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Abstract

The proteasome, the most complex protease known, degrades proteins that have been conjugated
to ubiquitin. It faces the unique challenge of acting enzymatically on hundreds and perhaps
thousands of structurally diverse substrates, mechanically unfolding them from their native state
and translocating them vectorially from one specialized compartment of the enzyme to another.
Moreover, substrates are modified by ubiquitin in myriad configurations of chains. The many
unusual design features of the proteasome may have evolved in part to endow this enzyme with a
robust ability to process substrates regardless of their identity. The proteasome plays a major role
in preserving protein homeostasis in the cell, which requires adaptation to a wide variety of stress
conditions. Modulation of proteasome function is achieved through a large network of proteins
that interact with it dynamically, modify it enzymatically, or fine-tune its levels. The resulting
adaptability of the proteasome, which is unique among proteases, enables cells to control the
output of the ubiquitin-proteasome pathway on a global scale.

Introduction

Quality control (QC) of proteins and organelles in eukaryotic cells is mediated by a vast and
incompletely charted set of activities. QC pathways can target proteins that are misfolded,
aggregated, mutated, chemically modified, mislocalized, mistranslated, or that have failed to
assemble into a multisubunit complex. The significance of QC to human disease as well as
aging is well recognized and owes to the marked toxicity of many misfolded proteins.
Molecular chaperones, autophagy, and the ubiquitin-proteasome system (UPS) are all key
players in QC pathways (see review in this issue by Hegde and Zavodszky). While
molecular chaperones work in part to prevent and reverse misfolding events, they cannot
correct all QC problems by any means, and therefore the activity of molecular chaperones is
complemented by autophagy and the UPS, which safeguard proteostasis by destroying
misfolded and toxic species. At a mechanistic level, molecular chaperones, autophagy, and
the UPS often work hand in hand. For example, molecular chaperones frequently assist in
targeting proteins to the UPS, and selective autophagy is often driven by ubiquitination of
autophagic cargo.

Here we focus on the UPS, and in particular on the proteasome, a 2.5-3 MDa protease that
degrades proteins that have been conjugated to ubiquitin (Hough et al. 1987; Waxman et al.
1987). The proteasome is of interest as the enzyme at which all substrates converge in the
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UPS, as one of the most complex enzymes in nature, as a regulatory hub of the UPS, and as
a major therapeutic target. Excellent recent reviews have covered proteasome structure and
function (Collins and Goldberg 2017; Bard et al. 2018), ubiquitin recognition by the
proteasome (Saeki 2017), substrate processing by the proteasome (Yu and Matouschek
2017), proteasomal deubiquitinating enzymes (de Poot et al. 2017), and proteasome
assembly (Budenholzer et al. 2017; Rousseau and Bertolotti 2018).

Assembly of the proteasome from the regulatory and core particles

All cells carry out selective protein degradation primarily through ATP-dependent proteases
whose proteolytic sites are sequestered from the cytoplasmic space to minimize nonspecific
proteolytic events. The proteasome is on the same evolutionary lineage as the archaeal
protease PAN, although the latter is formed from three distinct gene products and the
proteasome 33 gene products. The PAN protease has a proteolytic core particle (CP; also
known as the 20S complex) composed of a-type and p-type subunits arranged in rings that
are stacked into a barrel-like a.7f7p7a7 assembly (Lowe et al. 1995). Thus, the heptameric a
rings occupy the ends of the barrel, whereas the inner rings are formed by B subunits, which
are proteolytically active. The CP of the eukaryotic proteasome differs mainly in that the a
and B rings are heteromeric rather than homomeric (Groll et al. 1997).

Sequestration of the CP’s proteolytic sites, which face the interior of the barrel, restricts
their enzymatic activity when the CP is in an isolated state. However, a variety of activating
complexes can derepress the CP by opening a gate in the center of the a ring, through which
substrates will pass (Groll et al. 2000; Whitby et al. 2000; Stadtmueller and Hill 2011). This
gate provides tightly regulated access into the proteolytic chamber of the CP. In the case of
PAN, a homohexameric ATPase ring mediates activation. The C-termini of the ATPases
insert into intersubunit pockets within the a ring, which control opening of the gate (Smith
et al. 2007; Majumder et al. 2018).

Gate opening is required but not sufficient for rapid and specific protein degradation. Folded
domains within proteins prevent their passage through the narrow channel into the CP; thus,
domains must be unfolded prior to degradation. The ATPase ring uses the energy of ATP
hydrolysis to actively unfold the substrate as it is vectorially translocated into CP (Fig. 1).
Unfolding is driven mechanically by ATP-dependent translocation, as the substrate is forced
to negotiate the narrow channel (Prakash et al. 2004; Yu and Matouschek 2017). The
substrate translocation channel of the ATPase ring is lined with substrate-contacting “pore
loops” on each ATPase, whose ATP-directed motion drives substrates into the CP (de la
Pena et al. 2018; Dong et al. 2018). Favorable proteasome substrates must contain an
element that can make initial contact with the proteasome, the target of which is thought to
be the pore loops, so as to initiate degradation. This step is known as engagement and
requires a flexible segment of at least 20—30 amino acids in the initiator element, though
sequence requirements are minimal (Yu et al. 2016; Yu and Matouschek 2017).

Gate opening and substrate unfolding are still not sufficient for protein degradation by the
proteasome, as ubiquitin modification is required for most substrates. Ubiquitin docks a
substrate on the proteasome, forming an enzyme-substrate complex that is sufficiently stable
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that substrate can be productively engaged by the pore loops, and translocation can initiate.
With the innovation of ubiquitination in the eukaryatic lineage, the PAN-like ancestor
protease was greatly elaborated to form the proteasome. As we have seen for the CP, the
homomeric ATPase ring evolved into a heteromeric ring (subunits Rpt1-Rpt6), but more
importantly many new components were added (Rpn-type subunits) to generate a 19-subunit
assembly referred to as the proteasome regulatory particle (RP) or 19S complex. Many of
the new subunits and associated factors adapt the proteasome to recognize and process
ubiquitin conjugates, functioning either as ubiquitin receptors or deubiquitinating enzymes
(Fig. 2). Other CP activators, such as PA28 and PA200, seem to lack both ATPase and
ubiquitin-recognizing activities. They will not be considered here but the reader is referred
to other reviews (Stadtmueller and Hill 2011; Tanaka et al. 2012). Finally, we note that
numerous tissue-specific isoforms of the proteasome have been described, most notably the
thymoproteasome and immunoproteasome, which are critical for the ontogeny and
selectivity of adaptive immunity, respectively (Qian et al. 2013; Huang et al. 2016a; Murata
et al. 2018).

Ubiquitin recognition and processing

The most critical ubiquitin receptor of the proteasome is Rpn10. This subunit recognizes
ubiquitin through an amphipathic a-helix known as the ubiquitin-interacting motif (UIM). In
mice, the UIM appears to be essential for embryonic development, and liver-specific
conditional mutants lacking the UIM exhibit substantial defects in the breakdown of
ubiquitin-protein conjugates in this tissue (Hamazaki et al. 2007). Despite the importance of
the UIM, inactivating mutants do not have a striking growth phenotype in yeast (Fu et al.
1998), indicating that other receptors also have significant roles in ubiquitin recognition. The
Pru domain of Rpn13 (Husnjak et al. 2008; Schreiner et al. 2008) and the T1 element of
Rpnl (Chen et al. 2016b; Shi et al. 2016; Dong et al. 2018) have also been shown to function
in ubiquitin recognition (Fig. 2). However, subunits Rpn13, Rpnl, and Rpn10 do not
function only as ubiquitin receptors—they can also recognize ubiquitin indirectly by
reversibly binding extrinsic ubiquitin receptors, which themselves carry substrate. The
canonical receptors of this class are the UBL-UBA proteins (Fig. 3), which bind ubiquitin
via their UBA domains and the proteasome via their ubiquitin-like (UBL) domains. An
elegant proteomic study concluded that the UBL-UBA pathway is the major route by which
proteins are targeted to the proteasome in yeast (Tsuchiya et al. 2017), though this study
tracked biochemical interactions with the proteasome rather than protein degradation per se.
The three UBL-UBA proteins in yeast, Rad23, Dsk2, and Ddil, have each been amplified
into a small gene family in mammals (see Fig. 3 and (Saeki 2017)), and mutations in a Dsk2
homolog, Ubiquilin2, underlie a familial form of amyotrophic lateral sclerosis (ALS; (Deng
et al. 2011)).

Yeast strains in which the RAD23, DSKZ, and DDI1 genes have all been deleted, and the
ubiquitin-binding elements of Rpn10, Rpn13, and Rpnl mutationally inactivated, are
sensitive to stress but nonetheless viable, suggesting that additional ubiquitin receptors for
the proteasome remain to be identified (Shi et al. 2016). Why are there so many proteasomal
ubiquitin receptors? One reason may be to promote substrate association with the
proteasome in multiple alternative orientations—"orientation sampling” (Shi et al. 2016).
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According to this model, some substrates docked at the proteasome may initiate degradation
inefficiently because their initiation elements are not positioned closely enough to the
substrate entry port. However, if this were the case when the ubiquitin chain is bound to one
receptor, it might not be when bound to another. Thus, positioning ubiquitin receptors at
different locations in the RP could allow the proteasome to function more robustly as a
protease. A second, not mutually exclusive model, is that having multiple receptors is
advantageous in allowing avid or multipoint recognition of ubiquitin conjugates (Meyer and
Rape 2014; Lu et al. 2015; Shi et al. 2016). Multipoint recognition would enhance the ability
of the proteasome to recognize substrates modified with branched ubiquitin chains and with
chains attached at multiple lysines within the substrate. As with orientation sampling, the
most general effect would be a more robust capacity to degrade diverse cellular proteins.

Deubiquitinating enzymes on the proteasome prevent ubiquitin from being degraded
together with the substrate to which it is attached (de Poot et al. 2017). Release of ubiquitin
can promote substrate degradation, because ubiquitin has an unusually stable folded
structure, and thus it can impede translocation kinetically (Verma et al. 2002; Yao and Cohen
2002; Worden et al. 2017). Deubiquitinating enzyme Rpn11 is positioned directly above the
substrate entry port of the actively translocating proteasome (Figs. 1 and 2). Due in part to
this positioning, it seems to remove ubiquitin primarily from substrates that have already
been committed to degradation by virtue of engagement with the pore loops of the ATPase
ring. The ATP-dependence of Rpnl1 activity is a signature of this coupling to substrate
engagement, given that Rpn11 is not itself an ATPase. Proteasomal deubiquitinating
enzymes that function independently of ATP, such as USP14/Ubp6 and UCH37/UCHL5
(Fig. 2), can remove ubiquitin prior to substrate engagement and therefore can antagonize
degradation by promoting substrate dissociation from the proteasome prior to the
“engagement” step (Yao and Cohen 2002; Lee et al. 2010; Lee et al. 2016). The catalytic
activities of UCH37/UCHL5, USP14/Ubp6, and Rpn11/PSMD14 are all activated by the
proteasome and subject to other types of regulation as reviewed below and elsewhere (de
Poot et al. 2017; Bard et al. 2018).

Conformational States of the Proteasome

Cryo-electron microscopy has recently been applied to the proteasome with great success,
and many distinct conformational have been resolved (Bard et al. 2018). Although the total
number of distinct populated states is high, and remains to be established, studies of the
yeast proteasome have to date resolved six conformational states, s1-s6 (Eisele et al. 2018),
even in the absence of substrate. The s1 state is the principal species in idling proteasomes,
that is, in the presence of ATP and the absence of substrate. (Substrate-free proteasomes
continually hydrolyze ATP.) Key features of the proteasome are misaligned in s1; the
substrate translocation channel of the ATPase ring is not flush with the CP gate, and
importantly the active site of Rpn11 is 25 Angstroms away from the substrate entry port of
the ATPase ring (Fig. 1). Although the CP gate was for many years viewed as being opened
as a direct consequence of CP-RP association, this is clearly not the case as the gate is
closed in the s1, s2, and s3 states. The increased access of small molecule probes such as
LLVY-AMC upon holoenzyme assembly in the absence of substrate may reflect a mixture of
holoenzyme states in the sample, although the open-gate states s4, s5, and s6 are not well
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populated. In any case, the closed CP gate seen in sl state proteasomes is an additional
hallmark of their latency.

The proteasome can be converted into a degradation-competent state even in the absence of
substrate, for example by replacing ATP with the slowly hydrolyzed nucleotide ATP+yS.
Under this condition the major form is s3, which shows productive axial alignment of
Rpnll, the RP substrate translocation channel, and the CP gate. But the gate remains closed,
being opened only in the s4 state (Wehmer et al. 2017; Eisele et al. 2018). In general, gate
opening has been regarded, both from biochemical and initial cryoEM studies, as a
consequence of the insertion of “HbY X" type ATPases into their cognate a pockets. The
HbY X motif, whose signature is a penultimate tyrosine, was identified in the C-terminus of
PAN, and found to be present as well in the three of the six proteasomal ATPases (Rpt2,
Rpt3, and Rpt5) (Smith et al. 2007). However, a key role was subsequently found for a
pocket contacts to the C-terminus of Rpt6 (Park et al. 2013; Sokolova et al. 2015; Eisele et
al. 2018), which does not conform to the Hb'YX consensus. Optimal gate opening is
apparently only observed when the C-termini of both Rpt6 and Rptl are engaged with a ring
(Eisele et al. 2018), which will depend on the nucleotide state of the proteasome’s ATPase
ring, or “Rpt ring,” as discussed below.

Recent work has visualized numerous substrate-engaged states by substrate trapping, using
approaches such as stripping Zn** ion from Rpn11 or adding ATPvS to proteasomes that are
in the act of substrate degradation (Matyskiela et al. 2013; de la Pena et al. 2018; Dong et al.
2018). These studies present a detailed model of the proteasome’s ATP hydrolytic cycle and
coupling to substrate translocation. The hydrolytic cycle of the engaged proteasome is
thought to involve a “rotary” mechanism in which an ATP hydrolytic event in one Rpt
protein is followed by one in the adjacent subunit, proceeding continuously around the ring
(de la Pena et al. 2018; Dong et al. 2018; Majumder et al. 2018). Substrate-engaged pore
loops travel “downwards,” or towards the CP, in conveyor-belt fashion, under the direction
of the sequential ATP hydrolytic events. When a pore loop reaches the CP-proximal
position, it disengages from the substrate, then returns to a CP-distal position where it will
subsequently engage another segment of the translocating substrate. Disengaged subunits are
displaced outward from the ring so that their pore loops lose contact with substrate (Fig. 4).
The coupling of disengagement to distal movement of the pore loop underlies the
vectoriality of substrate movement, in that only engaged pore loops move towards the CP.
Contemporaneously with these motions, the four subunits that are engaged with substrate
move in concert, with one step of the process translocating the substrate towards the CP by a
distance corresponding to approximately two amino acids in the substrate. The dynamics of
the Rpt ring and the central role of the pore loops in driving substrate translocation are
similar to those generally observed in AAA ATPase complexes (Puchades et al. 2017),
which include other proteases, helicases, and additional biochemical activities.

Tomographic Resolution of Proteasome States within Cells

Remarkable advances in cryo-electron tomography have recently enabled the visualization
of proteasomes under essentially native conditions within cells (Asano et al. 2015; Guo et al.
2018). The level of resolution is sufficient to assign conformational states in reference to
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cryo-EM data on purified proteasomes. The tomographic approach has been particularly
revealing in the study of familial amyotrophic lateral sclerosis (FALS). The C90rf72 gene is
often expanded in G4C, repeats in fALS, and these are aberrantly translated into a variety of
toxic dipeptide repeat containing proteins. One of these, poly-Gly-Ala (poly-GA), forms
densely packed cytoplasmic fibrils that specifically recruit proteasomes, with poly-GA
aggregates concentrating proteasomes ~30-fold over neighboring sites within the cell (Guo
et al. 2018). Unlike the general pool of proteasomes, sequestered proteasomes are frequently
found in the s4 state and thus are likely to be engaged with substrate. Yet poly-GA proteins
are not favorable proteasome substrates. These findings suggest that the sequestered
proteasomes may be unproductively engaged with substrate, i.e., stalled. The sequestration
and inhibition of proteasome by poly-GA aggregates could potentially play a significant role
in their neurodegenerative effect.

Recognition and the Ubiquitin Code

Unlike many protein modifications, ubiquitination exhibits marked structural variation,
arising principally from the formation of ubiquitin-ubiquitin adducts. The seven lysine
residues of ubiquitin as well as its N-terminal amino group are all subject to modification
(Chau et al. 1989; Spence et al. 1995; Kirisako et al. 2006; Xu et al. 2009; Kwon and
Ciechanover 2017). Ligases and ubiquitin conjugating enzymes with high specificity in the
formation of ubiquitin-ubiquitin linkages generate homogeneous chains (Chau et al. 1989;
VanDemark et al. 2001), while other ligases generate mixed linkages (Kirkpatrick et al.
2006), or in some cases no chains whatsoever (Braten et al. 2016; Nguyen et al. 2017;
Yanagitani et al. 2017). Some chains have branched topologies (Meyer and Rape 2014; Yau
et al. 2017; Samant et al. 2018), where an acceptor ubiquitin is modified by more than one
ubiquitin donor. Phosphorylation and acetylation of ubiquitin provide further important
variation (Harper et al. 2018), and another protein modifier, the ubiquitin-like protein
SUMO, can form mixed chains with ubiquitin, which also target proteins to the proteasome
(Liebelt and Vertegaal 2016). Chains vary in length (Tsuchiya et al. 2018), and with
approximately ~100 distinct deubiquitinating enzymes (DUBs) encoded in the mammalian
genome (Leznicki and Kulathu 2017), it is not surprising that chains are in addition highly
dynamic. Chain editing processes may fundamentally alter chain structures over time (Wertz
and Dixit 2014; Chen et al. 2017).

The complexity of chain architectures reflects that ubiquitin serves numerous signaling roles
apart from targeting to the proteasome. Ubiquitination of cell surface proteins targets them
to the endosome and ultimately the lysosome for degradation (Piper et al. 2014). In addition,
selective autophagy is frequently dependent on ubiquitination of cargo proteins (Grumati
and Dikic 2018). Aside from these degradative pathways, many ubiquitination events do not
target substrate degradation at all, as commonly seen in the signaling pathways of innate
immunity and in targets of modification in chromatin, such as histones and PCNA. It is clear
that chain linkage specificity underlies much of the selectivity of these targeting events, with
chains linked through Lys63 and Metl being instrumental in nonproteolytic signaling. Yet
why the proteasome acts so poorly, if at all, on substrates modified by such chains is still
unresolved. Purified proteasomes discriminate only weakly against chains, such as Lys63
chains, that appear to exhibit negligible targeting activity in vivo (Hofmann and Pickart
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2001). One explanation may be that the in vivo activity of proteasomes on such targets is
limited by kinetic competition with other (Lys63-specific) ubiquitin receptors (Nathan et al.
2013). In other cases, the Lys63 chain selectivity effect may be misconstrued in that it does
not owe to the chain itself but instead to the substrate components of these conjugates being
inherently poor proteasome substrates, for example by being resistant to unfolding by the
proteasome.

A key problem in substrate recognition by the proteasome is how UBL-UBA proteins
promote the process. Since the proteasome-binding UBL domain and the ubiquitin-binding
UBA domain are joined through long, flexible linkers, a substrate docked by these bridging
factors would have greater freedom of orientation with respect to the proteasome than one
docked directly onto Rpnl or Rpn13, which could result in faster and more efficient
orientation sampling (Shi et al. 2016). The UBA domains within UBL-UBA proteins
suppress deubiquitination of bound conjugates, which would also promote degradation
(Hartmann-Petersen et al. 2003). Binding of the proteasome by the UBL domains of these
proteins may also play a regulatory role, as purified UBL domains from mammalian
homologs of Rad23 and Dsk2 (hHR23B and Ubiquilinl, respectively; Fig. 3) stimulate
peptide hydrolysis by the proteasome, albeit partially (Kim and Goldberg 2018). As
mentioned above, only a subset of the conformational states of the assembled proteasome
holoenzyme have an open CP channel. Therefore, such a stimulation of peptide hydrolysis
could suggest that UBL binding somehow redistributes the ensemble of conformational
states that are present at steady-state in the proteasome samples tested.

Additional, more specific functions of UBL-UBA proteins have also been reported. For
example, ubiquilins (mammalian homologues of Dsk2) specifically promote the proteasomal
degradation of mislocalized mitochondrial proteins through recognizing exposed
transmembrane (TM) domains (Itakura et al. 2016; Suzuki and Kawahara 2016; Whiteley et
al. 2017). This ubiquilin function is particularly evident in activated B cells, which have
elevated levels of mitochondrial protein mislocalization (Whiteley et al. 2017). The domain
implicated in TM interaction is neither the UBL nor UBA, but one within the flexible linker
between them-the STI domain, also known as the M domain (Fig. 3)-that has so far been
subject to little study (Itakura et al. 2016). As ubiquilins are hypothesized to recruit an E3 to
ubiquitinate such proteins, this model holds that, at least for these substrates, ubiquilin
binding actually precedes and helps to direct ubiquitination events.

Studies in yeast point to a critical role for UBL-UBA proteins (Rad23 and Dsk?2) in the
transfer of ubiquitin conjugates from Cdc48 to the proteasome. Cdc48, known in mammals
as p97, is an interesting ATPase-ring complex from the same (AAA™) protein family as the
Rpt proteins of the proteasome (van den Boom and Meyer 2018). It appears to unfold
proteins, primarily ubiquitinated proteins, by a mechanism involving threading of the
substrate through a narrow axial channel, as described for the proteasome above (Blythe et
al. 2017; Bodnar and Rapoport 2017). Such substrates are in many (but not all) cases
destined to the proteasome for degradation, in that the Cdc48 complex itself has no
proteolytic activity. One possible model of Cdc48-proteasome coupling is that the ATPase
ring of Cdc48 replaces the RP complex at the cylinder end of the CP, injecting substrate
directly into the CP (Barthelme and Sauer 2012; Esaki et al. 2017). A model with more
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direct support to date is that UBL-UBA proteins ferry the substrate from Cdc48 to a
canonical RP-CP proteasome (Kim et al. 2004; Richly et al. 2005; Tsuchiya et al. 2017).

A cofactor of Cdc48 known as Ufd2, an E4 ubiquitin ligase (i.e., it extends pre-existing
ubiquitin chains), directly interacts with the UBL domains of Rad23 and Dsk2 (Hanzelmann
et al. 2010). In fact Ufd2 has a considerably higher affinity for these UBL domains than does
the proteasome. As chains are extended by a Ufd2-Rad23 complex on Cdc48, the UBA
domain in Rad23 can bind the growing chain as it reaches approximately six ubiquitins in
length, blocking further elongation. The Rad23-substrate complex can then dissociate from
Ufd2, freeing its UBL domain to bind proteasomal receptors such as Rpnl and Rpn13.

Recent studies have reported a crucial role of Ubiquilin2 (Hjerpe et al. 2016) and its yeast
homolog Dsk2 (Samant et al. 2018) in the turnover of misfolded or aggregated proteins in
the nucleus, including misfolded proteins generated by heat shock. Aggregates of polyQ-
expanded Huntingtin also appear to be cleared through Ubiquilin2 (Hjerpe et al. 2016). In
these studies the UBL-UBA protein is thought to cooperate with Hsp70 chaperones rather
than Cdc48/p97. This pathway to the proteasome may be of special importance in the
nucleus because of the absence of autophagy in this compartment.

Several ubiquitin-receptor proteins that are not in the UBL-UBA family also bind
proteasomes and appear to target proteins to the proteasome (reviewed in (Saeki 2017)). The
ZFAND family of zinc finger proteins is of special interest (Fig. 3). Initial work defined
AIRAP (a.k.a. ZFAND2A) as a protein that is induced by the proteotoxic agent arsenic,
binds proteasomes, and enhances their activity through an unknown mechanism (Stanhill et
al. 2006). A constitutive homolog located in the endoplasmic reticulum, AIRAPL (a.k.a.
ZFAND2B), was later identified, and C. elegans lacking this activity were found to have a
decreased lifespan and to be hypersensitive to the expression of misfolded proteins (Yun et
al. 2008). Although the expression of AIRAPL is not induced by arsenic, the protein is
recruited to the proteasome under these conditions. ZFAND1, a.k.a. Cuzl, was originally
characterized in S. cerevisiae, where it binds both proteasomes and Cdc48 and confers
resistance to arsenic (Sa-Moura et al. 2013; Hanna et al. 2014). It was recently found to bind
arsenite-induced cytoplasmic stress granules (SGs) in human (HEK293) cells and in yeast,
and to promote binding of both proteasomes and p97 to these structures (Turakhiya et al.
2018). ZFANDL1 also mediates the elimination of SGs in a proteasome- and p97-dependent
manner. SGs form by phase separation when translation is suppressed, and contain
ribonucleoprotein complexes stalled at a pre-initiation step. In general, SGs can be induced
by diverse stresses, and curiously only those induced by arsenite stress are ZFAND1-
responsive (Turakhiya et al. 2018).

ZFANDS is unique among these ZFAND family members in having no obvious
responsiveness to arsenic. It is instead strongly induced in atrophic muscle after treatments
such as fasting (Hishiya et al. 2006), and Zfand5 null mutant mice are substantially deficient
in muscle atrophy. These mutants also exhibit elevated ubiquitin conjugate levels under
atrophy-inducing conditions, consistent with defective conjugate degradation. ZFAND5 has
complex stimulatory effects on the proteasome and notably binds ubiquitin via its A20
domain, which is necessary for stimulation of ubiquitin conjugate degradation (Hishiya et al.
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2006; Lee et al. 2018a). The ubiquitin-binding capacity of ZFANDS is shared with
ZFAND2B/AIRAPL, although ZFAND2B binds ubiquitin via tandem UIM elements rather
than an A20 domain (Rahighi et al. 2016). In summary, two members of the ZFAND family
are ubiquitin-binding proteins and are assumed to deliver conjugates to the proteasome in
analogy to UBL-UBA proteins. Others, such as AIRAP, also stimulate proteasome activity,
ostensibly by coupling the proteasome to p97, but perhaps also through other still
unidentified mechanisms.

Regulation of proteasome levels by Rpn4 and Nrfl

Early in the development of the ubiquitin field, it was assumed that proteasomes were
present at levels adequate to handle the incoming flux of ubiquitin conjugates, and that
therefore the exact level and activity of this enzyme were not of major biological
significance. Today control of the level of the proteasome is understood to be mediated by an
elaborate network that contributes to global regulation of protein degradation. Proteasome
levels are especially significant when cells are under proteotoxic stress or exposed to
proteasome inhibitors in anticancer treatments.

In elegant studies, proteasome levels were shown in yeast to be under negative feedback
control by the transcriptional factor Rpn4 (Xie and Varshavsky 2001). All genes encoding
proteasome subunits have PACE elements in their promoters, which confer Rpn4 control
(Fig. 5). Feedback is mediated by proteasomal degradation of Rpn4, whose basal half-life of
~2 minutes makes it one of the most rapidly turned over proteins in yeast. Rpn4 is
ubiquitinated by the ligase Ubr2 but is also degraded through a ubiquitin-independent
pathway (Wang et al. 2004; Ha et al. 2012). The latter pathway is very unusual for a high-
turnover protein, and ensures that Rpn4 is sensitive principally to fluctuations in proteasome
activity rather than ubiquitin levels, which are separately regulated (Hanna et al. 2007) (see
also below). In the absence of proteostatic stress, proteasome levels are reduced in rpn4 null
mutants (Xie and Varshavsky 2001), indicating that Rpn4 mediates tonic control over
proteasome levels under favorable conditions. However, multiple transcriptional sensors of
proteostatic stress bind to and regulate the promoter of the RPN4 gene (Wang et al. 2008)
including those sensing heat stress (Hsf1) and oxidative stress (Yapl). Mediators of the
pleiotropic drug response (Pdrl and Pdr3) can also induce RPN4 transcription. These
findings indicate that the Rpn4-proteasome negative feedback loop is integrated into a
broader stress-responsive regulatory network. Indeed, Rpn4 itself has many transcriptional
targets other than proteasome subunit genes (Jelinsky et al. 2000).

Although proteasome levels in mammals are also controlled by a homeostatic negative
feedback loop, the regulators are not homologous to Rpn4. The design of the mammalian
circuit is extremely interesting, and is conserved to C. elegans (Lehrbach and Ruvkun 2016).
Transcription factor NRF1 is, like Rpn4, constitutively degraded (with a basal half-life of
~30 min), and like Rpn4 it controls the genes for all proteasome subunits in response to
proteasome inhibitors (Radhakrishnan et al. 2010; Steffen et al. 2010). NRF1 recognizes
well-characterized anti-oxidant response elements (ARES) in target genes, which encode a
wide variety of activities (Fig. 5).
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NRF1 differs from Rpn4 in being localized to the endoplasmic reticulum (ER), and its
constitutive degradation proceeds in part through the ERAD pathway, in which proteins
from the ER are retrotranslocated into the cytoplasm (see reviews in this issue: Karagdz et
al.; Needham et al.). Retrotranslocation is coupled to ubiquitination, in this case by the
HRD1 ligase, which resides in the ER membrane and also appears to be the transmembrane
channel for retrotranslocation (Schoebel et al. 2017). The ubiquitinated substrate is extracted
from the membrane by p97 and subsequently degraded by the proteasome. When
retrotranslocated but not immediately degraded, NRF1 gains access to the nucleus, where it
is active, though still rapidly degraded through the action of the R-TRCP and FBXW7
ligases, and thus significantly accumulating only when its degradation through the
proteasome is inhibited. However, translocation into the nucleus, and thus activation of Nrfl
in the cytosol, additionally requires an unusual endoproteolytic cleavage event that separates
the transcriptional activation (TAD) and DNA binding domains of NRF1 from its
transmembrane domain. Unexpectedly, the pathway does not simply consist in the release of
a cytoplasmic TADs from a membrane anchor by endoproteolytic cleavage, because the
TAD domains of NRF1 are situated inside the ER lumen prior to retrotranslocation (Fig. 5).

The source of endoproteolytic activity is remarkably enough a UBL-UBA domain protein,
DDI2. It has been known for some time that Ddil, the yeast homolog of mammalian DDI2,
contains a functional aspartyl protease domain between its UBL and UBA domains (Krylov
and Koonin 2001; Sirkis et al. 2006), but no substrate had been identified prior to NRF1.
Possibly DDI2 uses its ubiquitin-binding capacity to selectively cleave ubiquitinated NRF1,
working like the proteasome as a ubiquitin-dependent protease and indeed in competition
with the proteasome for retrotranslocated NRF1. Such a competition would help to explain
why transcription by NRF1 mediates feedback control of proteasome levels in response to
proteasome inhibition, although cleaved and nuclearly localized NRF1 is also stabilized by
proteasome inhibitors.

Although interest in NRF1 has focused mainly on its role in mediating adaptation to
proteasome inhibitors during chemotherapy, there are other interesting aspects to the biology
of this circuit. When mammals are exposed to ambient temperatures that are below body
temperature, they induce thermogenic pathways to sustain their temperature. Enhanced
metabolic activity in brown adipose tissue, or BAT, plays a major role in cold adaptation.
Metabolic adaptation is accompanied by transcriptional induction of the NrfZ gene (Nfe2ll),
giving rise to significant elevation of proteasome levels (Bartelt et al. 2018). Under
thermogenic conditions, but not at thermoneutrality, proteasome inhibitors delivered
systemically compromise the ability of mice to sustain their body temperature. In BAT-
specific NrfI mutants, numerous BAT proteins were found by global proteomics to be
hyperubiquitinated under thermogenic conditions, an accumulation that points to overload of
the proteasome in the absence of induction. Interestingly, ~1/3 of the hyperubiquitinated
proteins were from mitochondria, which correlates with impaired mitochondrial function in
Nrfl mutants. This is a striking example of how proteasome levels are finely adjusted under
physiologically relevant stress conditions.

Cold Spring Harb Perspect Biol. Author manuscript; available in PMC 2020 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Finley and Prado

Page 11

Subunit Rpn6 promotes proteasome assembly and organismal longevity

Whereas Rpn4 and NRF1 control proteasome levels through coordinate regulation of all
genes encoding proteasome subunits, other regulatory pathways are far more targeted and
yet surprisingly achieve a similar effect. For example, transcriptional induction of the gene
encoding Rpn6/PSMD11, a subunit of the RP, increases proteasome activity with dramatic
physiological consequences, as described below (Vilchez et al. 2012a; Vilchez et al. 2012b;
Vilchez et al. 2014). Interesting studies of C. elegans revealed the role of Rpn6 in
proteasome regulation and set this in a critical physiological context. It has long been
recognized that C. elegans mutants that lack a germline have an extended lifespan, which is
dependent on the forkhead-class transcription factor DAF-16. The rpn-6.1 gene has an
apparent DAF-16 binding site in its promoter and is induced by DAF-16. Overexpression of
ron-6.1 conferred longevity on worms as well as a variety of proteostasis-related phenotypes
such as resistance to oxidative and heat stress. The Rpn6 effect is conserved between C.
elegans and mammals, and the mechanism underlying this effect has been examined in
mammalian cells (Vilchez et al. 2012a). Higher levels of Rpn6 were found to promote more
efficient formation of holoenzyme from RP and CP (Vilchez et al. 2012a). Elevated Rpn6
expression was found in human embryonic stem cells, apparently accounting for their
relatively high proteasome activities.

Although Rpné6 is to our knowledge the only proteasome subunit used physiologically to
fine-tune proteasome holoenzyme levels, several other subunits have been found to drive
proteasome assembly when artificially overexpressed. For example, overexpression of
Rpnll in otherwise wild-type D. melanogaster resulted in a substantial increase in mean
lifespan from ~27 to ~37 days (Tonoki et al. 2009). Rpn11 overexpression increased
proteasome levels and suppressed the accumulation of ubiquitin-protein conjugates that is
observed in wild-type flies as they age. Similar effects on longevity have been reported for
overexpression of CP subunit 35 in C. elegans as well (Chondrogianni et al. 2015).

Post-translational regulation of proteasome levels

It has long been recognized that cells subjected to nutritional limitation induce autophagy,
which serves to ensure stable amino acid supply from endogenous resources. More recently,
notable studies have shown that a comparable response is exhibited by in the UPS and can
be elicited by inhibition of the growth-regulatory kinase mTOR (Zhang et al. 2014; Zhao et
al. 2015; Rousseau and Bertolotti 2016), which may likewise serve in stabilizing amino acid
pools (Suraweera et al. 2012). These studies, however, reach different conclusions on the
nature of mTOR regulation of the UPS, which can perhaps be traced back to the differing
experimental systems used. Another study suggested that mTOR inhibition suppresses rather
than activates the UPS (Zhang et al. 2014). The molecular mechanisms underlying these
effects, including an acute elevation of proteasome activity upon mTOR inhibition, have
been debated, and the reader is referred to recent reviews that discuss this in detail (Zhao and
Goldberg 2016; Rousseau and Bertolotti 2018).

The response of the UPS is surprisingly sensitive to the nature and duration of the nutritional
deprivation. In particular, longer deprivation results in down-regulation of proteasome
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activity (in contrast to that noted above), as cells progressively adopt a quiescent state.
Protein synthesis rates fall markedly, and, as protein synthesis and degradation must be held
in balance, downregulation of the proteasome should be adaptive. Genetic studies support
this view (Marshall and Vierstra 2018). Multiple mechanisms have been shown to underlie
this downregulation. It was first noted that as cells proceed into quiescent phase their
proteasomes are disassembled into free RP and CP (Bajorek et al. 2003). Upon refeeding of
these cultures, RP and CP rapidly reassemble, and thus a level of proteasome activity
characteristic of growing culture is quickly re-established (Bajorek et al. 2003; Laporte et al.
2008). Open-channel mutants in CP a subunits lose viability after prolonged stationery
phase incubation, indicating that these cells are indeed vulnerable to hyperactive protein
degradation (Bajorek et al. 2003). The CP gate may thus play a key role in suppressing
protein degradation by free CP, especially in stationary phase cells.

Interestingly, the free RP and CP in quiescent cells collect into structures known as
proteasome storage granules, or PSGs (Laporte et al. 2008). PSGs contain both RP and CP
but they do not assemble into holoenzyme within the granule. PSG formation also involves
translocation of RP and CP from the nucleus to the cytoplasm (Laporte et al. 2008). Over 40
genes have been found to be required for PSG formation (Gu et al. 2017). Although a
general understanding of the pathway has not yet been achieved, it is clear that BIm10/
PA200 plays a key role in targeting CP into PSGs, while Spg5 does so for RP (Marshall and
Vierstra 2018). BIm10 contains a functional HbY X motif at its C-terminus, which inserts
into the a5/a6 pocket of the CP. Through this and other interactions, BIm10 occupies the
cylinder end of the complex (Sadre-Bazzaz et al. 2010), explaining, at least in part, the
failure of CP-RP interaction in the PSG.

PSGs are formed under carbon starvation though surprisingly not under nitrogen starvation.
Under the latter condition, with amino acids limiting, proteasomes seem to be sacrificed for
their amino acids, and eliminated through selective autophagy, with the CP and RP being
independently targeted (Waite et al. 2016). This process, known as proteaphagy, is directed
by Cue5 (Marshall et al. 2016), the only autophagy receptor in yeast that is known to
recognize ubiquitinated cargo (Lu et al. 2014). The involvement of Cue5 suggests that
ubiquitin modification of the proteasome may be required for proteaphagy, and indeed
various proteasome components are subject to ubiquitination, particularly upon proteasome
inhibition (Crosas et al. 2006; Besche et al. 2014; Marshall et al. 2015). What is the function
of PSGs? They are not formed simply as an alternative to proteaphagy, but rather PSGs
function to protect proteasome components from a default pathway of autophagy under
carbon starvation. Thus, when PSG formation is prevented in carbon-starved cells, their
proteasomes are degraded via autophagy, essentially reverting to the program of nitrogen
starvation. This has been elegantly shown using null mutants in the above-mentioned PSG
recruitment factors BIm10 and Spg5 (Marshall and Vierstra 2018).

Regulation of proteasome activity by USP14

As discussed above, during substrate degradation, attached ubiquitin groups constitute a
kinetic impediment to translocation, a problem solved by the incorporation of
deubiquitinating enzymes into the proteasome. In yeast, deletion of the {BP6 gene results in
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accelerated ubiquitin degradation via the proteasome (Hanna et al. 2003). Therefore Rpn1l
cannot be fully competent to rescue substrate-attached ubiquitin from degradation. Perhaps
there is a distinct class of ubiquitin conjugates that are weak Rpnl11 substrates and preferred
Ubp6 substrates but there is no indication of what features may underlie this. The specificity
of Ubp6 and its mammalian ortholog USP14 is highly unusual in that these enzymes rapidly
disassemble ubiquitin-protein conjugates that carry more than one ubiquitin chain (Lee et al.
2016). Conjugates of this type can be deubiquitinated by proteasome-associated, or
“activated” Ubp6 on a time scale of milliseconds to seconds, whereas the deubiquitination of
single-chain conjugates and disassembly of free chains by activated Ubp6 is so slow as to be
challenging to measure. If a conjugate carrying multiple chains docks at the proteasome,
Ubp6 removes every chain but one and then stops (Lee et al. 2016). The preservation of a
single chain ensures that the substrate will still have a chance of being degraded, depending
on the length of the remaining chain, which governs the dissociation rate of the substrate
from the proteasome.

Ubp6 and Usp14 have long been viewed as suppressive of substrate degradation by the
proteasome (Hanna et al. 2006; Hanna et al. 2007; Lee et al. 2010; Bashore et al. 2015; Lee
et al. 2016; Kim and Goldberg 2017). This suppression has two distinct components, one
catalytic and one noncatalytic. For brevity, the latter will not be discussed here, as it was
recently reviewed (de Poot et al. 2017). The multichain specificity of deubiquitination by
USP14 is in agreement with the model that USP14 suppresses substrate degradation,
assuming that more than one chain on a substrate can contribute to the strength of binding to
the proteasome. Recent work supports this assumption (Lu et al. 2015), and the concept of
multivalent recognition of ubiquitin conjugates is in agreement with the multiplicity of
ubiquitin receptors on the proteasome (see above).

The model that deubiquitination by Ubp6 or USP14 can suppress degradation requires that
deubiquitination is very fast, so as to outrace substrate degradation. This has been validated
by quench-flow and single-molecule analysis (Lee et al. 2016). The multichain model has
not been validated with endogenous substrates, but many groups have identified endogenous
clients of Usp14 that are more rapidly degraded when this activity is inhibited, or when
USP14 expression is knocked down (Lee et al. 2010; Homma et al. 2015; Chen et al. 20164a;
McKinnon et al. 2016; Nakashima et al. 2016; Sareen-Khanna et al. 2016; Xu et al. 2016;
Boselli et al. 2017; Liao et al. 2017; Min et al. 2017b; Song et al. 2017; Wei et al. 2017; Zhu
etal. 2017; Li et al. 2018; Liao et al. 2018; Liu et al. 2018; Massa et al. 2018). These
experiments have relied mainly on the specific small-molecule inhibitors of USP14, 1U1 and
IU1-47 (Lee et al. 2010; Boselli et al. 2017). U1 has recently been co-crystallized with
USP14 and shown to inhibit enzymatic activity by blocking access of the C-terminus of
ubiquitin to the active site of USP14, as shown in Fig. 6 (Wang et al. 2018).

In addition to suppressing the degradation of numerous proteins, USP14 has remarkably
been found to also suppress the degradation of an organelle (Chakraborty et al. 2018). In
both mammalian cells and D. melanogaster, USP14 controls the rate of basal mitophagy.
Although specific USP14 substrates that mediate this effect have not been identified, it may
reflect that basal mitophagy can be signaled by ubiquitination of proteins of the
mitochondrial membrane (Villa et al. 2018), as described for the depolarization-induced
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mitophagy pathway that is mediated by the ubiquitin ligase Parkin (Harper et al. 2018). In D.
melanogaster mutants that lack Parkin-dependent mitophagy, reduction of USP14 activity
confers substantial lifespan extension and enhances motor function. These effects apparently
result from improved mitochondrial function, as increased basal mitophagy provides for
more efficient clearance of dysfunctional mitochondria that would otherwise be cleared by
the Parkin pathway. Suppression of Parkin mutant phenotypes was evident both with Usp14
knockdown mutations and with IU1 provided in the flies” food. Phenotypic suppression by
loss of USP14 activity was also seen with mutants in PinkI, the protein Kinase that activates
Parkin (Chakraborty et al. 2018).

Ubp6/USP14 is activated 300-800 fold by proteasome association when assayed with a
model substrate having a small leaving group, such as ubiquitin-AMC (Leggett et al. 2002).
Repression of the free form of Ubp6/USP14 is thought to be mediated, at least in part, by
two loops, BL1 and BL2 (Fig. 6), that block access of the C-terminus of ubiquitin to the
active site of the enzyme (Hu et al. 2005; Huang et al. 2016b). Free Ubp6/USP14 is often
assayed using diubiquitin, but interestingly no activation is evident with this substrate (Lee
et al. 2016). A likely resolution to this conundrum is that complex formation with the
proteasome, as seen by cryoEM (Aufderheide et al. 2015; Huang et al. 2016b), brings the
active site of Ubp6/USP14 so close to the proteasome that the folded structure of the
proximal ubiquitin is occluded (Lee et al. 2016). Accordingly, Ubp6/USP14 release chains
en bloc rather than whittling them down from their tips. Interestingly, because proximal
ubiquitin in a diubiquitin adduct occupies the position of substrate in a ubiquitin-substrate
adduct, the idea that the body of the proteasome blocks access of bulky leaving groups to
Ubp6/USP14 also carries the prediction that Ubp6/USP14 discriminates against folded
domains in the substrate protein itself. Ubiquitin groups or chains attached to domains that
are folded when the substrate docks at the proteasome may therefore be reserved for Rpnl1,
because substrate translocation draws these domains towards Rpn11 while their accessibility
to Rpnll’s active site is ensured by ATP-dependent unfolding.

As discussed above, Ubp6 is needed in yeast to prevent excessive ubiquitin degradation. In
yeast engineered to express low levels of ubiquitin, Ubp6 is dramatically induced by a
homeostatic feedback circuit (Hanna et al. 2007). USP14 activity is subject to multiple
controls though the mechanisms differ from that of Ubp6 in yeast. Perhaps surprisingly, four
distinct microRNAS control the expression of the protein, exerting a variety of physiological
effects (Wu et al. 2014; Sun et al. 2016; Zhu et al. 2017; Lee et al. 2018b). At the post-
translational level, USP14 is phosphorylated on Ser432 by the growth-regulatory kinase
AKT, which results in partial activation of its deubiquitinating activity (Xu et al. 2015). As
Ser432 lies within the BL2 loop (Fig. 6), its modification presumably antagonizes the above-
described autoinhibitory mechanism. In summary, growth signals such as insulin activate
AKT, which among its many activities will potentiate USP14, likely leading to reduced
protein breakdown by the proteasome.

The most dramatic regulation of USP14 described to date is post-translational and involves
the protein TRIM11, which binds the N-terminal ubiquitin-like domain of USP14 in
competition with the proteasome (Chen et al. 2018). Thus, TRIM11 functions as an
endogenous USP14 inhibitor. Heat shock induces TRIM11, promoting cell survival
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apparently by releasing the proteasome from the inhibitory effect of USP14 (Chen et al.
2018). The intricate regulation of USP14 on multiple levels in mammals seems to imply that
USP14 is used not simply to promote ubiquitin recovery from proteasome substrates but also
as a vehicle for fine tuning of proteasome activity.

Proteasome-associated ubiquitin-conjugating activity

The proteasome is associated with not only deubiquitinating activity but also ubiquitin ligase
activity. A number of ligases have been shown to interact with the proteasome, if in some
cases weakly (Verma et al. 2000; Xie and Varshavsky 2000; Leggett et al. 2002; Xie and
Varshavsky 2002; Crosas et al. 2006; Besche et al. 2009; Martinez-Noel et al. 2012; Kuhnle
et al. 2018). One view of this phenomenon is that the potency of a ligase will be enhanced if
it ubiquitinates its substrates at the proteasome, since the temporal lag between
ubiquitination and proteasome docking, during which the conjugate is vulnerable to
deubiquitination, is reduced (Xie and Varshavsky 2000). Another view, proposed for the
yeast Hul5 ligase (Crosas et al. 2006), is that conjugating activity could be directed
preferentially towards proteasome-bound proteins—typically proteins that are already
ubiquitinated by another ligase—and function as a general regulator of the proteasome. In
vitro, Hul5 efficiently adds ubiquitin to model target proteins such as tetraubiquitin and
ubiquitinated cyclin B, while not taking unmodified cyclin B as a substrate (Crosas et al.
2006). These reactions are dependent on the presence of the proteasome. Because Hul5
modified these proteins only if they have already been ubiquitinated, Hul5 appeared to act in
these cases as an “E4” or (essentially) a ubiquitin chain extending enzyme (Crosas et al.
2006).

Hul5 and its mammalian homolog UBE3C have repeatedly been identified as proteasome
processivity factors in studies carried out with artificial fusion proteins that are ubiquitinated
by an E3 other than Hul5 and degraded by the proteasome (Kohlmann et al. 2008; Aviram
and Kornitzer 2010; Martinez-Noel et al. 2012; Chu et al. 2013). In Aul5and Ube3C loss of
function mutants, the proteasome fails to fully degrade these proteins, releasing a truncated
product. The activity seems to be unique to Hul5/UBE3C. These observations are consistent
with a generalized E4 activity in Hul5, which serves to promote the degradation of stalled
substrates that may otherwise fail to complete translocation from the RP to the CP.
Seemingly in agreement with these findings, Hul5 and UBE3C are rapidly recruited to
proteasomes whose activity has been compromised by mutation, inhibitors of the
proteasome, or inhibitors of USP14 (Park et al. 2011; Kuo and Goldberg 2017). This
recruitment effect is seen with USP14 as well (Kuo and Goldberg 2017), and the presence of
USP14 enhances UBE3C recruitment just as Ubp6 enhances Hul5 recruitment (Crosas et al.
2006; Kuo and Goldberg 2017). Such inducible recruitment of USP14 to the proteasome
may underlie the cytoprotective effects of USP14 inhibitors observed under some stress
conditions (Sareen-Khanna et al. 2016; Min et al. 2017a; Chen et al. 2018; VerPlank et al.
2018). Defective proteasomes also recruit Ecm29, a large, HEAT-repeat-containing protein
(Park et al. 2011; De La Mota-Peynado et al. 2013). Like USP14, Ecm29 exerts a negative
influence on the proteasome. Binding in proximity to Rpt5, it suppresses ATPase activity,
gate opening, and the degradation of ubiquitin-protein conjugates (De La Mota-Peynado et
al. 2013).
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An interesting inducer of Hul5-dependent ubiquitination is heat stress, pointing to a role of
Hul5 in quality control degradation (Fang et al. 2011). /u/54 mutants show a strong delay in
the resumption of cell division after a heat shock. Moreover, as much as 50% of the
ubiquitination that is acutely induced by heat shock is Hul5-dependent, with assays of the
degradation of newly synthesized proteins giving comparable results. Most Hul5 substrates
identified in this study were still monoubiquitinated in the absence of Hul5, in agreement
with the model that Hul5 functions as an E4 in heat-shocked cells (Fang et al. 2011).

The conjugating activity of Hul5 and UBE3C is not strictly limited to proteasome substrates;
they can also modify proteasome subunits as well, such as ubiquitin receptors Rpn10 and
Rpn13 (Crosas et al. 2006; Besche et al. 2014). Ubiquitin modification of ubiquitin receptors
typically results in their functional inactivation (Hoeller and Dikic 2010). Therefore,
ubiquitination of Rpn10 and Rpn13 could mediate negative regulation of the proteasome
under certain, perhaps extreme, stress conditions, in contrast to the positive regulation seen
in many studies as described above.

Control of proteasome activity by phosphorylation

Protein modification by phosphorylation is widely used to integrate signaling, metabolic,
and gene expression networks. Hundreds of sites on the proteasome are subject to
phosphorylation but to date only a few have been characterized (reviewed by (Guo et al.
2017; VerPlank and Goldberg 2018)). Modification of Rpt3 at Thr25 by the Dyrk2 kinase
places proteasome activity under cell cycle control, with a Thr25Ala knockin mutant being
defective in total protein degradation to a remarkable 66% (Guo et al. 2016). Among other
things this suggests minimal substrate specificity in the effect of phosphorylation. The
mutation impairs cellular proliferation as well as the in vivo growth of triple-negative breast
cancer cells, perhaps to be expected given the extent to which these proteasomes are
inhibited. Why the knockin proteasomes function so poorly remains mysterious. The
mutation does not affect proteasome levels or ostensibly their assembly (Guo et al. 2016). It
has not been possible to visualize Rpt3-Thr25 in the proteasome to date but it would seem to
be located far from the core elements of the RP such as the translocation channel and Rpn11.

Another critical phosphorylation site is Ser14 of Rpn6, a target of the cAMP-dependent
protein kinase (PKA) (Lokireddy et al. 2015). Overexpression of a nonphosphorylatable
Ser14Ala mutant of Rpn6 is suppressive of protein degradation, whereas that of the
phosphomimetic Ser14Asp mutant stimulates degradation. As cAMP is used for signaling in
diverse physiological and cellular contexts, including fasting and exercise, this pathway may
be widely utilized. cAMP levels can be elevated experimentally using rolipram, a specific
inhibitor of phosphodiesterase-4, which acts on cAMP. Rolipram increases the levels of
assembled holoenzyme in cells, particularly the double-capped RP,CP form of holoenzyme,
possibly accounting for the stimulation of protein degradation in treated cells (Lokireddy et
al. 2015).

Rolipram accentuates proteasome activity in the mouse brain, presumably by inducing the
phosphorylation of Rpn6-Ser14 (Myeku et al. 2016). In mice expressing a pathogenic form
of the tau protein (tau-Pro301Leu) that induces neurodegeneration, rolipram significantly
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reduced the levels of insoluble tau species. These findings suggest that the stimulation of
proteasome phosphorylation and activity in the brain attenuates tauopathies and may have
implications for other neurodegenerative disorders.

Another phosphorylation event observed with brain proteasomes is the modification of Rpt6-
Ser120 by the calcium/calmodulin-dependent kinase CaMKlla., a critical and very abundant
activity in the brain. Phosphorylation at Ser120 stimulates proteasome activity and
interestingly it is induced in particular by cocaine (Gonzales et al. 2018). For reasons that
are unclear, phosphomimetic Rtp6-Ser120Asp mouse mutants fail to develop cocaine
sensitization, an effect closely linked to addiction.

Concluding remarks

Although derived from a common type of ATP-dependent protease expressed in archaea, the
proteasome has evolved within the eukaryotic lineage into a unique molecular machine.
Presumably the initial driving force behind the evolution of the complexity of the
proteasome was the inherent complications involved in degrading ubiquitin-protein
conjugates, as reflected in the unanticipated multiplicity of ubiquitin receptors and
deubiquitinating enzymes associated with the proteasome. The complexity of the
proteasome does not stop at its traditional borders; numerous cofactors, regulators, and post-
translational modifications of the proteasome are integral to its function, and this broader
network provides for striking adaptability in response to growth stimuli, nutritional
limitation, and proteostatic stress. Thus, contrary to longstanding perceptions of the
proteasome, extensive variation of the magnitude and nature of its activity are tolerated, and
indeed these variations are promoted through conserved regulatory mechanisms. Because of
the importance of the proteasome in proteostasis, these insights may have significant
implications for our understanding of disease and aging. Future studies should define more
clearly how proteasome regulators impact the increasingly well-defined core mechanisms of
the enzyme and its ensemble of conformational states. In addition, proteomic studies will
play a central role in defining how specific modes of proteasome regulation perturb its
output on a global scale.
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Figure 1. Confor mational states of substrate-bound human proteasomes.
Cryo-EM density maps of substrate (orange) bound human proteasomes in three different

stages of substrate processing are represented. A shows a conformation that is compatible
with the deubiquitylation of the bound substrate. B) and C) represent two consecutive
conformations of substrate translocation (Ec1 and Epy) into the CP. Rptl and Rpt5 density
maps were removed from the ATPase rings to expose the substrate translocation channel of
the RP. In Epy, subunit a1l (Psmal) was also removed to show the substrate translocation
channel of the CP. Eg (PDB: 6MSE), Ec1 (PDB: 6MSG), and Ep, (PDB: 6MSK) density
maps were obtained from (Dong et al. 2018).
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RP
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Figure 2. Overview of DUBs and Ub/Ubl receptors of the human proteasome.
A cryo-EM density map of the human proteasome is represented with all of its known

ubiquitin receptors (Rpnl, Rpn10 and Rpn13 in purple tones) and DUBs (Rpnll, USP14
and UCH37 in red tones). The cryo-EM structure of the proteasome bound to USP14-
ubiquitin-aldehyde was obtained from (Huang et al. 2016b) (PDB: 5GJQ). The location of
UCH37 and Rpn13 were modeled as shown in (de Poot et al. 2017) using density maps from
(Sahtoe et al. 2015; Vander Linden et al. 2015) (PDB: 4UEL and 4WLQ). All six subunits of
the Rpt ring are shown in light blue and ubiquitin monomers bound to the DUBs are shown
in yellow ribbon representations.
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Figure 3. Extrinsic ubiquitin receptors of the proteasome.
Schematic representation of four protein families of S. cerevisiae and H. sapiens that include

proteins thought to deliver ubiquitinated targets to the proteasome (Rad23, Ddil, Dsk2, and
Zfand). Some of these proteins do not appear to ubiquitin receptors (see text for details).
SMART (Simple Modular Architecture Research Tool (Letunic and Bork 2018)) was used to
identify SMART and Pfam protein domains. All proteins and domains are drawn to scale.
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Figure 4. Representation of the ATP hydrolytic cycle and substrate translocation.
In A and B, two different cryo-EM structures of the Rpt ring at different states of substrate

(orange mesh) translocation in the yeast proteasome holoenzyme are shown (states 5D and
4D, respectively). Images are modified from de la Pena et al. 2018. Ribbon representations
of the top view of the Rpt rings are shown in the bottom panels, where substrate
disengagement of Rpt5 (green) and Rpt4 (blue) can be observed (A and B, respectively). A
90° rotation about the x axis was applied to show a lateral view of the Rpt ring (top panels).
While the substrate polypeptide is surrounded by a spiral-staircase of pore 1 loop tyrosines
(highlighted in pink) projecting from substrate-engaged Rpt subunits, the Tyr of the Rpt
subunits that are disengaged [Rpt5 in (A) and Rpt4 in (B)] are displaced from the substrate.
In the bottom panels, spherical representations of ATP (yellow) and ADP (blue) are also
included. For a better view of the spiral-staircase model in the top panels, two Rpt subunits
(Rpt4 and Rpt3) and three amino acids (Arg261, Glu293, and Gly294 of Rpt4) were omitted
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from the density maps. States 5D and 4D were obtained from (de la Pena et al. 2018) (PDB:
6EF1 and 6EF3, respectively).
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Figure 5. Feedback control of proteasome levelsin yeast and mammals.
A) In S. cerevisiae, transcription factor Rpn4 controls the level of expression of proteasome

subunits. Rpn4 is stabilized under specific proteotoxic stresses, inducing the transcription of
proteasomal subunit genes regulated by PACE elements. B) In mammals, NRF1 is the key
transcriptional regulator of proteasome subunit genes. A resident of the ER, NRF1 is
ubiquitinated by HRD1 and retrotranslocated by p97. NRF1 protein can then be degraded
via the proteasome as an ERAD substrate or cleaved endoproteolytically by the protease
DDI2, resulting in its liberation from the ER membrane. The cleaved version of NRF1 is
translocated to the nucleus where it binds ARE elements and induces the transcription of
genes for proteasome subunits. The nuclear form of NRF1 is also rapidly degraded by the
proteasome (See main text).
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Figure 6. Activation and inhibition of Usp14.
A) Structure of substrate-engaged USP14 (red) bound to ubiquitin aldehyde (Ub-Al, in

yellow), a model of the enzyme’s activated state. The principal difference from the
ubiquitin-free (inactive) state of USP14 is in the positioning of the two blocking (BL) loops
(Hu et al. 2005). The BL loops of USP14-Ub-Al are in green, those of the free USP14 in
blue. To the right of these loops, the active-site Cys is represented as a light green patch. In
the free form of USP14, the BL loops block the access of the C-terminus of ubiquitin to the
active site. This occlusion is relieved in the substrate-engaged form. Ser432 (grey), located
within the BL2 loop, is subject to phosphorylation by AKT, providing partial activation (Xu
et al. 2015). B) Structure of USP14 bound to 1U1-47 (white) shows that this inhibitor
occludes access of the C-terminus of ubiquitin to the catalytic site (Wang et al. 2018). To
better visualize the IU1-47 binding pocket, both BL loops were removed from the density
maps. C) Structure of free USP14 with IU1-47 superimposed. This model shows how the
BL2 loop (blue) occludes access of IU1-47, consistent with previous evidence that U1
series compounds do not inhibit the free form of USP14 (Lee et al. 2016). Density maps of
the USP14 catalytic domain in its free form (PDB: 2AYN), USP14 bound to Ub-Al (PDB:
2AYO0), and the USP14-1U1-47 complex (PDB: 61IL) were obtained from (Hu et al. 2005;
Wang et al. 2018). To better visualize the catalytic site of USP14, GIn197 was removed from
all USP14 structures in this figure.
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