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The ubiquitin–proteasome system fulfills an essential role in
regulating protein homeostasis by spatially and temporally
controlling proteolysis in an ATP- and ubiquitin-dependent
manner. However, the localization of proteasomes is highly
variable under diverse cellular conditions. In yeast, newly
synthesized proteasomes are primarily localized to the nucleus
during cell proliferation. Yeast proteasomes are transported
into the nucleus through the nuclear pore either as immature
subcomplexes or as mature enzymes via adapter proteins Sts1
and Blm10, while in mammalian cells, postmitotic uptake of
proteasomes into the nucleus is mediated by AKIRIN2, an
adapter protein essentially required for nuclear protein
degradation. Stressful growth conditions and the reversible halt
of proliferation, that is quiescence, are associated with a
decline in ATP and the reorganization of proteasome locali-
zation. Cellular stress leads to proteasome accumulation in
membraneless granules either in the nucleus or in the cyto-
plasm. In quiescence, yeast proteasomes are sequestered in an
ubiquitin-dependent manner into motile and reversible pro-
teasome storage granules in the cytoplasm. In cancer cells,
upon amino acid deprivation, heat shock, osmotic stress,
oxidative stress, or the inhibition of either proteasome activity
or nuclear export, reversible proteasome foci containing poly-
ubiquitinated substrates are formed by liquid–liquid phase
separation in the nucleus. In this review, we summarize recent
literature revealing new links between nuclear transport,
ubiquitin signaling, and the intracellular organization of pro-
teasomes during cellular stress conditions.

In 2004, the Nobel Prize in Chemistry was awarded to Aaron
Ciechanover, Avram Hershko, and Irwin Rose for the discovery
of the ubiquitin–proteasome system (UPS) as an essential
pathway to maintain protein homeostasis in eukaryotic cells.
The proteasome is the key protease complex of the UPS and is
responsible for the selective degradation of short-lived proteins
in an ATP- and ubiquitin-dependent manner (1). Well-known
examples of proteasomal substrates are regulatory proteins,
which control cell cycle progression and gene expression in the
nucleus (2). Particularly under stress conditions, aberrant
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proteins accumulate as proteasomal substrates in the nucleus
and cytoplasm. If not eliminated, proteasomal substrates tend
to form soluble protein condensates or insoluble protein in-
clusion bodies. Temporary condensates dissolve upon stress
relief, while protein inclusions are irreversible and can cause
age-related neurodegenerative disorders (1, 3).

In this review, we will focus primarily on notable work in
yeast, an excellent model organism to study mechanistic de-
tails of conserved pathways in the UPS. In addition, recent
breakthroughs and implications for the mammalian system as
well as differences between proteasome localizations in yeast
and mammals will be discussed.

To contextualize our discussion on proteasome localization
and movement, we introduce fundamental concepts of the
UPS. Ubiquitin is a heat-stable 8.6 kDa protein, and its
expression is highly induced upon stress (4). Repetitive
conjugation of ubiquitin by isopeptide bonds through an ATP-
consuming ubiquitin-activating E1 and E2 and E3 ligase
cascade yields a proteasomal substrate with a polyubiquitin
chain (5).

Proteasomes are multisubunit complexes that recognize
polyubiquitinated substrates and are composed of the pro-
teolytic core particle (CP) (20S CP) flanked by one or two
regulatory particles (RPs) (19S RP) (Fig. 1) (6). The RP con-
sists of the lid and base subcomplexes. Polyubiquitinated
substrates are recognized by intrinsic ubiquitin receptors on
the RP base (Rpn1, Rpn10, and Rpn13) and are often deliv-
ered by extrinsic ubiquitin shuttling proteins (Rad23, Dsk2,
and Ddi1) (7). Before degradation, the isopeptide bond be-
tween the substrate and ubiquitin is cleaved by the RP lid
subunit Rpn11 (8), releasing the polyubiquitin chain to be
recycled to ubiquitin by deubiquitinases (DUBs). Substrate
degradation is initiated by an intrinsically disordered region
(IDR) of appropriate length and location within the protein
(9). The polypeptide is unfolded by the ATPase ring of the RP
base and translocated into the adjacent CP. The folding and
size of the protein substrate determine whether its degrada-
tion is mediated by polyubiquitination, monoubiquitination,
or neither (10).

The CP is composed of a barrel-shaped particle with two
inner rings of β subunits harboring the proteolytic active sites,
while the two outer rings of α subunits control the gates for
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Figure 1. Structure and function of proteasome holoenzymes. The
proteolytic 20S core particle (20S CP) is composed of 14 subunits arranged
in four seven-membered subunit rings with α1–7, β1–7, β1–7, α1–7
configuration. The outer α rings contain the gates for substrate entry, while
the inner β rings harbor the proteolytic active sites (11, 12). Proteins are
degraded into peptides. The base of the 19S regulatory particle (19S RP)
recognizes the polyubiquitinated substrate by intrinsic ubiquitin receptor
subunits Rpn1, Rpn10, and Rpn13. The RP ATPase ring (Rpt1–6) opens the
CP gate and translocates the unfolded polypeptide into the CP cavity, after
the polyubiquitin chain has been cleaved off by the DUB Rpn11, a RP lid
subunit. The dimensions of the CP are 15 nm in length and 11 nm in
diameter; the holoenzyme with RP–CP–RP configuration is �45 nm in
length (cartoon derived from PDB 4cr2 (115)).
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substrate entry (11, 12). IDR loops can reach into the CP cavity
rendering proteins susceptible for ATP- and ubiquitin-
independent degradation (13). The CP is assembled from
two inactive precursor complexes containing Ump1 in yeast/
POMP in mammals (14–16). Ump1 is intrinsically disordered
and becomes the first substrate during CP maturation (15, 17,
18). As the second most abundant protein complex in the cell,
the proteasome is continuously synthesized during prolifera-
tion (19).

In yeast, prolonged stress such as nutrient limitation curbs
ATP generation and leads to transient nonproliferation,
named quiescence. Quiescence helps cells to overcome stress
by reorganizing proteasome localization and possibly their
structure and function (20, 21). Yeast proteasomes move from
the nucleus into the cytoplasm with the transition from pro-
liferation to quiescence, where they are sequestered into
cytoplasmic storage granules to be protected from autophagic
degradation (21, 22).

As a proteasome stress response, aberrant proteasome ho-
loenzymes bound to Ecm29, a conserved 200 kDa protein, can
be remodeled into a functional enzyme (23, 24). Upon oxida-
tive stress Ecm29 disassembles the holoenzyme into CP and
RP (25), possibly allowing the exchange of aberrant sub-
complexes by functional subcomplexes with the reassembly of
holoenzymes upon stress relief. In yeast, proteasome holoen-
zymes also appear to be unstable under nutrient limitation
causing a decline in ATP (26–28). In general, sufficient
amount of ATP is required to stabilize proteasome holoen-
zymes (29).

To understand the impact of proteasome movements on
protein homeostasis, especially under stress conditions, which
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may cause temporary and local decreases in ATP, it will be
important to know the nature and origin of proteasomal
substrates. Soon after the discovery of the proteasome holo-
enzyme as an ATP- and ubiquitin-dependent protease, the
finding that the CP exhibits an ATP- and ubiquitin-
independent endoproteolytic activity against IDR-containing
proteins (13) raised the possibility that the repertoire of pro-
teasomal substrates might be much larger than initially
assumed (13, 30–32).

Important in the context of the current review are recent
mass spectrometry data showing that the repertoire of pro-
teasomal substrates changes in response to different stress
factors, for example, heat shock, oxidative, osmotic, UV stress,
and proteasome inhibition (33).
Proteasome localizations without stress

Previous reports on proteasome localizations in mammalian
cells were not always conclusive, as proteasome localizations
varied from cell lines to growth conditions and were also
dependent on antibodies used in indirect fluorescence mi-
croscopy (34). Compared with yeast proteasomes, the intra-
cellular distribution of mammalian proteasomes was reported
to be more complex with the majority of proteasomes local-
izing in the cytoplasm (35). In contrast to these studies, pro-
teasomal antibodies such as MCP444 (anti-PSMB7 CP β7),
which coimmunoprecipitate proteasome holoenzymes, yielded
a major nuclear proteasome localization in HeLa, COS-7,
U2OS, and KOLF cells, as shown by datasheets of different
commercial providers (and our unpublished results). In par-
allel, a CP α3 subunit fusion with the GFP is suitable as pro-
teasomal reporter in direct fluorescence microscopy and
revealed a nuclear localization in HeLa and MelJuSo cells (36,
37). The predominant proteasome localization in the nucleus
of mammalian cells was unexpected, as cytoplasmic localiza-
tion had been the prevailing paradigm. Meanwhile, live cell–
labeling techniques using tag-exchangeable Rpn11-Halo
knock-in mice embryonic fibroblasts allowed the selective
visualization of proteasome localization according to molecu-
lar age at the time after synthesis. Using this expression sys-
tem, newly synthesized proteasomes were mainly detected in
the nucleus, while 3-day-old proteasomes were mainly detec-
ted in the cytoplasm, suggesting that proteasomes move from
the nucleus to the cytoplasm (38). Early observations linked
the relocalization of mammalian proteasomes from the nu-
cleus into the cytoplasm to high confluency (34). Particularly
in cancer cell lines, which depend on glycolysis for ATP pro-
duction (39), the shortage of growth factors in dense cell
cultures may impact the synthesis of new proteasomes and the
localization of proteasomes.

Recently, inducible CRISPR-Cas9 technologies allowed the
replacement of proteasomal subunits PSMA5 CP α5, PSMB4
CP β4, and PSMD3 RP lid Rpn3 with fluorescent reporter
proteins. All three reporter proteins consistently showed nu-
clear localization in the RKO colon cancer cell line (40). These
technical advances based on controlled CRISPR-Cas9 screens
will pave new ways to thoroughly analyze proteasome
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movements in living mammalian cells and to overcome limi-
tations of classical biochemical fractionations. In yeast, the
chromosomal replacement of proteasomal subunits by GFP-
tagged versions via homologous recombination has been
feasible for more than 2 decades and generated reliable re-
porters of proteasome holoenzymes (37, 41–45). All reporter
subunits revealed a predominant nuclear localization of pro-
teasomes in proliferating yeast.

Nuclear transport of proteasomes

In 1990, import-competent and import-incompetent CP
conformations were proposed to have either accessible or
masked nuclear localization sequences (NLSs) (46). According
to studies in yeast, immature CP precursor complexes con-
taining Ump1 represent an import-competent conformation,
while mature CP is not imported on its own (41). RP base
subunits have NLS that allow nuclear import of the RP base
(47). Sts1 (in budding yeast/Cut8 in fission yeast) transiently
confers an NLS to the RP lid (48) suggesting that the canonical
NLS receptor importin/karyopherin αβ carries the RP lid, base,
and CP independently into the nucleus (42). Intriguingly, Sts1
also facilitates nuclear import of holoenzymes, is extremely
short-lived, and is degraded by the proteasome in the nucleus
(49). Our studies suggest that growth conditions determine
whether nuclear import of precursor complexes is favored over
holoenzymes (50). In highly proliferating yeast cells, precursor
complexes are abundant import cargoes, whereas with the
transition to quiescence, the synthesis of precursor complexes
is stalled. Upon the resumption of growth, in other words with
the exit from quiescence, precursor complexes are unavailable.
Then mature CP is the only nuclear import cargo and is pig-
gybacked into the nucleus by either the RP or Blm10, an
alternative regulatory protein serving as an adapter in yeast for
nuclear import of the CP (28, 51).

Species-specific adapter proteins enable nuclear import of
mature CP throughout the cell cycle in yeast having a closed
mitosis as well as in postmitotic mammalian cells having an
open mitosis. An ortholog of yeast Sts1/Cut8 does not exist in
mammals. A recent study using a CRISPR screening array
based on time-controlled Cas9 mutagenesis and live-cell time-
lapse imaging revealed AKIRIN2, a protein without an
ortholog in yeast, as nuclear import adapter for mature CP in
three different cancer cell lines. AKIRIN2 confers an NLS to
the mature CP and mediates binding to Ipo9, a member of the
β karyopherin family. AKIRIN2 inhibits the CP and is
degraded upon the arrival of the CP in the nucleus (40). The
nuclear import mechanisms in yeast and mammalian cells
have in common that the CP passes the nuclear pore complex
either as inhibited or immature enzyme possibly to avoid the
degradation of nuclear pore proteins that are rich in repetitive
IDRs. How the proteasomal degradation of Sts1 and AKIRIN2
is blocked in the cytoplasm before nuclear transport and is
then triggered once Sts1 and AKIRIN2 arrive in the nucleus
remains elusive.

In yeast, Blm10 is abundant in quiescence and facilitates
nuclear import of the CP upon exit from quiescence (28).
Mammalian PA200, the ortholog of Blm10, mediates nuclear
trafficking of proteasomes into speckles in response to
oxidative stress (52). Blm10/PA200 with a molecular mass of
240 kDa is primarily nuclear and capping the CP like a dome
with few narrow openings. Blm10/PA200 has neither ubiquitin
recognition motifs nor ATPase activity, suggesting an allo-
steric function on the activity of Blm10–CP–RP hybrids for
specific substrates (53–55). The loss of Blm10/PA200 causes
hypersensitivity toward stress and the decline of proteasome
activity during aging (56, 57).

In addition to PA200, hexameric rings composed of either
PA28α/β or PA28γ serve as regulators of nuclear proteasome
activity in mammalian cells. PA28γ is present in nuclear
speckles, accumulates in Cajal bodies following UV irradiation
and causes the appearance of promyelocytic leukemia protein
(PML)–nuclear bodies as reviewed by (58).

The question is why are proteasomes primarily nuclear in
proliferating cells? Possibly, the majority of proteasomal sub-
strates is nuclear during this cellular state. Their timely
degradation by proteasomes in close proximity may expedite
the progression through the cell cycle.

If the cell cycle progression is curbed, that is toward
quiescence, proteasomes exit the nucleus. How proteasomes
are exported from the nucleus into the cytoplasm is not un-
derstood. We searched for possible functions of the canonical
exportin Crm1/Xpo1 in nuclear export of yeast proteasomes.
Our data provide no evidence that Crm1/Xpo1 is required for
bulk export of proteasomes under glucose starvation (our
unpublished results). However, under nitrogen starvation
nuclear export of proteasomes is blocked in xpo1-1 mutants
(27). Since proteasomes are modified by ubiquitination dur-
ing nitrogen starvation (59, 60), Crm1/Xpo1 could mediate
nuclear export of ubiquitinated proteasomes for autophagic
elimination.

In mammalian cells, polyubiquitinated substrates are
exported from the nucleus to the cytoplasm by using Crm1/
Xpo1 and UBIN, a protein with an ubiquitin-associated
domain (61). In yeast, Rad23 harboring two ubiquitin-
associated domains shuttles nuclear substrates to the cyto-
plasm for proteasomal degradation (62). On the opposite,
certain cytoplasmic substrates are imported into the nucleus
for proteasomal degradation (63, 64). The orchestration of
nuclear transport of proteasomes and their substrates, espe-
cially under stress conditions, merit further investigation.
Intriguingly, ubiquitin is required for the recovery of nuclear
transport upon stress relief but the molecular mechanism is
unknown (33).

Proteasome localization under stress

Early localization studies using indirect immunofluores-
cence microscopy of mammalian cells described the presence
of microscopically visible nuclear foci, so called protein quality
compartments (PQCs), which are stained by antibodies against
ubiquitin and proteasomes. Whether proteasomes reside in-
side the PQCs or surround the PQCs was not resolved by light
microscopy. At the very least, the presence of proteasomes
J. Biol. Chem. (2022) 298(7) 102083 3
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suggested that PQCs function in protein degradation and
confer resistance to cellular stress (2). Over the years evidence
has been mounting that upon stress or in response to chal-
lenging growth conditions polyubiquitinated proteins are
sequestered into bodies for spatial PQC (65, 66). PQC bodies
have the capacity to dynamically exchange their components
with the aqueous environment (67). The fluidity and plasticity
of PQCs are due to sorting factors and chaperones (68) and is
driven by ubiquitin (69). Few PQC structures have been
visualized by electron microscopy and turned out to be enig-
matic organelles not enclosed by lipid membranes. Mem-
braneless organelles are proposed to be formed by liquid–
liquid phase separation (LLPS), a mechanism allowing solu-
ble proteins to condense in aqueous solution and still to be
exchanged with their borderless environment (70, 71). Theo-
retically, the concept of LLPS is applicable to PQCs. In vitro,
an increasing number of PQC components behave like LLPS
drivers with multivalent interactions (72–77).

Proteasome inhibition induces JUNQ in mammalian and yeast
cells

One of the first PQC studied in more detail and containing
polyubiquitinated substrates and proteasomes (Table 1) was
the juxtanuclear compartment (JUNQ) (78). Formation of
JUNQ was induced either by conditional proteasomal mutants
in yeast or reversible proteasome inhibitors in HeLa cancer
cells resulting in a temporary cell cycle arrest. Since protea-
somes localize to JUNQ in an inactive state, there is no
conclusive answer to how polyubiquitinated proteins are
degraded within JUNQ. As soon as proteasomes were reac-
tivated, the JUNQ rapidly dissolved (78). Possibly, the revers-
ible cell cycle arrest under restrictive conditions was
accompanied by a decline in ATP and GTP. Nucleotide
shortage is disruptive for nuclear transport and may result in
the accumulation of transport cargoes in reversible foci, in the
case of JUNQ consisting of proteasomes and potential sub-
strates, which are cleared under permissive growth conditions.
In support of this interpretation are recent cryo-electron to-
mography data of nuclear pores. Nuclear pores dilate in cells
with active metabolism and reversibly constrict upon energy
depletion (79), suggesting that supramolecular assemblies
Table 1
Reversible proteasome foci induced by different stress factors

Name Stress factor Organism Localization Co

JUNQ proteasome inhibition Y, M NE proteasome

Foci high glucose,
hyperosmotic shock

M N proteasome
orphan r
RAD23B

SIPAN amino acid starvation M N proteasome
RAD23B

p62 foci heat, oxidation,
inhibition of nuclear
export by Crm1/
Xpo1

M N core: p62, p
orphan p
subunits;
shell: pro
ubiquitin

PSG glucose starvation Y C proteasome

Abbreviations: C, cytoplasm; cryo-ET, cryo-electron tomography; FLIP, fluorescence loss
N, nucleus; NE, nuclear envelope; TEM, transmission electron microscopy; Y, yeast.
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might be trapped in the nucleus or on their way out of the
nucleus under conditions of stress.

Stress-induced nuclear foci recruit proteasomes in
mammalian cells

Hyperosmotic stress induced by glucose comparable with
type II diabetes is linked with molecular crowding and causes
the formation of transient proteasome foci in the nucleus of
mammalian cells (76, 80). These proteasome foci behave like
LLPS organelles (Fig. 2A). Their LLPS behavior is triggered by
multivalent interactions involving the ubiquitin shuttling re-
ceptor RAD23B and polyubiquitin chains. The inhibition of
the ubiquitin-activating enzyme E1 interfered with protea-
some foci formation. Orphan or surplus ribosomal subunits,
which represent the main source of defective ribosomal
products (81), were detected as polyubiquitinated proteins
within these proteasome foci (76). Upon stress relief, the foci
dissolved and polyubiquitinated proteins were extracted by
the ATPase p97/VCP (Cdc48 in yeast). Inhibitors of either
p97/VCP, the proteasome, or proteasomal DUB Rpn11
interfered with the dissolution of these proteasome foci,
suggesting that they serve as proteolytic centers for orphan
ribosomal subunits (76). If polyubiquitinated substrates are
simultaneously degraded with foci clearance (33), these foci
could also be considered as storage compartments for UPS
components during stress and ATP shortage. Notably,
nucleoli where ribosomal subunits and rRNA are assembled
into ribosomes do not contain proteasomes (81), showing that
ribosome biogenesis and quality control of orphan ribosomal
subunits are controlled by spatially distinct membraneless
organelles (82).

In HeLa cells LLPS-driven nuclear condensates contain p62/
sequestrome-1 and polyubiquitinated substrates such as
orphan proteasomal subunits, which might represent a
considerable fraction of defective ribosomal products under
stress. These foci increase in numbers and size upon heat,
oxidative stress, and the inhibition of Crm1/Xpo1 (77), which
according to (61), is involved in nuclear export of poly-
ubiquitinated proteins. Proteasomes, the E1, E2, and E3
ubiquitination cascade, and DUBs are recruited to the pe-
riphery of p62 foci. The coincidence of UPS components
mposition Methods Disassembly Reference

, poly-Ub proteins FLIP, FRAP proteasome
activation

(78)

, poly-Ub proteins,
ibosomal proteins,

TEM, cryo-ET,
FRAP, LLPS

isoosmosis, DUB (76)

, poly-Ub proteins, Immuno-gold
TEM, FRAP,
LLPS

amino acids, DUB (75)

oly-Ub proteins,
roteasomal

teasome, E1, E2, E3
ation cascade

FRAP, LLPS (77)

, ubiquitin Immuno-gold EM glucose, ATP (20, 90)

in photobleaching; FRAP, fluorescence recovery after photobleaching; M, mammals;



Figure 2. Intranuclear proteasome movements in mammalian cells in response to stress. The double line represents the nuclear envelope with nuclear
pores. A, LLPS-driven nuclear proteasome foci are formed upon hyperosmotic and nucleolar stress resulting in the accumulation of nonincorporated ri-
bosomal proteins (76). SIPAN in the nucleus and JUNQ at the ER/nuclear envelope are formed upon amino acid starvation and proteasome inhibition,
respectively (75, 78). Rad23B with two ubiquitin-associated domains binds polyubiquitin chains of proteasomal substrates and mediates multivalent in-
teractions for LLPS. ATPase p97/VCP/Cdc48 assists in foci clearance upon stress relief by removing polyubiquitinated proteins (76). B, intranuclear p62 foci
are induced by inhibition of Crm1/Xpo1–mediated nuclear export, heat, and oxidative stress. Proteasomes are recruited to the periphery of p62 foci (77). ER,
endoplasmic reticulum; LLPS, liquid–liquid phase separation.
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suggests a major function of p62 foci in nuclear protein ho-
meostasis under basal and stress conditions and a new func-
tion of p62 unrelated to autophagy and lysosomal degradation
(77) (Fig. 2B).

Amino acid deprivation also induces nuclear foci with
proteasomes and polyubiquitinated proteins, named
starvation-induced proteasome assemblies in the nucleus of
mammalian cells (SIPAN), which behave like membraneless
PQCs and quickly resolve upon amino acid supply (75).
Comparable with proteasome foci induced by hyperosmotic
stress, RAD23B is required for SIPAN formation. Again, DUB
inhibition interfered with SIPAN clearance, providing further
evidence that ubiquitin signaling drives SIPAN formation (75).
Inhibition of the DUB UCH37 also resulted in the formation of
nuclear proteasome foci, especially under osmotic and oxida-
tive stress. Proteasome foci associated with active site mutation
of UCH37 retained polyubiquitinated proteins and RAD23B.
Again, this defect of substrate processing resulted in the
immobility and irreversibility of proteasome foci (83). Here, it
would be interesting to investigate whether nuclear foci either
surrounded by or containing proteasomes share similar qual-
ities or are even identical structures independently of the
inducing stress factor, that is, osmotic stress or amino acid
deprivation.

Cryo-electron tomography visualized proteasome micro-
compartments at the endoplasmic reticulum (ER)/nuclear
envelope in association with the ATPase Cdc48/p97/VCP
during the extraction of aberrant secretory proteins for ER-
associated degradation (84), a process envisioned by multiple
studies in the ER-associated degradation field (for review see
(85)). Upon ER stress, misfolded secretory proteins accumu-
lated in aggresomes, microtubule-dependent inclusion bodies
close to the ER/nuclear envelope, and recruited proteasomes.
Polyubiquitin chains released by the proteasomal DUB Rpn11/
Poh1 facilitated aggresome clearance (86). Without DUBs,
proteasomes overwhelmed by substrates remained trapped in
densely packed aggresomes (81). Failures to eliminate aggre-
somes by autophagy are linked with age-related neurological
disorders (34, 87).

In the nucleus, if aberrant proteins are not eliminated due to
impaired proteasomal degradation, they can accumulate in
PML-nuclear bodies, overflowing PQCs in response to
inflammation induced proteotoxic stress (88). Again, protea-
somes are recruited to PML bodies most likely for protein
degradation. However, ATP shortage might become critical for
the maintenance of the UPS. Under unfavorable conditions,
PML bodies become toxic by immobilizing the UPS, thus
threatening cell survival and leading to neurodegenerative
diseases (81).
Proteasome storage granules in the cytoplasm of quiescent
yeast cells

In yeast, membraneless organelles, named proteasome
storage granules (PSGs), exist in the cytoplasm of quiescent
cells (21). Metabolomics analysis revealed that ATP levels
decline from 4.4 mM during proliferation to 1.4 mM with
glucose depletion in quiescence (21). Nuclear proteasomes
respond to metabolic cues. In quiescence, protein synthesis is
stalled. As a consequence not only less short-lived proteins
J. Biol. Chem. (2022) 298(7) 102083 5
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regulating cell cycle progression but also less defective ribo-
somal products will accrue as potential proteasomal substrates.
Further, proteasomes migrate to the nuclear envelope and
accumulate in PSGs, which pinch off the nuclear pore and
move as stable entities through the cytoplasm (21) (Fig. 3).
Notably, ubiquitin availability is important for PSG formation.
PSG formation depends on free ubiquitin, while nuclear pro-
teasome foci depend on polyubiquitin.

Under normal growth conditions, de novo synthesized
ubiquitin is a side product of ribosome biogenesis (5). Under
acute stress, ubiquitin abundance relies on UBI4, a gene
expressing multiple ubiquitin molecules behind a promoter
with responsiveness to heat, oxidation, and heavy metals (4).
Consequently, yeast ubi4Δ mutants are hypersensitive toward
stress and have a shortened life span (89). However, during
prolonged stress and quiescence, global protein translation is
stalled and ubiquitin is not synthesized de novo (90); the
ubiquitin pool must be replenished by DUBs hydrolyzing
polyubiquitin chains. Therefore, PSGs were not formed in
ubi4Δ mutants, proteasomal DUB mutants of UBP6 (90) or
RPN11 (91) and the ubiquitin shuffling receptor mutant
rad23Δ (75).

To buffer ubiquitin fluctuations, proteasomes alter their
composition, for example, by incorporating Ubp6 to enable
polyubiquitin chain remodeling (92, 93). Ubp6 (human USP14)
shortens polyubiquitin chains (94) and inhibits proteasome
activity (93) possibly to avoid futile degradation of essential
proteins during stress.

Interestingly, the CP and RP seem to be separately seques-
tered into PSGs, the CP by Blm10 (28) and the RP by Spg5
(95). Since proteasome holoenzymes are unstable in quies-
cence, PSGs hardly serve as proteolytic centers for poly-
ubiquitinated substrates. UPS downregulation including
proteasome disassembly was discussed as a mechanism to cope
with stress and to maintain cell viability during quiescence
(26). However, ATP- and ubiquitin-independent proteolysis
Figure 3. Proteasome movement between proliferation and quiescence i
mainly localized in the nucleus and engaged in the degradation of polyubiqu
declines. Proteasomes then exit the nucleus through nuclear pores and are se
cytoplasm (21). PSGs are mainly composed of proteasomal components and m
CP and RP are dissociated in lysates of quiescent yeast cells (26). With the ad
increases and PSGs clear within a few min. Proteasomes are rapidly relocated to
cycle progression. CP, core particle; PSG, proteasome storage granule; RP, reg
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through the CP could conform to the metabolic state of
quiescence (96, 97).

The mechanism underlying PSG formation has not yet been
investigated. Is the concept of LLPS based on multivalent in-
teractions between low complexity domains or IDRs applicable
to PSGs (67, 71, 98)? No protein with low complexity domains
or rich in IDRs was identified as a significant PSG constituent
(90). PSGs are mainly composed of proteasomes with folded
subunits and ubiquitin. Extrinsic ubiquitin receptors Rad23,
Dsk2, and Ddi1 have IDRs (99) but were not identified within
PSGs.

So far, the function of PSGs is the storage of proteasomes
during quiescence and their protection from autophagic
elimination (22, 100). Under carbon starvation AMP-
dependent kinase (AMPK), a key regulator of energy homeo-
stasis, triggers microautophagy of aberrant proteasomes,
thereby saving intact proteasomes within PSGs. If AMPK is
inhibited, both aberrant and functional proteasomes are
sequestered into the irreversible protein deposit compartment,
which is eliminated by lysosomal degradation (101). PSGs
transiently interact with irreversible protein deposit compart-
ments (102), possibly allowing the sorting of intact from
aberrant proteasomes.

The common signal for proteasome sequestration into PSGs
is the drop in ATP levels (21). With ATP regeneration, pro-
teasomes are released from PSGs and immediately imported
into the nucleus to resume cell cycle progression (21, 28). ATP
is an amphiphilic molecule with properties of a biological
hydrotrope (103). Millimolar concentrations of ATP prevent
protein aggregation not only by the amphiphilic structure of
ATP but also by fueling protein folding through chaperones. If
proliferating yeast cells are shifted to anaerobic conditions by
uncoupling the mitochondrial oxidative phosphorylation, the
pH changes from �7.2 to 6.7, less ATP is gained compared
with aerobic conditions (20, 104) resulting in premature PSG
formation (105).
n yeast. In proliferating cells with high ATP, proteasome holoenzymes are
itinated proteins. With glucose depletion toward quiescence, the ATP level
questered into PSGs, which move as membraneless organelles through the
onoubiquitin (90). Since proteasome holoenzymes are unstable at low ATP,
dition of glucose, cells receive the signal to resume growth. The ATP level
the nucleus where ATP- and ubiquitin-dependent proteolysis promotes cell
ulatory particle.
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Multiple condensates like stress granules containing poly-
ubiquitinated proteins coexist with PSGs (90). Possibly, upon
PSG clearance, proteasomes clear polyubiquitinated proteins
from other PQCs and maintain the PQC reversibility and
plasticity. How the organization of PSGs and related PQCs is
synchronized could be tested by high-throughput screens in
the yeast mutant collection by using colocalization studies with
differently labeled fluorescent PQC reporter proteins.

An important question is whether PSGs are formed in
mammalian cells. Quiescence is poorly studied in mammalian
cells, since quiescence exists only in a subset of adult stem cells
including neural stem cells (106). Interestingly, dendrites of
primary neuronal cells revealed motile proteasome foci upon
excitotoxicity (107). These foci resemble CP clusters at the
plasma membrane of dendrite spines, which were proposed to
serve as proteolytic hubs for ATP- and ubiquitin-independent
degradation to regulate synaptic communication (108–110).
Excitatory stimulation may result in a local drop of ATP,
which forces the reorganization of ATP-consuming machin-
eries such as proteasomes.

In general, the accumulation of undegradable proteasomal
substrates in neuronal cells bears the risk of recruiting pro-
teasomes from the protoplasm. This depletion of proteasomes
leads to disturbed protein homeostasis associated with
neurodegenerative diseases (111, 112). Taken together, it is
essential to understand intracellular movements of protea-
somes and polyubiquitinated proteins, their equilibrium be-
tween free diffusion, and condensation into liquid organelles in
response to stress, before becoming immotile as irreversible
and toxic protein inclusions.

Future directions

While many studies on proteasome dynamics have thus far
relied on targeting UPS components to infer functions based
on educated guess, the availability of unbiased reporter-based
genetic screens initially in yeast and nowadays in mamma-
lian cells using the CRISPR-Cas system as a more integrative
method will elucidate unpredictable mechanisms of protea-
some and ubiquitin movements between the nucleus and
cytoplasm (40, 113). Stress consumes ATP and influences
nucleocytoplasmic transport, UPS dynamics by impaired
ubiquitin fluctuations, and nucleotide shortages. Intercon-
vertible posttranslational modifications in response to nucle-
otide changes may influence intracellular movements of UPS
components. Knowing how intracellular movements of the
UPS are regulated will provide the basis for timely and spatially
controlled interference, which is required to overcome meta-
bolic challenges and to protect cells from burden in disturbed
protein homeostasis. Upon stress, proteasomes and poly-
ubiquitinated proteins accumulate in PQCs presumably driven
by LLPS. If proteasomes and polyubiquitinated proteins
colocalize within the PQC, we may wonder what are the ad-
vantages of protein degradation in membraneless organelles?
Countless in vitro experiments in the past have taught us that
proteasomal proteolysis is efficient in free diffusion of enzymes
and substrates.
Single particle cryo-electron microscopy and in situ cryo-
electron tomography are emerging technologies in structural
biology, which allow to reveal large scale changes within
proteasome configurations and conformations in the proto-
plasm and membraneless organelles. Faced with the limita-
tions of conventional biochemical methods to resolve
supramolecular structures, cryo-electron tomography will
provide insight into unprecedented concepts of proteasome
organization underlying the degradation of dysfunctional
proteins under various forms of stress (114).
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