast and mammalian cells, suggesting a conserved mechanism underlying proteasome droplet
organization [75]. Motile proteasome droplets are also found in the dendrites of primary neuronal
cells [76]. In order to understand the organization of proteasome droplets, it is important to decipher
the nuclear export of proteasomes, as nuclear export precedes proteasome droplet formation.
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However, nothing is yet known about their nuclear export. The most important questions are why
proteasomes exit the nucleus during quiescence and how the movement of proteasomes between the
nucleus and cytoplasm is regulated, if they are transported as holo-enzymes.

The activity of nuclear proteasomes is regulated by post-translational modifications, such as
phosphorylation [77], which may also influence proteasome dynamics. N-myristoylation of Rpt2, an
RP base ATPase, was reported to regulate proteasome localization. Proteasomes without N-myristoylation
are not retained in the nucleus and reside in cytosolic droplets of proliferating cells [78]. The RP of
proliferating yeast cells in which the bipartite NLS of Rpn2 was deleted also remains in cytosolic
droplets [34]. However, cytosolic proteasome droplets formed during cell division and ongoing synthesis
of new proteasomal precursor complexes may not be equivalent to the cytosolic proteasome droplets
formed in quiescence, when the synthesis of proteasomal precursor complexes is stalled and old
proteasomes are sequestered into droplets.

12. Conclusions

In this review, I have depicted two models for nuclear import of proteasomes. In one model
proteasomes are imported into the nucleus as precursor complexes and modules suggesting that nuclear
proteasomes are matured in the nucleus. In this model, nuclear import of proteasomes depends on the
canonical nuclear import pathway consistent with the finding that classical nuclear localization
sequences are present in several proteasomal subunits. In an alternative model proteasomes are
transported into the nucleus as holo-enzymes independent of the canonical import receptor pathway.
The mechanism of nuclear export of proteasomes is unknown. Future studies are required to provide
insight into which exportins/karyopherins mediate the passage of proteasomes through the nuclear
pore during the transition from proliferation to quiescence.

As we improve our understanding of proteasome dynamics and the impact of proteasomal protein
degradation in different cellular compartments, our knowledge will significantly influence drug
screens for proteasome activators and importers / exporters, which promise to relieve the burdens of
unwanted protein aggregations triggered by stress in quiescent cells, especially in non-dividing
neuronal cells.

The long-term goal is to gain insight into the enzymology of quiescent cells, how quiescent cells are
kept “on call” to respond to extracellular signals and why metabolic enzymes with latent activities,
not only the proteasome, are transiently sequestered into reversible protein droplets and reactivated
upon request. This type of research has the potential to impact the biomedical study of neurodegenerative
diseases and should facilitate the development of next-generation proteasome inhibitors and activators.

Acknowledgment

I thank Zhu Chao (Jerry) Gu for the graphic chart and Amnon Harel for reading the manuscript.
Cordula Enenkel is supported by the Canadian Foundation of Innovation, the Canadian Institutes of
Health Research and the Natural Sciences and Engineering Research Council of Canada.



Biomolecules 2014, 4 951

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Glickman, M.H.; Ciechanover, A. The ubiquitin-proteasome proteolytic pathway: Destruction for
the sake of construction. Physiol. Rev. 2002, 82, 373—-428.

2. Kirschner, M. Intracellular proteolysis. Trends Cell Biol. 1999, 9, M42-M45.

3.  Von Mikecz, A. The nuclear ubiquitin-proteasome system. J. Cell Sci. 2006, 119, 1977-1984.
Vabulas, R.M.; Hartl, F.U. Protein synthesis upon acute nutrient restriction relies on proteasome
function. Science 2005, 310, 1960—1963.

5. Gallagher, P.S.; Oeser, M.L.; Abraham, A.C.; Kaganovich, D.; Gardner, R.G. Cellular maintenance
of nuclear protein homeostasis. Cell. Mol. Life Sci. 2013, 71, 1865—1879.

6. Chen, L.; Madura, K. Degradation of specific nuclear proteins occurs in the cytoplasm in
Saccharomyces cerevisiae. Genetics 2014, 197, 193—-197.

7. Tsuchiya, H.; Arai, N.; Tanaka, K.; Saeki, Y. Cytoplasmic proteasomes are not indispensable for
cell growth in Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 2013, 436, 372-376.

8. Ha, SW.; Ju, D.; Xie, Y. Nuclear import factor Srpl and its associated protein Stsl couple
ribosome-bound nascent polypeptides to proteasomes for cotranslational degradation. J. Biol. Chem.
2014, 289, 2701-2710.

9. Tanaka, K. The proteasome: Overview of structure and functions. Proc. Jpn. Acad. Ser. B Phys.
Biol. Sci. 2009, 85, 12-36.

10. Enenkel, C. Proteasome dynamics. Biochim. Biophys. Acta 2013, 1843, 39—-46.

11. Hugle, B.; Kleinschmidt, J.A.; Franke, W.W. The 22S cylinder particles of Xenopus laevis. II.
Immunological characterization and localization of their proteins in tissues and cultured cells.
Eur. J. Cell Biol. 1983, 32, 157-163.

12. Kleinschmidt, J.A.; Hugle, B.; Grund, C.; Franke, W.W. The 22S cylinder particles of
Xenopus laevis. 1. Biochemical and electron microscopic characterization. Eur. J. Cell Biol. 1983,
32,143-156.

13. Wojcik, C.; DeMartino, G.N. Intracellular localization of proteasomes. Int. J. Biochem. Cell Biol.
2003, 35, 579-589.

14. Baumeister, W.; Walz, J.; Zuhl, F.; Seemuller, E. The proteasome: Paradigm of a
self-compartmentalizing protease. Cell 1998, 92, 367-380.

15. Enenkel, C. Using native gel electrophoresis and phosphofluoroimaging to analyze GFP-tagged
proteasomes. In Ubiquitin Family Modifiers and the Proteasome: Reviews and Protocols;
Dohmen, R.J., Scheffner, M., Eds.; Humana Press: New York, NY, USA, 2011; pp. 339-348.

16. Chen, P.; Hochstrasser, M. Autocatalytic subunit processing couples active site formation in the
208 proteasome to completion of assembly. Cell 1996, 86, 961-972.

17. Ramos, P.C.; Hockendorff, J.; Johnson, E.S.; Varshavsky, A.; Dohmen, R.J. Umplp is required
for proper maturation of the 20S proteasome and becomes its substrate upon completion of
the assembly. Cel// 1998, 92, 489—499.



Biomolecules 2014, 4 952

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Groll, M.; Ditzel, L.; Lowe, J.; Stock, D.; Bochtler, M.; Bartunik, H.D.; Huber, R. Structure of
20S proteasome from yeast at 2.4 A resolution. Nature 1997, 386, 463—471.

Le Tallec, B.; Barrault, M.B.; Courbeyrette, R.; Guerois, R.; Marsolier-Kergoat, M.C.; Peyroche, A.
20S proteasome assembly is orchestrated by two distinct pairs of chaperones in yeast and
in mammals. Mol. Cell 2007, 27, 660—-674.

Groll, M.; Bajorek, M.; Kohler, A.; Moroder, L.; Rubin, D.M.; Huber, R.; Glickman, M.H.;
Finley, D. A gated channel into the proteasome core particle. Nat. Struct. Mol. Biol. 2000, 7,
1062-1067.

Liu, C.W.; Corboy, M.J.; DeMartino, G.N.; Thomas, P.J. Endoproteolytic activity of the proteasome.
Science 2003, 299, 408-411.

Besche, H.C.; Peth, A.; Goldberg, A.L. Getting to first base in proteasome assembly. Cell 2009,
138, 25-28.

Glickman, M.H.; Rubin, D.M.; Fried, V.A.; Finley, D. The regulatory particle of the Saccharomyces
cerevisiae proteasome. Mol. Cell. Biol. 1998, 18, 3149-3162.

Beck, F.; Unverdorben, P.; Bohn, S.; Schweitzer, A.; Pfeifer, G.; Sakata, E.; Nickell, S.;
Plitzko, J.M.; Villa, E.; Baumeister, W.; et al. Near-atomic resolution structural model of the yeast
26S proteasome. Proc. Natl. Acad. Sci. USA 2012, 109, 14870—-14875.

Rosenzweig, R.; Bronner, V.; Zhang, D.; Fushman, D.; Glickman, M.H. Rpnl and Rpn2 coordinate
ubiquitin processing factors at proteasome. J. Biol. Chem. 2012, 287, 14659—-14671.

Warner, J.R. The economics of ribosome biosynthesis in yeast. Trends Biochem. Sci. 1999, 24,
437-440.

Nissan, T.A.; Bassler, J.; Petfalski, E.; Tollervey, D.; Hurt, E. 60S pre-ribosome formation viewed
from assembly in the nucleolus until export to the cytoplasm. EMBO J. 2002, 21, 5539-5547.
Hulsmann, B.B.; Labokha, A.A.; Gorlich, D. The permeability of reconstituted nuclear pores
provides direct evidence for the selective phase model. Cell 2012, 150, 738-751.

Fahrenkrog, B.; Aebi, U. The nuclear pore complex: Nucleocytoplasmic transport and beyond.
Nat. Rev. Mol. Cell Biol. 2003, 4, 757-766.

Milles, S.; Lemke, E.A. Single molecule study of the intrinsically disordered FG-repeat
nucleoporin 153. Biophys. J. 2011, 101, 1710-1719.

Wente, S.R.; Rout, M.P. The nuclear pore complex and nuclear transport. Cold Spring Harb.
Perspect. Biol. 2010, doi:10.1101/cshperspect.a000562.

Enenkel, C.; Blobel, G.; Rexach, M. Identification of a yeast karyopherin heterodimer that targets
import substrate to mammalian nuclear pore complexes. J. Biol. Chem. 1995, 270, 16499—16502.
Pante, N.; Kann, M. Nuclear pore complex is able to transport macromolecules with diameters of
about 39 nm. Mol. Biol. Cell 2002, 13, 425-434.

Wendler, P.; Lehmann, A.; Janek, K.; Baumgart, S.; Enenkel, C. The bipartite nuclear localization
sequence of Rpn2 is required for nuclear import of proteasomal base complexes via karyopherin
ab and proteasome functions. J. Biol. Chem. 2004, 279, 37751-37762.

Lehmann, A.; Janek, K.; Braun, B.; Kloetzel, P.M.; Enenkel, C. 20S proteasomes are imported as
precursor complexes into the nucleus of yeast. J. Mol. Biol. 2002, 317, 401-413.



Biomolecules 2014, 4 953

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Isono, E.; Nishihara, K.; Saeki, Y.; Yashiroda, H.; Kamata, N.; Ge, L.; Ueda, T.; Kikuchi, Y.;
Tanaka, K.; Nakano, A.; ef al. The assembly pathway of the 19S regulatory particle of the yeast
26S proteasome. Mol. Biol. Cell 2007, 18, 569-580.

Savulescu, A.F.; Rotem, A.; Harel, A. Proteasomes crossing the nuclear border. Nucleus 2011, 2,
258-263.

Chen, L.; Romero, L.; Chuang, S.M.; Tournier, V.; Joshi, K.K.; Lee, J.A.; Kovvali, G.; Madura, K.
Sts1 plays a key role in targeting proteasomes to the nucleus. J. Biol. Chem. 2011, 286, 3104-3118.
Wang, H.R.; Kania, M.; Baumeister, W.; Nederlof, P.M. Import of human and thermoplasma 20S
proteasomes into nuclei of Hela cells requires functional NLS sequences. Eur. J. Cell Biol. 1997,
73, 105-113.

Nederlof, P.M.; Wang, H.R.; Baumeister, W. Nuclear localization signals of human and
thermoplasma proteasomal alpha subunits are functional in vitro. Proc. Natl. Acad. Sci. USA
1995, 92, 12060-12064.

Knuehl, C.; Seelig, A.; Brecht, B.; Henklein, P.; Kloetzel, P.M. Functional analysis of eukaryotic
20S proteasome nuclear localization signal. Exp. Cell Res. 1996, 225, 67-74.

Tone, Y.; Toh-e, E.A. Noblp is required for biogenesis of the 26S proteasome and degraded upon
its maturation in Saccharomyces cerevisiae. Genes Dev. 2002, 16, 3142-3157.

Chien, C.Y.; Chen, R.H. Cdc48 chaperone and adaptor Ubx4 distribute the proteasome in the
nucleus for anaphase proteolysis. J. Biol. Chem. 2013, 288, 37180-37191.

Tanaka, K.; Yoshimura, T.; Tamura, T.; Fujiwara, T.; Kumatori, A.; Ichihara, A. Possible mechanism
of nuclear translocation of proteasomes. FEBS Lett. 1990, 271, 41-46.

Mayr, J.; Wang, H.R.; Nederlof, P.; Baumeister, W. The import pathway of human and
Thermoplasma 20S proteasomes into Hela cell nuclei is different from that of classical
NLS-bearing proteins. Biol. Chem. 1999, 380, 1183—-1192.

Savulescu, A.F.; Shorer, H.; Kleifeld, O.; Cohen, I.; Gruber, R.; Glickman, M.H.; Harel, A.
Nuclear import of an intact preassembled proteasome particle. Mol. Biol. Cell 2011, 22, 880—891.
Pack, C.G.; Yukii, H.; Toh, E.A.; Kudo, T.; Tsuchiya, H.; Kaiho, A.; Sakata, E.; Murata, S.;
Yokosawa, H.; Sako, Y.; et al. Quantitative live-cell imaging reveals spatio-temporal dynamics
and cytoplasmic assembly of the 26S proteasome. Nat. Commun. 2014, doi:10.1038/ncomms4396.
Weberruss, M.H.; Savulescu, A.F.; Jando, J.; Bissinger, T.; Harel, A.; Glickman, M.H.; Enenkel, C.
Blm10 facilitates nuclear import of proteasome core particles. EMBO J. 2013, 32, 2697-2707.
Fehlker, M.; Wendler, P.; Lehmann, A.; Enenkel, C. BIm3 is part of nascent proteasomes and is
involved in a late stage of nuclear proteasome assembly. EMBO Rep. 2003, 4, 959-963.

Da Fonseca, P.C.; He, J.; Morris, E.P. Molecular model of the human 26S proteasome. Mol. Cell
2012, 46, 54-66.

Lehmann, A.; Jechow, K.; Enenkel, C. BIm10 binds to pre-activated proteasome core particles
with open gate conformation. EMBO Rep. 2008, 9, 1237-1243.

Sadre-Bazzaz, K.; Whitby, F.G.; Robinson, H.; Formosa, T.; Hill, C.P. Structure of a BIm10
complex reveals common mechanisms for proteasome binding and gate opening. Mol. Cell 2010,
37, 728-735.



Biomolecules 2014, 4 954

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

Li, X.; Kusmierczyk, A.R.; Wong, P.; Emili, A.; Hochstrasser, M. Beta-subunit appendages promote
20S proteasome assembly by overcoming an Umpl-dependent checkpoint. EMBO J. 2007, 26,
2339-2349.

Lehmann, A.; Niewienda, A.; Jechow, K.; Janek, K.; Enenkel, C. Ecm29 fulfils quality control
functions in proteasome assembly. Mol. Cell 2010, 38, 879—888.

Tabb, M.M.; Tongaonkar, P.; Vu, L.; Nomura, M. Evidence for separable functions of Srplp,
the yeast homolog of importin alpha (karyopherin alpha): Role for Srplp and Stslp in protein
degradation. Mol. Cell. Biol. 2000, 20, 6062—6073.

Tatebe, H.; Yanagida, M. Cut8, essential for anaphase, controls localization of 26S proteasome,
facilitating destruction of cyclin and Cut2. Curr. Biol. 2000, 10, 1329-1338.

Takeda, K.; Tonthat, N.K.; Glover, T.; Xu, W.; Koonin, E.V.; Yanagida, M.; Schumacher, M.A.
Implications for proteasome nuclear localization revealed by the structure of the nuclear
proteasome tether protein cut8. Proc. Natl. Acad. Sci. USA 2011, 108, 16950-16955.

Amsterdam, A.; Pitzer, F.; Baumeister, W. Changes in intracellular localization of proteasomes in
immortalized ovarian granulosa cells during mitosis associated with a role in cell cycle control.
Proc. Natl. Acad. Sci. USA 1993, 90, 99—103.

Reits, E.A.; Benham, A.M.; Plougastel, B.; Neefjes, J.; Trowsdale, J. Dynamics of proteasome
distribution in living cells. EMBO J. 1997, 16, 6087-6094.

Kremer, M.; Henn, A.; Kolb, C.; Basler, M.; Moebius, J.; Guillaume, B.; Leist, M.; van den Eynde, B.J.;
Groettrup, M. Reduced immunoproteasome formation and accumulation of immunoproteasomal
precursors in the brains of lymphocytic choriomeningitis virus-infected mice. J. Immunol. 2010,
185, 5549-5560.

Hoefer, M.M.; Boneberg, E.M.; Grotegut, S.; Kusch, J.; Illges, H. Possible tetramerisation of
the proteasome maturation factor Pomp/proteassemblin/hUmp] and its subcellular localisation.
Int. J. Biol. Macromol. 2006, 38, 259-267.

Salomons, F.A.; Acs, K.; Dantuma, N.P. Illuminating the ubiquitin/proteasome system. Exp. Cell Res.
2010, 316, 1289-1295.

Fricke, B.; Heink, S.; Steffen, J.; Kloetzel, P.M.; Kruger, E. The proteasome maturation protein Pomp
facilitates major steps of 20S proteasome formation at the endoplasmic reticulum. EMBO Rep. 2007,
8, 1170-1175.

Murata, S.; Yashiroda, H.; Tanaka, K. Molecular mechanisms of proteasome assembly. Nat. Rev.
Mol. Cell Biol. 2009, 10, 104-115.

Schmidt, M.; Haas, W.; Crosas, B.; Santamaria, P.G.; Gygi, S.P.; Walz, T.; Finley, D. The heat
repeat protein BIm10 regulates the yeast proteasome by capping the core particle. Nat. Struct.
Mol. Biol. 2005, 12,294-303.

Ortega, J.; Bernard Heymann, J.; Kajava, A.V.; Ustrell, V.; Rechsteiner, M.; Steven, A.C.
The axial channel of the 20S proteasome opens upon binding of the PA200 activator. J. Mol. Biol.
2005, 3406, 1221-1227.

Glickman, M.H.; Raveh, D. Proteasome plasticity. FEBS Lett. 2005, 579, 3214-3223.

Huber, E.M.; Groll, M. The 19S cap puzzle: A new jigsaw piece. Structure 2012, 20, 387-388.



Biomolecules 2014, 4 955

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Doherty, K.M.; Pride, L.D.; Lukose, J.; Snydsman, B.E.; Charles, R.; Pramanik, A.; Muller, E.G.;
Botstein, D.; Moore, C.W. Loss of a 20S proteasome activator in Saccharomyces cerevisiae
downregulates genes important for genomic integrity, increases DNA damage, and selectively
sensitizes cells to agents with diverse mechanisms of action. G3 2012, 2, 943-959.

Marques, A.J.; Glanemann, C.; Ramos, P.C.; Dohmen, R.J. The C-terminal extension of the beta7
subunit and activator complexes stabilize nascent 20S proteasomes and promote their maturation.
J. Biol. Chem. 2007, 282, 34869—-34876.

Savulescu, A.F.; Glickman, M.H. Proteasome activator 200: The heat is on. Mol Cell. Proteomics
2011, doi:10.1074/mcp.R110.006890.

Laporte, D.; Lebaudy, A.; Sahin, A.; Pinson, B.; Ceschin, J.; Daignan-Fornier, B.; Sagot, I.
Metabolic status rather than cell cycle signals control quiescence entry and exit. J. Cell Biol. 2011,
192, 949-957.

Bajorek, M.; Glickman, M.H. Keepers at the final gates: Regulatory complexes and gating of the
proteasome channel. Cell. Mol. Life Sci. 2004, 61, 1579-1588.

Tai, H.C.; Besche, H.; Goldberg, A.L.; Schuman, E.M. Characterization of the brain 26S proteasome
and its interacting proteins. Front. Mol. Neurosci. 2010, doi:10.3389/thmol1.2010.00012.
Kaganovich, D.; Kopito, R.; Frydman, J. Misfolded proteins partition between two distinct quality
control compartments. Nature 2008, 454, 1088—1095.

Bingol, B.; Schuman, E.M. Activity-dependent dynamics and sequestration of proteasomes in
dendritic spines. Nature 2006, 441, 1144—1148.

Sha, Z.; Peth, A.; Goldberg, A.L. Keeping proteasomes under control—A role for phosphorylation in
the nucleus. Proc. Natl. Acad. Sci. USA 2011, 108, 18573—18574.

Kimura, A.; Kato, Y.; Hirano, H. N-myristoylation of the Rpt2 subunit regulates intracellular
localization of the yeast 26S proteasome. Biochemistry 2012, 51, 8856—8866.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



