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Abstract

The proteasome has emerged as an intricate machine that has dynamic mechanisms to regulate the
timing of its activity, its selection of substrates, and its processivity. The 19-subunit regulatory
particle (RP) recognizes ubiquitinated proteins, removes ubiquitin, and injects the target protein
into the proteolytic chamber of the core particle (CP) via a narrow channel. Translocation into the
CP requires substrate unfolding, which is achieved through mechanical force applied by a
hexameric ATPase ring of the RP. Recent cryo-electron microscopy studies have defined distinct
conformational states of the RP, providing illustrative snapshots of what appear to be progressive
steps of substrate engagement. Here, we bring together this new information with molecular
analyses to describe the principles of proteasome activity and regulation.
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The proteasome

The proteasome is the most complex protease known, and, with hundreds of substrates, the
scope of its regulatory functions is likewise unparalleled. Its principal activity is to degrade
proteins conjugated to ubiquitin. The proteolytic sites of the proteasome are sequestered
within an internal chamber (1), which is essentially a topological compartment defined by
the inner surfaces of the 28 subunits that form the proteasome core particle (CP, also known
as the 20S particle) (Figure 1A-B). Cellular proteins have highly restricted access to this
chamber and to the proteolytic sites within it, thus minimizing nonspecific proteolysis.

In the proteasome holoenzyme, the CP is complexed with the 19-subunit regulatory particle
(RP, also known as the 19S particle and PA700) (Figure 2A). The RP contains receptors for
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ubiquitin and thus initiates substrate recognition. After conjugated ubiquitin is tethered to
the RP, the attached substrate is translocated from the RP to the CP. Translocation requires
ATP hydrolysis, which is effected by a heterohexameric ring of ATPases that are subunits of
the RP. Here we describe our current understanding of the key steps in protein breakdown
by the proteasome. Although it degrades hundreds of proteins, the proteasome is highly
selective, and we will discuss the structural elements that restrict its activity to proper
substrates. Finally we will review the results of recent cryoelectron microscopy studies that
have highlighted the plasticity of the proteasome and revealed broad conformational
switches that serve to orchestrate its diverse catalytic activities, including ATP hydrolysis,
deubiquitination, and substrate proteolysis.

The catalytic core particle

In the CP, four stacked heteroheptameric rings of subunits are assembled into an a7f7p7a7
architecture (Figure 1A-B). Thus, the outer rings are formed by the a subunits and the inner
rings by B subunits. Three of the seven 3 subunits are proteolytically active, cutting after
hydrophobic (B5), basic ($2), or acidic (B1) residues (Figure 1A—B). The combination of
limited specificity and multiple active sites ensures rapid degradation once substrates enter
the chamber of the CP. In the crystal structure of the free CP—that is, with the RP absent-the
hydrolytic chamber is essentially closed to its environment (1). However, a pathway for
substrate entry can be formed axially at the faces of this barrel-like structure (2, 3). This
translocation channel is gated, in that it exists in open and closed states that can be
interconverted. In the free CP, the gate is closed (Figure 1A), as this site is occupied by a
coalescence of the short, highly conserved N-terminal tails from the seven a subunits (3)
(Figure 1A and 1B-C, left). When the RP binds the CP, it is positioned over the CP channel
and opens the gate, relieving autoinhibition of the CP (Figure 1B-C, right and 1D).

The translocation channel is very narrow (2, 3), ensuring that, even in its open state,
properly folded cellular proteins are excluded from the hydrolytic chamber of the CP. To
traverse the channel, substrates must typically be unfolded by the ATPase ring of the RP
(the Rpt ring), as is the case for ATP-dependent proteases in general (4-7). Globular
domains of the substrate are denatured by being forced through the axial channel of the Rpt
ring; unfolding is driven mechanically by translocation. The substrate translocation channel
of the Rpt ring is coaxial with that of the CP (Figure 1D).

The regulatory particle

In a significant advance, the general architecture of the RP has been resolved (Figure 2A),
with the geometry of the subunits assigned by the integration of cryo-electron microscopy
(cryo-EM) with chemical cross-linking and other techniques (8—-11). Two major
subassemblies of the RP had been previously defined biochemically, the base and lid, each
being a 9-subunit complex (12, 13). The RP dissociates readily into the base and lid in vitro
and is now thought to assemble in cells through the same two complexes as intermediates to
the fully formed 26S proteasome (14). The key component of the lid is Rpnll, a
metalloprotease deubiquitinating enzyme that hovers above the substrate entry port of the
Rpt ring (15-18) (Figure 2A). The base contains the above-mentioned Rpt ring complex
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(composed of the Rpt1-Rpt6 proteins), Rpnl, Rpn2, and Rpn13, the latter being a substrate
receptor (19-21) that can dock ubiquitin at the proteasome both directly and indirectly. Its

indirect mode of recognition involves reversible binding of shuttle receptors, which escort

ubiquitin conjugates to the proteasome (22-26).

The ATPase ring of the regulatory particle

The Rpt proteins are members of the functionally diverse AAA (ATPases Associated with
diverse cellular Activities) family of ATPases (7), which typically convert the energy of
ATP hydrolysis into mechanical force. Current models of the Rpt ring have been shaped
largely by analogy to other AAA rings, especially the elegantly dissected ClpXP, an ATP-
dependent protease from E. (Escherichia) coli (6, 7). An archaeal protease, the PAN-20S
complex, is representative of an ancient evolutionary precursor of the eukaryotic proteasome
(27-29). A similar protease exists as well in the bacterial lineage—the actinobacterial ARC
complex (AAA ATPase forming Ring-shaped Complexes) (30). The PAN-20S complex is a
stripped-down version of the proteasome, containing only a 28-subunit 20S complex
(orthologous to the eukaryotic CP) and a 6-subunit RP (a homomeric ATPase ring complex).
The accretion of new RP subunits in the eukaryotic proteasome is evidently related to the
introduction of ubiquitin as a signal for degradation; many of the subunits that are specific to
eukaryotes are ubiquitin receptors, deubiquitinating enzymes, or scaffolding proteins that
help to position and control these factors. Another feature that sets the proteasome apart
from PAN and other prokaryotic complexes is the heteromeric nature of its AAA ring,
which reflects specialization in the six Rpt subunits (31-34) and has allowed for innovation
in the mechanisms of communication between these subunits (discussed later).

Studies of PAN highlighted the significance of the C-terminal tails of the ATPases. PAN
subunits carry a signature HbY X (hydrophobic-tyrosine-X) element (28), which inserts into
intersubunit pockets of the CP « subunits (Figure 1C). In yeast proteasomes, three of the six
Rpt tails contain recognizable HbY X motifs, and these tails insert into specific a pockets in
the holoenzyme (8, 9, 35, 36) (Figure 1C-D). However, significant evolutionary
conservation is evident in the other tails, so they may also insert into a pockets conditionally
or have a related function in the complex (37, 38). In any case, these tail-pocket interactions
are the major, though probably not sole (35), means by which the RP and CP are joined. A
peculiar aspect of RP-CP interface is that there is a symmetry mismatch between the
heptameric Rpt and hexameric a rings; this precludes close complementarity between the
rings and may underlie the highly dynamic nature of this interface (28, 36, 37). This
mismatch is an ancient feature of ATP-dependent proteases, found in both archaea
(PAN-20S) and bacteria (ClpXP and others).

The ATPase domains of the Rpt proteins remain only marginally understood. Individual Rpt
proteins cooperate with each other extensively, as is generally the case in AAA ring
complexes (6, 7, 32-34). ATPase activity involves the large and small AAA domains from
each Rpt protein (Figure 3A), with nucleotide positioned between them for a given subunit
(displayed for PAN in Figure 3B). In the course of the ATPase hydrolytic cycle, these two
domains undergo rigid body rotations. However, the large AAA domain of one Rpt protein
is fixed with respect to the small AAA domain of its neighbor, as shown previously for
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ClpX (6, 39). A second type of intersubunit communication is that ATP binding by one
subunit is assisted by its neighbor’s “arginine finger” element (Figure 4), which contacts
ATP and may be important for nucleotide hydrolysis (7, 39). Based on detailed mutational
analysis (32-34), complex communication between Rpt proteins is achieved through these
types of interactions, although the picture remains sketchy. For example, it is unclear
whether the six subunits within a ring hydrolyze ATP in a random, sequential, or concerted
manner (32, 33). To resolve this issue, it will be critical to obtain higher resolution structures
trapped at different stages of substrate processing that include nucleotide within the AAA
active sites.

The movements of the AAA domains serve primarily to drive substrate translocation, which
is thought to reflect substrate-AAA domain contacts within the translocation channel.
Specific loop elements, referred to as pore loops (Figures 1D, 3A, and 4, highlighted in red),
may provide these contact sites (32, 33). The motion of the loops must be asymmetric in
order to generate net movement towards the CP, although how these motions impart
directionality is not understood at all.

The Rpt ring contains two other important types of elements, namely the OB domains and
the coiled coil helices formed by heterodimerization of neighboring Rpt proteins (Figure
3A). The substrate entry port is defined by the Rpt OB domains, which form a distinct ring
(the N-ring) adjacent to the catalytic AAA domains, at the side opposite to the CP (8-10, 29)
(Figure 3A). The OB ring appears to restrict access through the entry port, while the Rpt
coiled coil region promotes proper assembly of the RP (40) by making contacts with other
regions of both the base and lid (8-10) (Figure 2). Other ATP-dependent proteases, whose
ATPase complexes may resemble the proteasome closely, lack the OB ring, with the
exception of PAN and ARC (29, 30). Its function is unknown, but one effect of the OB ring
is to distance the AAA domain pore loops from the body of the substrate protein. For
substrate to engage the axial pore loops of the AAA domain, it must span up to 40 A through
the center of the OB ring (Figure 3A). Thus, favorable substrates may typically arrive at the
proteasome already unfolded in some region, most simply by possessing an intrinsically
disordered segment. In some cases, a protein might unfold partially and transiently while
bound to the proteasome by a mechanism that does not involve the AAA pore loops, most
simply as a result of inherent conformational dynamics of the substrate.

The extended segments of the substrate that must reach to the pore loops are known as
initiation sites (41). Even if ubiquitinated, a globular protein lacking initiation sites will be a
poor proteasome substrate (41). Initiation sites have characteristic length requirements and
sequence features, which can be used to fine-tune protein turnover rates, but they seem to
lack defined motifs (42-45).

An important feature of the proteasome is that it operates processively on most substrates.
Successful initiation of substrate translocation, presumably by engagement between the
initiation site and the AAA pore loops, will generally lead to processive degradation.
However, engagement does not guarantee processive degradation, because the “grip”
between the pore loops and the translocating substrate can be lost. Pore loop interaction is
generally poor for low-complexity sequences in a substrate, and when such “slippery”
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elements are positioned adjacent to a folded domain, the mechanical force needed for
unfolding of that domain cannot be generated and translocation is in turn stalled; thus, the
structured domain is unable to traverse the constriction of substrate entry port. Although this
outcome is rare, several proteasome substrates have specifically evolved to undergo this
fate, such as p105 (46), Cubitus interruptus (47), Gli3 (48), Spt23 (49, 50), Mga2 (49, 51),
and Svb (52). In some cases, partial degradation serves to regulate transcription factors by
releasing them from anchoring domains that prevent their access to the nucleus. In the case
of Cubitus interruptus (47) and Gli3 (48), degradation of a transcriptional activation domain
spares a DNA-binding domain to convert the protein into a repressor.

Conformational switching of the proteasome holoenzyme

To date, three conformational states of the proteasome holoenzyme have been resolved: s1,
s2, and s3 (53) (Figure 2). The ground state, s1, predominates under conditions of ATP
hydrolysis and the absence of substrate (8-10). Interestingly, s3 can be induced by substrate
engagement or chemically by replacing ATP with nonhydrolyzable nucleotide (ATPyS) (39,
54). S2 is a sparsely populated hybrid of s1 and s3 (discussed later; (53)). Presumably
proteasomes dock substrate in the s1 state and proceed to the s3 state as the substrate is more
intimately engaged, switching back to s1 when a given substrate is fully degraded. The
relevant aspect of “engagement” is likely the formation of productive contacts between the
initiation elements and the pore loops that are capable of driving substrate translocation. It is
widely assumed that this is a pivotal point in the pathway to degradation, and it is sometimes
referred to as a “commitment step” (15, 55). This step is not well defined experimentally,
but appears to involve a higher-affinity interaction with the substrate, as expected from
initiation site engagement (55).

The transition between s1 and s3 states involves sweeping adjustments to the structure of the
RP (Figure 2B-C, and 4). So distinct are these states that it has been possible to resolve
them within cells by electron cryotomography; the s1 state predominates, constituting 80%
of RP in neurons, suggesting that only a minority of proteasomes are substrate-engaged in
this cell type (56). In both states there is an interesting discontinuity in the AAA ring (Figure
4), but the site of this “break” switches across the ring in the transition (39). The break
reflects an inherent screw axis to the ring that prevents stable closure. Proper alignment of
the arginine finger between neighboring subunits cannot be achieved at the site of the break.
As noted above, the large and small domains of neighboring ATPases are thought to move
as a rigid body throughout the ATPase cycle; however, at the broken interface this
connection is lost. Thus, in each state, one of the six Rpt proteins is expected to show
compromised ATPase activity. Because of the break in the continuity, the ring is overall
distinctly asymmetric, in striking contrast to the homomeric ATPase rings that often serve as
model systems for the proteasome.

The motions of the Rpt proteins also affect RP-CP contacts (9, 36, 39, 53) and, in the s3
state, these mations bring the axis of the substrate translocation channel of the RP into close
alignment with that of the CP (39, 54) (Figure 2C). The pore loops, although poorly
visualized to date, are aligned in the s1 state in a kind of spiral staircase, with the pore loop
of Rpt2 at the bottom and that of Rpt3 at the top (Figure 4, top). By contrast, the pore loops
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adopt a nearly planar configuration in the engaged s3 state (Figure 4, bottom). These data
indicate that the pore loops migrate along the channel axis during the ATP cycle, consistent
with a role in driving substrate translocation. Do the six pore loops grip substrate
coordinately? This appears to be the case for the homomeric ClpX ATPase ring (57, 58).
Most likely, the loops that engage substrate productively in a given power stroke will vary
depending on the detailed sequence of the substrate at the site of the pore loop interaction.
For the heteromeric Rpt ring of the proteasome, asymmetry in the positioning of the pore
loops may be a key feature: when active-site mutants in Rpt proteins were compared, the
strongest effects on degradation were seen from mutation of the three Rpt subunits with pore
loops closest to the substrate entry port in the OB ring (Rpt3, Rpt4 and Rpt6 (33); but see
(32)). These Rpt subunits all lie on one side of the ring.

Like the Rpt ring (Figure 4), the lid also shows notable differences between the s1 and s3
states (Figure 2B). The lid is modular: it has two MPN (Mprlp and Pad1lp N-terminus)-
domain subunits (Rpn8 and Rpn11), which form a heterodimer, and 6 PCI (Proteasome,
COP?9, Initiation factor 3) domain subunits (Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, and Rpn12).
Each PCI subunit has a C-terminal helix, and these combine with two helices from Rpn8 and
from Rpn11 to collectively form a bundle, from which the PCI domains emanate like a fan
(59) (Figure 2A). This structure enables the PCI subunits to embrace base subunits at many
points, in some cases (Rpn5 and Rpn6) extending as far as the CP (Figure 2A-B).
Interestingly, these lid-base contact points differ substantially in the s1 and s3
configurations, particularly for Rpn6 (35) (Figure 2B).

In the most significant of many alterations of the lid in the s3 state, Rpnl11 shifts with
respect to the Rpt ring (39, 54), providing greater accessibility to its active site and closer
alignment with the substrate entry port (Figure 2C). Rpnl1 seems to be activated by this
motion, which fits perfectly with its function of removing ubiquitin chains en bloc from
substrates that are being translocated into the CP (15, 16, 60). Proteasomal Rpn11l activity is
dependent on ATP hydrolysis by the Rpt proteins (15, 16), perhaps because the ubiquitin
chain is brought to the active site of Rpnl11 as a result of substrate translocation, and perhaps
because Rpn11 is properly positioned to cleave chains from substrates when the proteasome
is in the s3 state (Figure 2C). In summary, the different conformational states of the
proteasome holoenzyme observed by cryoelectron microscopy could well represent different
states along the enzymatic pathway for substrate degradation, with s1 well suited for
receiving substrates and s3 in a state tailored for substrate deubiquitination and translocation
through the CP gate.

Ubiquitin recognition

The initial stage of substrate recognition by the proteasome is mediated by a surprisingly
complex set of ubiquitin receptors. Two receptors intrinsic to the RP are the aforementioned
Rpn13, which is at an apical location, and Rpn10/S5a, which is seated close to the ATPases
and Rpn11 (Figure 2A). Rpn10 recognizes ubiquitin chains via its helical UIM (Ubiquitin
Interacting Motif) whereas subunit Rpn13 employs a globular Pru (Pleckstrin-like Receptor
for Ubiquitin) domain (19, 20, 61-64). Other ubiquitin receptors—Rad23, Dsk2, and Ddil—
bind the proteasome reversibly, using a UBL (ubiquitin-like) domain that is recognized by
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Rpn1l and by the ubiquitin-binding sites of Rpn13 and Rpn10 (19, 23, 24, 65). Each of these
“shuttle receptors” also has a UBA (ubiquitin-associated) domain that binds ubiquitin chains
(25, 26). Mutations affecting UBQLNZ2, an apparent ortholog of Dsk2, are thought to lead to
ALS (amyotrophic lateral sclerosis) (66). Genetic studies in yeast suggest the existence of
additional ubiquitin receptors for the proteasome (19), not yet identified. Intrinsically
disordered protein Sem1/Dss1/Rpnl15, which functions in proteasome assembly (67, 68), has
been proposed as an additional receptor (69), but has not yet been shown to bind ubiquitin in
the context of an assembled proteasome.

Why the proteasome has such a variety of ubiquitin receptors is an open question. The
ubiquitin-binding sites of most of the receptors—the shuttle receptors as well as Rpn10—are
tethered to the proteasome via flexible linkers, which may provide for more robust chain
recognition through avidity effects, as discussed later (70). Simultaneous binding of a chain
to more than one receptor has been observed (62), but whether this is the norm remains to be
established.

A tetraubiquitin chain linked via Lys48 in ubiquitin has long been considered the canonical
recognition motif for the proteasome (71), but recent studies have indicated that a broader
range of ubiquitination patterns on the substrate is compatible with efficient degradation,
and not all substrates require ubiquitin groups to be arranged in a chain (72-75). Single-
molecule studies revealed that the number of ubiquitin groups on a substrate affects
substrate dwell time on the proteasome, and, for those substrates tested, dwell time increased
exponentially up to three ubiquitins per substrate, then linearly from four to nine ubiquitins
(60). In at least the one case tested, a substrate modified by two di-ubiquitin chains proved
to be a superior proteasome substrate than one modified by a single tetraubiquitin chain (60).
One suggested explanation for this is that an array of ubiquitin chains on the substrate is
better suited to simultaneously engage multiple ubiquitin receptors at the proteasome and
thus, through avidity, promotes a more stable interaction (60). Perhaps analogously,
substrates carrying branched ubiquitin chains also appear to be degraded more readily (in a
branched chain, at least one ubiquitin group is ubiquitinated at more than one site) (76).

It is also clear now that many ubiquitin-ubiquitin linkage types can target proteins to the
proteasome to be degraded, rather than Lys48 exclusively (77-79). Lys63 chains of
ubiquitin provide an interesting case in that they do not typically target proteins to
proteasomes in vivo, yet they can target substrates to purified proteasomes (80-82) and, in at
least one case, can target a protein for degradation in cells (81). Their weakness in targeting
proteins for degradation has been attributed to competing ubiquitin receptors and
alternatively, to Lys63-specific deubiquitination at the proteasome, but the contribution of
these factors remains to be clearly understood (82, 83). In addition to ubiquitination, other
mechanisms for targeting substrates to the proteasome also exist, although they are
specialized (84-87).

Deubiquitination

Once at the proteasome, deubiquitinating enzymes (DUBSs) act coordinately with the Rpt
proteins to prepare substrates for translocation into the proteolytic chamber of the CP.
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Removing ubiquitin allows substrates to pass through the narrow CP gate (Figure 1);
however, premature deubiquitination of substrates can lead to their release prior to
proteolysis. In addition to Rpn11, mammalian proteasomes contain two other DUBs, Usp14
and Uch37 (also known as Uch-L5), which differ fundamentally from Rpn11 in that their
activity is ATP-independent. Studies in yeast showed that the Usp14 ortholog, Ubp6, can
inhibit substrate degradation by the proteasome and that this inhibition occurs through both
deubiquitination and a distinct noncatalytic mechanism (88, 89). What fraction of
proteasome substrates is susceptible to these effects is not clear. Consistent with these
observations, a small-molecule inhibitor of Usp14 was found to accelerate the degradation
of some, albeit not all, proteasome substrates in mammalian cells (90). Proteasomes are not
ordinarily saturated with Usp14 or Ubp6 (89, 90), so proteasome output can be regulated by
induction of these enzymes. In the case of Ubp6, a deficiency of activity leads to hyper-
degradation and depletion of ubiquitin (91), triggering elevated synthesis of Ubp6 in a
feedback mechanism that helps to provide a set-point for cellular ubiquitin levels (89).

Ubiquitin can be trapped in the active site of most deubiquitinating enzymes, including
Ubp6 and Usp14, through the use of probes such as ubiquitin-aldehyde (UbAI) and ubiquitin
vinylsulfone (UbVS), which form covalent adducts with the active-site cysteines of these
enzymes (92, 93). Proteasomes associated with Ubp6-UbV'S or Usp14-UbAI show elevated
ATPase and CP peptidase activity (94, 95). Although these might obviously be considered
signatures of an activated state of the proteasome, such proteasomes are, on the contrary,
inhibited in their capacity to degrade true ubiquitin-conjugated substrates (95). UbVS
strengthens or elicits what is evidently the same noncatalytic effect of Ubp6 as discovered
using the substrate cyclin B (88, 89). Another key effect of active-site occupancy of Ubp6 is
that the catalytic domain of the enzyme, which is normally difficult to resolve by cryo-EM,
becomes fixed in the neighborhood of subunit Rpt1 (95, 96) (Figure 5). This finding
suggests that the Ubp6 catalytic domain may interact dynamically with the proteasome until
it is occupied by a ubiquitinated substrate.

Unexpectedly, Ubp6-UbAl dramatically perturbed the dynamics of the overall structure of
the proteasome, in that it promoted the s2 state (96) (Figure 5), which is otherwise a rare
state of the complex (53). S2 is a hybrid state with features of both s1, the substrate-free,
engagement-competent state, and s3, the substrate-engaged state associated with
translocation (53). Perhaps the elevated ATPase and peptidase activity of the Ubp6-UbAl
form of the proteasome reflects its being driven to the s2 state (96). It may be that this leads
to a block in degradation via the noncatalytic effect of Ubp6 described earlier. Although
Ubp6-UbAI promotes the s2 state in the absence of substrate, it may instead stabilize the s3
state when the proteasome has engaged a substrate (95). Indeed, Ubp6-UbAI does not seem
to impair degradation when the proteasome is in the s3 state, but rather, appears to hinder
proteasome transition back to the sl state (95). It is likely that only the s1 state is competent
to initiate substrate engagement by the ATPases and thus, Ubp6-UbAl holds the proteasome
in a state that cannot support a new round of substrate translocation into the CP (95).

Uch37/Uch-L5 is, like Usp14, a proteasome-associated DUB whose activity is ATP-
independent (97). It has long been thought to work in concert with Usp14 and Rpn11 in
preparing substrates for entry through the CP gate by removing ubiquitin and thus to
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promote ubiquitin homeostasis. Uch37 is also, like Usp14, hypothesized to antagonize
degradation of at least some proteasome substrates by premature release of conjugated
ubiquitin (97). However, when ubiquitin-protein conjugates are used as substrates in vitro,
the kinetics of Uch37 activity is slow, which would limit its capacity to compete effectively
against substrate degradation. To resolve this conundrum, it will be important to identify
preferred substrates of the enzyme.

Uch37 is a component of both the proteasome and the chromatin remodeling factor Ino80
(98); it binds Rpn13 at the proteasome (99-102) and NFRKB (Nuclear Factor Related to
KappaB binding protein) at Ino80 (98). Rpn13 and NFRKB both employ DEUBAD
(DEUBIquitinase Adaptor) domains to bind Uch37 via its unique C-terminal ULD (Uch37-
Like Domain). Whereas the Rpn13 DEUBAD domain activates Uch37, that of Ino80
suppresses its activity, reflecting their divergent effects on the interaction of the Uch37
catalytic domain with ubiquitin (103-105). In the case of NFRKB, ubiquitin interaction is
sterically blocked, whereas interaction with Rpn13 seems to direct an activation loop in
Uch37 away from its catalytic site, thus increasing catalytic site accessibility (103, 104). To
better understand Uch37 function, it will be important to identify how its suppression by
NFRKB may be reversed and what its specific targets might be when associated with Ino80.
As to proteasomal Uch37, it will be interesting to test whether the docking of ubiquitin
chains on Rpn13 leads to optimal presentation of substrates to Uch37. In summary, the three
deubiquitinating enzymes of the proteasome are strikingly distinct from one another in
function and to date only partially understood. One key consequence of deubiquitination is
that if it occurs before the substrate is committed to degradation, the substrate may
dissociate from the proteasome instead of being degraded.

Activators of the core particle

The degradation of ubiquitinated proteins relies on RP-CP and RP,-CP proteasomes.
However, a set of factors can compete with the RP for occupancy of the ends of the CP
cylinder, including PA28af, PA28y, PA200/BIm10, and possibly p97/Cdc48/VVCP (106,
107). PA28af3, PA28y, and p97 are oligomeric ring complexes, whereas BIm10 is a large
monomer that folds into a toroidal shape; nonetheless, these activators have in common the
ability to open the CP channel by docking at the a-ring inter-subunit pockets (Figure 1C), as
discussed earlier for the RP. Like the RP, PA28af3 and PA28y have axial channels that align
with that of the CP in the assembled complex, and an unobstructed path for substrate entry is
perhaps present in p97 and BIm10 as well (107-111).

PA28ap, PA28y, and BIm10 do not have ATPase activity so they cannot drive substrate
translocation into the CP, as does the RP. This does not exclude a role in promoting protein
degradation however, particularly for substrates that have little or no tertiary structure, such
as the CDK inhibitors p16, p19, and p21 (112, 113), which can potentially gain access to the
CP by diffusion if the gate is open. Interestingly, these activators do not appear to recognize
ubiquitin and may provide a ubiquitin-independent avenue for CP-dependent protein
degradation. In lieu of ubiquitin, direct interactions between the activator and the substrate
may be critical for their selectivity, which may extend even to specific post-translationally
modified forms of the substrate (114). Substrates for PA28y include steroid receptor
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coactivator 3 (115), the core protein of hepatitis C virus (116), and CDK inhibitors (112,
113), as mentioned above; for PA200/BIm10, the transcriptional activator Sfpl (117), the
GTPase dynamin (110), and acetylated histones (114) are reported targets.

PA28ap is strongly induced by interferon and promotes effective class | antigen presentation
for certain epitopes (118). Class | antigens must be 8-10 residues in length and are produced
mainly through the breakdown of intracellular proteins by the proteasome, which releases
oligopeptide products of varied length. Interestingly, the enhancement of antigen
presentation by PA28af need not involve accelerating the degradation of the proteins that
contain these epitopes. For example, PA28a could function to preserve cleavage products
at a length suitable for antigen presentation by promoting their rapid exit from the internal
chamber of the CP. This model assumes a hybrid RP:CP:PA28af proteasome in which
substrate is delivered to one end of the CP by the RP, and exits as peptides at the other end
of the CP via a channel held open by PA28af. Such hybrid proteasomes have been found in
human cells (119).

P97/Cdc48/VVCP was suggested to be a CP activator only recently (108, 109), and more
work is needed to define how it cooperates with the proteasome. It is clearly capable of
activating the CP in a reconstituted system, consistent with its homohexameric structure and
C-terminal HbY X motifs. P97 is similar to the RP, rather than PA28 or PA200, in that it
processes ubiquitin conjugates and has ATPase activity. It performs myriad functions in the
cell through the use of a rich network of adaptor proteins, including cofactors that bind
ubiquitin (120). A unifying feature of p97 is that it extracts ubiquitinated substrates from
membranes and protein complexes. The extracted proteins may then be degraded by the
proteasome, although in some cases extraction is not followed by proteolysis. Proteasomal
degradation of such ubiquitin conjugates has generally been envisaged to occur through a
process separate from the extraction step (121, 122), with p97 relaying the substrate to the
RP. However, a p97-CP complex could bypass the RP, to function as an alternative
proteasome. This is an exciting idea, but evidence of a p97-CP complex that functions in
cells is still needed (56).

In summary, the CP associates with a variety of activator complexes to form an ensemble of
proteolytic species. Most of these activators probably confer to the CP the ability to degrade
nonubiquitinated proteins, but the range of substrates for these pathways may be limited by
the lack of unfoldase activity of PA28a3, PA28y, and PA200/BIm10.

Regulation of proteasome activity

For years, the activity of the proteasome in cells was thought to be subject to very little
control. It now appears that global regulation of the ubiquitin-proteasome system is
mediated primarily by direct modulation of the proteasome, and the variety of known
proteasome regulators is impressive: some regulate the proteasome by associating with it,
others modify the proteasome post-translationally, and still others promote the transcription
of genes for proteasome subunits.

A conserved ubiquitin ligase (123, 124), known in yeast as Hul5 and in mammals as Ube3C,
is associated more strongly with the proteasome under conditions of reduced proteasome
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function, or “proteasome stress” (125-127). Hul5 also promotes resistance to heat stress and
is a major mediator of ubiquitination under these conditions (128). Hul5 and Ube3c exert a
positive effect on degradation, particularly its processivity; in its absence, some substrates
are degraded incompletely, resulting in the accumulation of protein fragments (129-132).
The basis for these effects may be the capacity of Hul5 to add ubiquitin promiscuously to
proteasome-bound ubiquitinated proteins (124). This activity might promote effective
degradation of stalled substrates, as implied by the link between Hul5/Ube3C and
processivity. Hul5 and Ube3C can also modify ubiquitin receptors of the proteasome with
ubiquitin (124-126), though the importance of this type of modification in comparison to
substrate modification remains to be clarified.

A second factor that is recruited to proteasomes during proteasome stress is Ecm29 (123,
127, 133-135). Ecm29 is a large protein that contacts both the RP and the CP (123, 133),
suppressing ATPase, peptidase, and substrate degradation activity by the proteasome. The
broad effects of Ecm29 may suggest that it drives proteasomes into the s1 state, or traps this
state. Such a mode of action, if validated, would be interestingly related to the noncatalytic
effect of Ubp6, which, as discussed earlier, is proposed to inhibit the proteasome by
stabilizing the s2 or s3 state (95, 96). The example of Ecm29 illustrates that the regulatory
response to physiological stress is not always to enhance proteasome activity, as Ecm29 is a
suppressive factor. Similarly, under oxidative stress, proteasome activity is diminished, in
this case through reversible dissociation of the CP and RP (134, 136). Interestingly,
proteasome inhibition leads to ubiquitination of proteasome subunits and selective
degradation of the complex by autophagy in Arabodospsis thaliana (137).

Perhaps the dominant form of stress-dependent regulation of the proteasome is through
induction of its synthesis. Elegant studies in yeast uncovered a simple negative feedback
loop involving Rpn4 as a constitutive substrate of the proteasome that also promotes
transcription from every gene encoding a proteasome subunit (138). When Rpn4
degradation is compromised, its accumulation leads to elevated levels of proteasome
synthesis. Mammals lack an Rpn4 ortholog, but transcription factor Nrfl (Nuclear factor
erythroid derived 2-related factor 1) provides a comparable feedback mechanism, which is
notably also elicited by proteasome inhibitors such as bortezomib (139-142). Nrfl is
targeted biosynthetically to the endoplasmic reticulum (ER) membrane; to be active in
transcription, a fragment of Nrfl must be released from the membrane by proteolysis. The
identity of the protease that releases Nrfl from the membrane is under debate and the
proteasome itself has been proposed. Nrfl is an ortholog of the well-studied SKN-1 of C.
elegans, which similarly controls proteasome levels (143). It should be noted that neither
Rpn4, Nrfl, nor SKN-1 is dedicated exclusively to the proteasome, but rather the induction
of elevated rates of proteasome synthesis is part of a general stress response. Interestingly,
activation of the TORC1 (Target of Rapamycin Complex) kinase complex also leads to
Nrfl-dependent elevation of proteasome synthesis, although TORC1 does not influence the
rate of Nrfl processing but rather its transcript levels (144).

Elevation of proteasome levels can be achieved not only through coordinate induction of all
genes encoding proteasome subunits, but also through induction of a single subunit, if that
subunit is limiting for assembly. Remarkably, specific modulation of the lid subunit Rpn6
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can exert a major influence on both stem cell function and organismal longevity; its
synthesis is under the control of the Foxo transcription factors Daf-16 in C. elegansand
FOXO04 in mammals (145, 146).

Proteasome activity is regulated not only through modulation of its cellular level, but also
through post-translational modifications, such as ADP-ribosylation (147), of components of
proteasome subpopulations. This has been studied most extensively for phosphorylation, as
neuronal-activity-dependent phosphorylation of Rpt6 controls proteasome recruitment into
dendritic spines (148). Other phosphorylation events control the stability of RP-CP
association (149).

Other aspects of proteasome function

The complexity of the proteasome is daunting, and due to space constraints, we are unable to
cover all of the important topics associated with its function. The reader is referred to
previous work on proteasome inhibitors as anti-cancer drugs (150, 151), the importance of
proteasomes in health and disease (152, 153), mechanisms of proteasome assembly (154—
156), and tissue-specific proteasome variants (157), such as the remarkable
thymoproteasome (158).

Concluding remarks

Is there another enzyme that has to negotiate such a vast and diverse set of substrates as the
proteasome? Not only does the proteasome degrade hundreds of proteins, it must also
recognize substrate-bound ubiquitin chains in a range of topologies. Although the initial
binding of ubiquitin chains by the proteasome is not as discriminating as once thought, the
architecture of ubiquitin modification may exert a stronger influence on downstream events
such as degradation and deubiquitination (60), for reasons not yet determined. Might these
downstream events depend on which of the many ubiquitin receptors are engaged by the
substrate? If a ubiquitinated substrate is initially docked at the proteasome via shuttle
factors, do subsequent processing events depend on the substrate being transferred to
intrinsic receptors?

Although the questions above remain to be answered, substrate processing has been
observed for years to rely on complex dynamics throughout the proteasome. With the recent
resolution of discrete conformational states, these diverse events can be seen as broadly
concerted and indeed, more readily interpretable. A key feature of the conformational states
of the proteasome is that they are governed by associated molecules: substrate, nucleotide,
and cofactors such as Ubp6. However, the inherent functional differences between the s1
and s3 forms of the proteasome are still largely unclear. Moreover the choreography the
proteasome as it transitions from substrate capture to translocation and unfolding, and finally
peptide and ubiquitin release, remains based on still images. As structural approaches,
single-molecule studies, and mutational analyses are increasingly refined, the pathway of
substrates through the landscape of the proteasome may soon be traceable.
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Trends Box

Docking of a substrate at the proteasome RP complex is mediated by ubiquitin
recognition, but to be degraded the substrate must be translocated through a channel
leading from the RP the proteolytic CP complex.

Because the channel from the RP to the CP is narrow, translocation generally
requires unfolding of the substrate. Hydrolysis of ATP supplies the mechanical force
required for substrate unfolding and translocation.

Protein loops that line the channel within the RP interact with substrate and move
axially to direct vectorial motion of the substrate towards the CP.

Ubiquitin promotes degradation, but if not removed can impede translocation
because it resists unfolding.

Ubiquitin is removed from the substrate either prior to substrate entry into the
translocation channel or contemporaneously with this event, depending on the
deubiquitinating enzyme. Rapid deubiquitination can preempt substrate degradation.

Recent cryoelectron microscopy studies indicate that the proteasome adopts distinct
conformational states, which appear to be distinguishable as substrate receiving or
substrate engaged states.
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Figure 1. Substrate entry into the core particle (CP) is gated by N-terminal tails of the a subunits
(A) A semi-transparent surface representation of the proteasome CP, generated using (PDB

1RYP) (2). For the top a-ring, ribbon diagrams are included for a-a7 and the gating
residues circled. The top and bottom B-rings are distinguished by white and grey coloring
respectively, and the N-terminal 1, 2, and 5 catalytic threonines rendered in blue, red,
and purple, respectively. The surfaces of a-a7 and B-p7 of the top rings are transparent for
visualization of the catalytic sites. (B) A cross-section of the CP in its closed (left) and open
(right) state to illustrate the hollow interior and altered configuration of the N-terminal
gating residues. The top a- and p-rings are rendered as ribbon diagrams whereas the bottom
two rings are displayed as surfaces. The p1 and 5 catalytic sites are represented in blue and
purple, respectively. Dimensions are provided for scale. (C) Top view of the a-rings for
closed and open configurations of the CP. The inter-subunit clefts where C termini of many
proteasome regulators dock, including the regulatory particle (RP), are circled and the gate
labeled. PDB 1RYP (1) was used for the CP closed state represented in (A) — (C) whereas
PDB 1FNT (2) was used for the open state in (B) and (C). The latter structure was solved in
complex with the PA26 regulatory particle. (D) Surface diagram cut-away view of the CP a-
ring (grey) with the RP ATPase ring (yellow) highlighting the pore loops (red), HbY X
motifs (orange) and contiguous substrate entry channel. PDB 4CR4 (53) and 1FNT (2) were
used to generate this image.
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Figure 2. Cryo-electron microscopy reconstruction of the proteasome, highlighting differences in
the s1 and s3 states

(A) RPs stack against each end of the CP, rotated relative to each other by ~180°. The
ATPase rings (yellow) abut the a-rings (grey) of the CP with six fanned out lid components
(shades of blue) lining each side of the proteasome. Sem1 binds to this area and is shown in
black. In this sl state of the proteasome, Rpnl11 (purple) is offset from the center of the
ATPase core. Ubiquitin receptors Rpn10 and Rpnl13 (orange) are at opposite sides of Rpn11.
Above Rpnl (green) is electron density that has not yet been defined (grey), as Rpn1 model
structures do not map to incorporate these two regions. (B, C) Comparative views of the s1
(left) and s3 (right) states of the proteasome. In (B) major changes are observed for Rpn6,
while in (C) Rpnll is positioned more directly over the ATPase core in the s3 configuration.
Distances are included between Rpn11 A183 and Rpn13 I8 (white) and between Rpnll
S120 and Rptl E170 (red) to highlight conformational changes. EMD 2594 and EMD 2596
(53) were used to generate the s1 and s3 images, respectively.
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Figure 3. The RP ATPase ring components are comprised of four structural domains with
similarity to archaeal PAN

(A) The ATPase ring is displayed as a ribbon diagram highlighting the Rpt6 small (brown)
and large (yellow with the pore loop red) AAA domains, OB domain (orange) and coiled
coil (green). The Rpt6 small AAA domain packs against the Rpt3 large AAA domain (dark
grey), while the Rpt6 large AAA domain packs against the Rpt2 small AAA domain (black).
The distance between the Ca atoms of Rpt6 D118 and Y222 is included. PDB 4CR2 (53)
was used for this image. (B) PAN ATPase domain with nucleotide (blue) bound between its
large (yellow) and small (brown) AAA domains. The archaeal proteasome RP is formed
from a PAN hexamer. PDB 3H4M (29) was used for this image.
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Figure 4. Conformational rearrangements that reconfigure the ATPase ring in the s1 and s3
states

Expanded view in ribbon representation of the ATPase region that has a break (highlighted
with a black arc) between the arginine finger (Arg finger, indigo) and Walker A motif (light
blue) for the s1 (top, left) and s3 (bottom, right) configurations. These two views differ by a
180° rotation, and the corresponding view for each configuration is also included for
comparison. The pore loops are highlighted in red to illustrate their transition from a spiral
structure in s1 to a more planar structure in s3. HbY X motifs are labeled where visible.
These images were generated from PDB accession codes 4CR2 and 4CR4 (53) for the s1
and s3 states, respectively.
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Figure 5. Cryo-electron microscopy-based structure of the proteasome RP with deubiquitinating
enzyme Ubp6-UbAI

Structure of the proteasome s2 state induced by Ubp6 (burgundy) covalently bound to
ubiquitin-aldehyde (UbAI, indigo). PDB 5A5B (96) was used to generate this figure, which
is colored according to Figure 2.
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