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Abstract: The 26S proteasome is the largest and most complicated protease known, and changes
to proteasome assembly or function contribute to numerous human diseases. Assembly of the 265
proteasome from its ~66 individual polypeptide subunits is a highly orchestrated process requiring the
concerted actions of both intrinsic elements of proteasome subunits, as well as assistance by extrinsic,
dedicated proteasome assembly chaperones. With the advent of near-atomic resolution cryo-electron
microscopy, it has become evident that the proteasome is a highly dynamic machine, undergoing
numerous conformational changes in response to ligand binding and during the proteolytic cycle.
In contrast, an appreciation of the role of conformational dynamics during the biogenesis of the
proteasome has only recently begun to emerge. Herein, we review our current knowledge of
proteasome assembly, with a particular focus on how conformational dynamics guide particular
proteasome biogenesis events. Furthermore, we highlight key emerging questions in this rapidly
expanding area.

Keywords: 26S proteasome; ubiquitin; proteolysis; ATPase; macromolecular assembly; chaperone;
conformation; dynamics

1. The 26S Proteasome: A Central Protease for Regulated Intracellular
Protein Degradation

In eukaryotic cells, biological processes as diverse as signaling, metabolism, and
immune defense rely on the timely synthesis and removal of specific proteins from the
cell while sparing most others. Similarly, the regulated removal of damaged or defective
proteins maintains the overall quality of the proteome and protects cell and organismal
health. In eukaryotes, most of these regulatory and quality control protein substrates are
targeted for destruction by the ubiquitin—proteasome system (UPS) [1,2]. Proteins destined
for degradation by the UPS are typically first modified via the covalent attachment of a
small, highly conserved protein called ubiquitin (Ub) to one or more lysine residues in
the protein. Attachment of additional Ub molecules to the initial Ub in turn permits the
formation of a polyubiquitin (pUb) chain. This pUb chain can then serve as a signal for the
recruitment of the modified protein to the 26S proteasome, an ATP-dependent protease
complex responsible for destroying the substrate and releasing Ub for reuse. In this way,
the 26S proteasome serves as the endpoint of the UPS.

At approximately 2.5 megadaltons, the 265 proteasome is an unusually large and
complex protease. Although several variants of the proteasome harboring slight differences
in composition and function exist, this review will focus on the canonical form of the
26S proteasome (hereafter proteasome). The proteasome consists of a 19S regulatory
particle (RP) that docks onto one or both ends of the barrel-shaped 20S core particle (CP)
(Figure 1A). The RP is responsible for recognition of incoming substrates, removal of the
pUD targeting signal, unfolding them into linear polypeptide strings, and translocating
them into the central chamber of the CP [1]. The CP in turn cleaves the unfolded substrate
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into short peptides that can then be further proteolyzed to yield free amino acids for new
protein synthesis.
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Figure 1. Structure of the canonical 26S proteasome and its three major subcomplexes. (A) the
cryo-electron microscopy structure of the 26S proteasome in the resting/ground state is shown (PDB:
6FVT). The lid subcomplex is shown in yellow, the base ATPase ring is shown in dark blue, and the
non-ATPase subunits, including Rpn10, are shown in light blue. The core particle (CP) is shown
in grey. (B) the three major subcomplexes of the proteasome are shown individually. Coloring is
as in (A) for the lid and base, and the « and 3 rings of the CP are shown in dark and light grey,
respectively. (C) Cartoon depictions of the subunit compositions of each subcomplex are shown. The
major deubiquitinase of the proteasome, Rpn11, is shown in plum, and the three catalytic  subunits
are shown in red.

The RP can be further divided into two subcomplexes: the lid and the base
(Figure 1B) [3]. The lid consists of nine regulatory particle non-ATPase (Rpn) subunits;
Rpn3, Rpn5-9, Rpnll, Rpnl2, and Rpn15/Sem1 (Figure 1C). Rpn11 is a metalloprotease
and the sole intrinsic deubiquitinating enzyme present in the proteasome [4,5]. The central
unit within the base is a hexameric ring formed by six AAA+ family ATPase subunits,
named Rptl-6 and arranged Rptl-Rpt2-Rpt6-Rpt3—-Rpt4-Rpt5 (Figure 1B,C) [6]. This
ATPase ring is adorned with three non-ATPase subunits: Rpnl, Rpn2, and Rpn13. One



Biomolecules 2023, 13, 1223

30f21

additional subunit, Rpn10, lies at the interface between the lid and base and helps to
stabilize their interaction. Rpnl, Rpn10, and Rpn13 contain well-characterized Ub-binding
motifs that capture polyubiquitinated substrates [7-10], whereas the six Rpt subunits use
the energy of ATP binding and hydrolysis to exert a pulling force on substrate proteins,
unfolding them and translocating them through a narrow central pore into the CP. The CP
consists of four heteroheptameric rings axially stacked in an a—p—3—o ring conformation
(Figure 1B). The o rings, composed of seven o subunits («1-«7), form the outer rings in
the stack, whereas the 3 rings, composed of seven (3 subunits (31-37), make the inner
rings in the stack of the 20S proteasome (Figure 1C). The 31, 32, and (35 subunits contain
caspase-like, tryptic-like, and chymotryptic-like activities, respectively. These subunits
catalyze the hydrolysis of unfolded proteins into short peptides.

Whereas the catalytic activities of the proteasome have been carefully studied since
its initial discovery in the mid-1980s [11,12], the assembly of this unusually large cellular
machine is in its comparative infancy. Already, investigation of proteasome biogenesis
has revealed numerous important paradigms for macromolecular assembly in general
and will likely continue to do so for many additional years. Here, we review the current
knowledge on proteasome biogenesis, with a particular focus on recent advancements in
how conformational dynamics control key assembly steps.

2. An Overview of Proteasome Biogenesis

The assembly of the proteasome has been pieced together over the past 30 years
through a combination of molecular, structural, and biochemical studies performed across
prokaryotes, archaea, and eukaryotes [13]. In eukaryotes, whose proteasomes will be
the major focus of this review, most of the work has been carried out in budding yeast
and cultured human cells. Given the ~66 individual polypeptide chains present in a
mature proteasome, an astronomical number of subunit assembly sequences is theoretically
possible. However, most evidence currently supports a highly restricted number of possible
subunit assembly sequences. Indeed, protein complexes are generally under evolutionary
selection to assemble via ordered pathways rather than via a random stochastic process [14].
Among other benefits, such ordered assembly likely reduces the risk of misassembly
events and accelerates the production of mature complexes from its constituent subunits.
Ordered assembly likely also reduces the risk of assembly deadlock, an event in which the
simultaneous use of multiple assembly pathways can lead to the depletion of free subunits
necessary for completion of assembly via any individual pathway.

Order during proteasome biogenesis is enforced, at least in part, by a combination of
intrinsic subunit affinities, avid interactions among subunits within assembly intermediates,
chaperone-like functions of unstructured regions of subunits, and the concerted efforts of
several evolutionarily conserved assembly factors [2,13]. Generally, these assembly factors
enhance the natural propensity of proteasome subunits to self-assemble, but in some cases
may be essential for proper formation of particular intermediates [15-24]. In agreement
with this, deletion of individual proteasomal assembly chaperones is typically tolerated
with only some modest impact on assembly, whereas co-deletion of multiple assembly
factors or combination with hypomorphic mutations in proteasome subunits often lead
to growth defects ranging from modest to synthetic lethality [15-24]. As described below,
these unstructured regions and assembly factors often serve to reinforce intersubunit inter-
faces that are comparatively weak in the context of assembly intermediates, or to instead
restrict the inappropriate interaction between particular subunits or assembly intermediates.
Although some studies suggest that that the three major subcomplexes of the proteasome—
the CP, the lid, and the base—undergo interconnected assembly [21,25-27], most evidence
to date indicates these three subcomplexes preferentially assemble independently of one
another, followed by their stepwise association to form mature proteasomes. Below, we
provide a summary of what is known regarding the assembly of each subcomplex.
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2.1. CP Assembly

In simpler organisms such as actinobacteria and archaea, the CP is typically composed
of homomeric o and (3 rings containing seven copies of a single « or 3 subunit, respectively.
Formation of the CP typically occurs via one of two pathways. In actinobacteria, « and 3
subunits first associate with one another to yield heterodimers, with seven heterodimers
then associating laterally to yield a species composed of stacked « and (3 rings known as
half-proteasomes [28-30]. Two half-proteasomes then associate to yield a species called a
pre-holoproteasome (PHP). Formation of the PHP promotes the autocatalytic cleavage of
propeptides present at the N-termini of the catalytic 3 subunits, yielding mature CP. This
autocatalytic cleavage step serves to restrict proteolytic activity during the assembly process
and thus prevent premature, unregulated degradation of proteins. In Archaea, a second
pathway occurs that is more similar to that observed in eukaryotes. In this path, « rings
first form from seven o subunits, and this « ring then serves as a scaffold for the formation
of the f3 ring, yielding a half-proteasome [31,32]. The dimerization of half-proteasomes and
maturation of the active sites then proceed as for the first pathway.

In eukaryotes, CP assembly is more complex, owing to the diversification of subunits
present in the « and {3 rings. All eukaryotic proteasomal CPs studied to date contain
at least seven distinct o and seven distinct 3 subunits, each encoded by a unique gene.
Furthermore, each individual « or 3 subunit must occupy a specific location within its
respective ring to yield a mature and functional proteasome. It is generally agreed that
in eukaryotes, CP assembly occurs via the formation of an « ring containing the «l1-«7
subunits, which is then loaded with (3 subunits 32, b3, and 34 (Figure 2). This species is
commonly referred to as the 135 intermediate [33], based on its sedimentation coefficient
in ultracentrifugation experiments. Docking of 31, 35, and (36 occurs next, yielding the
15S intermediate, followed by incorporation of 37 to complete (3 ring assembly, yielding
a half-proteasome [34,35]. Incorporation of 37 is generally considered to be rate-limiting
for CP assembly, and is facilitated by its long C-terminal tail [35]. Two half-proteasomes
then dimerize to yield a PHP that undergoes autocatalytic propeptide cleavage to produce
a mature proteasome [36].

Q0
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@ - % <<.Nb
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Figure 2. Core particle assembly pathway. 3 subunit propeptides are shown as squiggly lines. Early
steps in « ring assembly are not entirely clear, but likely involve formation of an a5-a6—a7 complex
that may also contain «1 and/or a4, bound by Pba3—4 [21,23,24,37-41]. Pbal-2 associate prior to or
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concurrently with completion of « ring assembly, which in turn forms a scaffold upon which the
subunits assemble. Ump1 stabilizes incoming (3 subunits via direct contacts, and also serves to retain
Pbal-2 via interaction with the Pbal N-terminus, which snakes through the central pore of the « ring.
Docking of 32, 33, and (34 onto the assembled « ring creates the 135 intermediate. Docking of 35, 36,
and 31 onto the 13S intermediate yields the 15S intermediate. Incorporation of 37 is the rate-limiting
step for CP assembly and yields a complete half-proteasome. Dimerization of half-proteasomes forms
the pre-holoproteasome, which undergoes autocatalytic propeptide processing and destruction of
Umpl to yield the mature CP. Pbal-2 is thought to be released from the mature proteasome via a
combination of « ring constriction and loss of interactions with the propeptides and Umpl.

Although « ring formation initiates CP assembly, the earliest events are perhaps the
least understood. At present, no « ring intermediates smaller than a fully formed ring
have been directly and confidently observed in vivo. Certain combinations of « subunits
bind one another in vitro when coexpressed in E. coli [21,38,39,42,43], suggesting that
some self-assembly of subunits may occur. In many cases, these recombinant assembly
products bear subunit compositions or arrangements that are unlikely to be physiologi-
cal [24,38,39], strongly implying that « ring formation relies, at least in part, on extrinsic
regulatory elements.

Indeed, « ring formation is facilitated by two sets of proteasome-specific chaperones,
Pbal-2 and Pba3—4 (PAC 1-2 and PAC3—4 in metazoans) (Figure 2) [21,22,24,35,40]. Pbal-2
is a heterodimeric complex that guides assembly of the heptameric ring via dedicated
interactions with each of the seven o subunits, and is retained through subsequent stages
to prevent formation of off-pathway assembly products and « ring dimers [24]. By virtue
of its binding to the RP-facing surface of the « ring, it also prevents premature RP-CP
binding via steric interference. Recent cryo-electron microscopy (cryo-EM) structures of
the 135 and pre-15S intermediates have revealed that the Pbal-2 heterodimer is positioned
such that Pbal lies over the a5—a6 interface with Pba2 positioned over the « ring’s central
pore [44,45]. The N-terminus of Pbal snakes beneath Pba2 and extends into the central «
ring pore, thereby occluding premature access of substrates to the proteolytic chamber in
later assembly stages.

The assembly role(s) of the Pba3-4 heterodimer is less understood, but it appears
to function only during the earlier stages of CP assembly, as it is absent from the 13S
intermediate (Figure 2) [44]. Genetic suppression of Pba3 or Pba4 in yeast or human cells
results in the formation of non-canonical proteasomes containing a second copy of o4
in place of a3, suggesting a role for this heterodimer in « ring formation [21,46]. For
further discussion of a4—u4 proteasomes the reader is directed to a recent review [2],
although it is worth noting here that these non-canonical proteasomes have been reported
in multiple organisms, may be more abundant in certain cancers [47], and can convey
enhanced resistance to certain stresses [21].

The mechanism by which Pba3—4 ensures incorporation of a single copy of o4 is
unknown, but may involve suppression of inappropriate subunit interactions. Pba3—4
associates most strongly with free a5 subunit in vitro [21,40], and has been observed
associated with intermediates up to the 13S stage. Like Pbal-2, Pba3—4 binds primarily to
the assembling « ring, but on the opposite surface as Pbal-2 [40]. No significant contacts
are anticipated with a3 based on homology modeling [40], suggesting that Pba3—4 does
not directly recruit «3 into the assembling « ring. Instead, most evidence to date suggests
a mechanism in which it functions by suppressing inappropriate interaction between o2
and «b, thereby ensuring a4—«5 association [37]. Deletion of PBA4 in yeast results in
the formation of an aberrant assembly product resembling the 13S intermediate [37], but
lacking a4 and containing twice the normal &2 content of a canonical « ring. Similarly;,
a2 interacts directly with &5 in vitro, and overproduction of «1 in yeast suppressed the
formation of non-canonical proteasomes in pba3A cells [47], presumably by acting as a sink
for «2 to limit aberrant «2—a5 association. Later in CP assembly, Pba3—4 has been proposed
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to ensure ordered incorporation of (3 subunits until it is sterically displaced by the incoming
34 subunit [34].

Once formed, the « ring functions as a template upon which 3 subunits can coalesce.
Umpl, the first-discovered proteasomal assembly chaperone, plays a role in the structural
integrity of early 3 subunit-containing assembly intermediates [44,45,48]. Recent cryo-
EM structures suggest this is by reinforcing the & ring—3 subunit interface during {3 ring
assembly and by providing additional stabilizing contacts with incoming (3 subunits. Ump1
is first detected as part of the 135 intermediate, and remains bound until the completion of
CP assembly, becoming encapsulated inside the maturing CP through the final activating
step [48].

The subsequent addition of 31, 35, and (36 gives rise to the 155 intermediate [34].
The final subunit to be incorporated in yeast and mammals is the 37 subunit, completing
the formation of a half-proteasome [35]. The half-proteasome then dimerizes to yield the
PHP. The final step in proteasome biogenesis is the autocatalytic processing of propeptides
on 3 subunits 31, 2, 35, 36, and 37 [36]. Propeptide processing generates the catalytic
N-terminal threonine nucleophiles of 31, 32, and 35 necessary for substrate proteolysis [36],
and promotes the destruction of the encapsulated Ump1 chaperone by the newly active
CP [48]. This final maturation step also triggers the release of Pbal-2 from the o ring
surface, rendering the CP competent for the binding of regulators such as the RP.

2.2. RP Assembly

Like CP assembly, the assembly of the RP has been pieced together largely based on the
subunit composition of metastable complexes observed to accumulate in yeast cells harbor-
ing deletions or hypomorphic mutations in RP subunits or chaperones. These metastable
complexes have generally been presumed to be assembly intermediates, and some studies
have demonstrated that they can be incorporated into larger assemblies [20,49-51]. Most
of the literature indicates that the two main subcomplexes of the RP—the lid and base—are
able to assemble independently both of the CP and of one another, although some reports
suggest that mixed intermediates containing both lid and base subunits can occur and
assemble productively into the RP, suggesting that more than one assembly pathway may
exist [26].

Our knowledge of lid assembly comes almost entirely from studies in budding
yeast [49-56], and in contrast to the CP and the base, the lid appears to assemble without the
need for any dedicated assembly factors. In yeast, lid assembly begins with the formation
of two complementary precursors via parallel paths (Figure 3) [50,52-54]. These precursors
then combine, followed by joining of one final subunit to form the mature subcomplex.
One path is initiated by dimerization of Rpn8 and Rpn11, which then recruits Rpn6 [52].
This trimeric complex then recruits Rpn5 and Rpn9 to form an intermediate referred to
as Module 1 [54]. In the second path, Rpn3 and Rpn7 are tethered together by Sem1 to
form an intermediate called lid particle 3 (LP3) [50]. Module 1 and LP3 then associate
forming lid particle 2 (LP2). Finally, association of Rpn12 with LP2 completes the mature
lid subcomplex [49,51].

The order of assembly events within the lid is driven primarily by a rigid helical
bundle formed from o-helices present at the C-termini of all lid subunits except for
Rpn15/Sem1 [52]. This dependence on the helical bundle is presumably due to the rela-
tively limited surface area buried between the bodies of adjacent lid subunits, which is
necessary for the flexing and repositioning of the lid that occurs during substrate cataly-
sis [57,58]. As lid subunits assemble, their C-termini associate and create avid interaction
sites for the C-termini of other lid subunits, thereby serving to regulate the sequence of
subunit addition. This has been best studied for the final lid subunit to incorporate, Rpn12.
The C-terminal helix of Rpn12 docks into a crevice formed by the C-terminal helices of
virtually all other lid subunits [49,52]. The helices directly interacting with the Rpn12 helix
are contributed by subunits of both LP3 and Module 1, rendering its stable incorporation
dependent on the hierarchical assembly of these intermediates. Rpn12 thus serves as a
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sensor for the assembly state of the lid, docking stably only after successful incorporation
of all other subunits has taken place.

Figure 3. Lid subcomplex assembly pathway. Lid assembly in yeast proceeds via formation of Module
1 and lid particle (LP) 3, which are composed of Rpn5/6/8/9/11 and Rpn3/7/Sem1, respectively.
Module 1 and LP3 then associate to form LP2. Incorporation of Rpn12 into LP2 yields the fully
assembled lid subcomplex. Some limited evidence suggests lid formation may proceed via a distinct
subunit incorporation sequence in humans [56].

Sem1, the sole lid subunit not contributing a helix to the helical bundle, serves a
chaperone-like role during an early stage of lid assembly [50]. Sem1 is an intrinsically
disordered protein, and the smallest subunit of the proteasome at ~10 kDa. Although Sem1
is not required for the structural integrity of the mature proteasome, it serves a key role
by physically tethering lid subunits Rpn3 and Rpn7 together until their relatively weak
interface can be reinforced by interactions with other lid subunits from Module 1. Sem1
utilizes two conserved charged regions separated by a flexible, poorly conserved linker
region, to interact with Rpn3 and Rpn7 during this assembly function. Interestingly, Sem1
moonlights in several other multisubunit complexes, but based on available molecular
structures, its deployment of these charged regions to stabilize a subunit-subunit interaction
as it does in the proteasome appears to be unique.

Formation of the base requires the arrangement of the six Rpt ATPase subunits into a
heterohexameric ring in the order Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5 [6], and adornment
of the ring at specific positions by the non-ATPase subunits Rpnl, Rpn2, and Rpnl3.
Heterologous expression experiments have indicated that the six ATPase subunits do
not encode all of the information necessary to assemble properly on their own [59], and
work from numerous groups in yeast and mammalian cells have identified a collection of
dedicated assembly chaperones, discussed below, that help coordinate formation of the
base [15-20]. Biogenesis of the base appears to initiate with the pairing of the ATPases
into Rptl-Rpt2, Rpt3—-Rpt6, and Rpt4-Rpt5. This process is mediated primarily by the
N-terminal coiled coil domains of the ATPases and is facilitated by assembly chaperones.
Each ATPase dimer is associated with at least one dedicated assembly chaperone. Four
dedicated base assembly chaperones and one stress-induced chaperone have been identified
to date [60], although the role of the stress-induced chaperone in proteasome biogenesis
has recently been challenged [61].
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Generally, each dedicated chaperone binds to the C-terminal domain of a particular
Rpt subunit to exert its functions. Specifically, Nas6 (p28/gankyrin in mammals) and Rpn14
(PAAF1) associate with Rpt3 and Rpt6, respectively; Hsm3 (S5b) associates with Rptl; and
Nas2 (p27) associates with Rpt5. The resultant Nas6-Rpt3-Rpt6-Rpn14, Hsm3-Rptl1-Rpt2,
and Rpt4-Rpt5-Nas2 complexes are often referred to as the Rpn14/Nas6, Hsm3, and Nas2
modules, respectively (Figure 4). Once formed, these three modules associate stepwise to
form the ATPase ring. Rpn1 can associate with the Hsm3 module prior to this stepwise as-
sociation [15-20,62], but whether Rpn2 and Rpn13 similarly associate with the Rpn14-Nas6
module prior to interaction with other modules is not yet known. Rpn2 and Rpn13 can
be readily co-precipitated with an assembly intermediate consisting of the Rpn14/Nas6
and Nas2 modules, however, suggesting they associate prior to completion of ATPase ring
assembly [63].

Hsm3 module

Rpt5

Chaperone-bound base

Rpn14/Nas6 module

Figure 4. Yeast base assembly pathway. Base assembly initiates with the formation of Rpn14/Nas6,
Nas2, and Hsm3 modules independently of one another. In yeast, the Rpnl4/Nas6 and Nas2
modules first associate as shown. Nas2 dissociates from this intermediate immediately prior to or
concurrently with incorporation of the Hsm3 module to yield a chaperone-bound base subcomplex
that is competent for incorporation into mature proteasomes. In this cartoon, Rpn2 and Rpn13 are
shown present in the initial Rpn14/Nas6 module, but the exact point(s) where these subunits enter
the assembling base is uncertain. Also, the order of module association in humans appears to differ
from that of yeast based on subunit knockdown experiments.

Nas2 binds the three most terminal C-terminal residues of Rpt5 via its PDZ
domain [64,65]. As these 3 C-terminal amino acids form a motif that docks into the surface
of the CP in mature proteasomes [66,67], it has been suggested that a major function of Nas2
is to prevent premature association of Rpt4-Rpt5 with the CP [16,17,68]. The structure of
Nas2 bound to the Rpt5 C-terminal helical domain indicates that Nas2 blocks the incoming
Hsm3 module via steric conflict with Rptl [64]. This suggested that Nas2 must dissociate
prior to Hsm3 module incorporation and likely enforces ordered association of the three
modules (Figure 4). Indeed, immunoprecipitation of Nas2 from yeast cell extracts copurifies
all subunits of the Nas2 and Rpn14/Nas6 modules (including their associated chaperones),
but no subunits or chaperones of the Hsm3 module [6], strongly suggesting that these
modules associate prior to incorporation of the Hsm3 module. In contrast, experiments
in human cells have suggested pre-association of the Rpn14/Nas6 and Hsm3 modules,
followed by incorporation of the Nas2 module to yield a chaperone-bound base precur-
sor [19]. Thus, whereas the basic modules are identical from yeast to humans, it appears
that their association sequence may vary from species to species.

Nas6 and Rpnl4 associate with Rpt3 and Rpt6, respectively. Both are thought to
antagonize base—CP premature interaction by binding to the C-terminal domains of their
cognate ATPases, although the evidence of this for Rpn14 is currently rather limited [16,17].
Similarly, some limited evidence indicates these chaperones may help to stabilize the



Biomolecules 2023, 13, 1223

9 of 21

Rpnl4/Nas6 module until it is incorporated into higher order assembly intermediates.
In contrast, a role for Hsm3 as an assembly hub for Rptl, Rpt2, and Rpn1 to yield the
Hsm3 module is better supported [62]. In addition to its chaperone function, it likely
prevents premature docking of the Hsm3 module and/or the base complex with CP via
steric hindrance [68]. Association of the fully assembled lid and base then occurs, which is
thought to trigger recruitment of the ubiquitin receptor Rpn10 to reinforce their interface
and yield a chaperone-bound RP intermediate. Upon docking of this intermediate on
the mature CP, Rpn14, Nas6, and Hsm3 are released, yielding a mature and catalytically
active proteasome.

3. Conformational Dynamics Provide Challenges and Opportunities during
Proteasome Assembly

Although there has recently been an explosion in our knowledge of the conforma-
tional dynamics of the proteasomal proteolytic cycle [57,58,69-79], our understanding of
conformational dynamics during proteasome biogenesis is rather poorly developed. From
a theoretical perspective, however, conformational dynamics provide both challenges to
the assembly of multisubunit complexes, as well as several potential opportunities that can
be exploited to ensure the timely, efficient, and faithful biogenesis of these macromolecular
assemblies. In the following sections, we describe these challenges and opportunities,
and highlight some examples of how they are implemented to regulate biogenesis of
the proteasome.

Conformational dynamics can in principle be considered both in terms of their impacts
on a protein’s three-dimensional structure, and also in terms of the timescales over which
these structural movements occur. Highly localized movements within a given protein,
such as amino acid side chain rotations or formation of secondary structural elements,
typically occur over nanosecond timescales. In contrast, rearrangement of tertiary structural
elements leading to largescale conformational changes within a protein are typically much
slower, often occurring over millisecond or second timescales [80]. Extremely rapid events
such as side chain rotamer exchange likely influence subunit interactions, but thus far have
not been carefully investigated for the proteasome. Instead, most studies have focused
on larger conformational changes occurring over millisecond to second timescales [81,82].
Thus, from here forward, our use of the terms “conformational changes” or “conformational
dynamics” will refer to these larger scale tertiary structural rearrangements of subunits or
complexes unless otherwise indicated.

3.1. Conformational Matching as A Requirement for Association of Assembly Intermediates

Conformationally dynamic subunits or assembly intermediates can pose challenges
for macromolecular assembly if one or more conformational states assumed by a given
intermediate is incompatible with a given assembly step. An elastic collision between two
binding partners gives perhaps the simplest example of how conformational dynamics
can influence the assembly of a macromolecular structure. If one were to imagine two
dynamic conformational states that each partner can adopt-one in which they are assembly
competent, and another in which they are assembly incompetent, then only collisions
between partners in which both are in the assembly competent state would be anticipated
to yield a productive assembly event. In contrast, events in which only one (or neither)
partner has assumed the assembly competent state would be nonproductive. Put another
way, all interaction partners must assume conformations that are capable of meshing with
one another productively upon collision.

Perhaps the best example of such conformational matching as a means to control
proteasome assembly is the role of Rpn12 in promoting a conformational state of the lid
that is competent for docking with the base subcomplex. As described above, Rpn12 is
the final lid subunit to incorporate, and it had been previously demonstrated that the LP2
intermediate, which only lacks Rpn12, cannot stably dock onto the base subcomplex unless
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Rpn12 is present to complete lid formation [49,51]. This was somewhat surprising as Rpn12
adopted a peripheral location within the lid and does not make direct contact with the base.

A quantitative cross-linking mass spectrometry and electron microscopy study re-
vealed that incorporation of Rpnl2 induces significant conformational changes in the
nascent lid, transitioning from a compact and autoinhibited ‘closed” state observed in LP2
to an open and flexible state that can effectively interact with the base [49]. Comparison
of the crosslinking profile for LP2 and lid revealed two main conformational differences.
The first was in the positioning of the Rpn8—Rpn11 module relative to Sem1, Rpn3, and
Rpn7, consistent with a more closely packed arrangement in LP2 compared to the lid. The
second was in the positioning of the finger-like N-terminal domain of Rpn6, which was
compacted toward the center of LP2, but extended in the context of the lid (Figure 5A,
red arrow). This extension, coupled with repositioning of the Rpn8-Rpn11 heterodimer
described below [83], exposes key surfaces that contact the base, permitting their stable
interaction. Importantly, this rearrangement could be triggered by the addition of recombi-
nant Rpn12 or the isolated C-terminal helix that contributes to the helical bundle, providing
an explanation for regulation of lid-base assembly by Rpn12 (Figure 5B) [49].

LP2 Lid Overlay

Regulatory Particle

Figure 5. Conformational changes in the assembling lid license it for interaction with the base to
yield the mature regulatory particle. (A) the negative stain electron microscopy densities for LP2
(EMD-3136; blue) and the free lid (EMD-1993; yellow) are shown, with their superimposition shown
on the right. A red arrow indicates the change in density, presumed to be the N-terminal domain of
Rpné6 based on crosslinking data [49], that occurs upon incorporation of Rpn12 into the assembling
lid. (B) repositioning of Rpn6 reveals the central palm of the hand-like lid subcomplex and permits
stable docking with the base to yield the regulatory particle.
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A second example is provided by the base assembly chaperone Nas6. Nas6, by virtue
of binding the C-terminal helical domain of Rpt3 [84], is located in close quarters to both
the surface of the CP « ring and to the lid subunits Rpn5 and Rpn6. As for many AAA+
family ATPases [85], the positioning of the C-terminal helical domain of Rpt3 to which
Nas6 binds undergoes an up-and-down movement in response to nucleotide binding
and/or hydrolysis within the ATPase ring. This repositioning of the C-terminal helical
domain brings Nas6 into steric conflict with the CP or with Rpn5/Rpné depending on
the nucleotide state of the base [86,87]. In this manner, the nucleotide state may control
the order in which the lid, base, and CP assemble to yield mature proteasomes. This is
discussed in more detail below.

3.2. Conformational Restriction of Catalytic Activity during Proteasome Assembly

The mature, doubly RP-capped proteasome contains ~20 catalytic centers with deubiq-
uitinating, unfoldase, and protease activities. In the context of the mature proteasome, these
activities are carefully controlled to avoid spurious proteolysis via sequestration of the
peptidase active sites in the center of the CP, via enzymatic coupling of the deubiquitinating
activity to substrate unfolding and translocation [88], or via the requirement that a substrate
be held in very close vicinity to the base ATPase pore via the prior capture of its polyu-
biquitin chain for engagement and unfolding. However, these safety mechanisms cannot
always be implemented in the context of proteasomal assembly intermediates, necessitating
mechanisms to restrict particular activities until assembly has been completed. For the
CP proteolytic centers, peptidase activity is restricted via the production of the catalytic
subunits as proproteins with N-terminal inhibitory propeptides. These propeptides are
autocatalytically removed upon completion of CP assembly [36]. In contrast, suppression
of the enzymatic activities of the lid and base instead relies on conformational mechanisms
to restrict their respective functions.

One of the first examples of such conformational restriction of catalysis was shown for
the deubiquitinating lid subunit Rpn11. When produced recombinantly as a heterodimer
with its binding partner Rpn8, Rpn11 exhibits modest but highly promiscuous deubiquiti-
nating activity [89]. However, its activity is reduced ~four-fold in the context of the isolated
lid subcomplex [83]. Once the lid incorporates into the fully assembled 26S proteasome,
Rpnll activity is again enhanced [90]. These observations suggest that Rpn11 activity
is restrained in the context of the lid subcomplex, and relieved upon incorporation into
proteasome holoenzymes. Indeed, although the Rpn11/Rpn8 heterodimer has not been
observed to accumulate appreciably in cells, substantial free lid has been observed [51],
necessitating some regulatory mechanism to prevent spurious deubiquitination.

Cryo-EM demonstrated that Rpn11 exists in an inhibited form in the isolated lid that
explains these biochemical observations (Figure 6) [83]. In the free lid, the N-terminal do-
main of Rpn5 interacts closely with loops surrounding Rpn11’s catalytic Zn?* ion and also
occludes the substrate-binding cleft. This dual mechanism of inhibition is also mediated
in part via interactions between Rpn8 and Rpn9 that hold the Rpn8-Rpn11 heterodimer
downward against the palm of the hand-like lid subcomplex. Incorporation of the lid into
the 265 proteasome results in significant conformational changes, particularly in the posi-
tion of the Rpn11/Rpn8 domain heterodimer. Upon incorporation into the proteasome, it
undergoes an ~90° upward rotation that extends it over the substrate-translocation channel.
This transition is likely facilitated by the distortion of Rpn11-Rpn5 and Rpn8-Rpn9 contact
sites caused by interactions with the core and base subunits, and/or via displacement of
the Rpn8/Rpn11 heterodimer by Rpnl0 incorporation. The activation of Rpn11 in the
proteasome is further enhanced by the stabilization of an alternative conformation in a
key substrate-interacting loop near the active site through interactions with the Rpt4/Rpt5
N-terminal coiled coil domain [69,74,88]. Together, these autoinhibitory interactions among
lid subunits serve to restrain the deubiquitinating activity of Rpnl1 until it can be safely
coupled to the translocation of the substrate through the ATPase pore.
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Rpn8-Rpnll
heterodimer

Rpn11 Zn?*-
p coordinating

Free lid presidues

Figure 6. Autoinhibition of Rpn11 within the free lid is released upon incorporation into the mature
proteasome. The cryo-electron microscopy structures of the free lid (PDB: 3JCK) and of the lid in the
context of the mature proteasome (PDB: 6FVT) are shown. Subunits Rpn3, 5, 6, 7,9, 12, and Sem1 are
shown in pale yellow, whereas the Rpn8—Rpn11 heterodimer is shown in pink and plum, respectively.
The ribbon structure of Rpn11 with the amino acids that coordinate the catalytic Zn?* ion is shown in
green space-filling representation. As shown, in the free lid, the Rpn8-Rpn11 heterodimer is folded
downward into the palm of the lid, such that the Rpn11 catalytic site is obscured by Rpn5. In the
mature proteasome, the Rpn8-Rpn11 heterodimer undergoes an ~90° rotation upward and out from
the palm of the lid, exposing the Rpn11 catalytic site and poising it for deubiquitination of substrates.

More recently, a related regulatory mechanism for the ATPase activity of the base was
described [91]. AAA+ family ATPases, such as the Rpt subunits within the proteasome
base, form an ATP-hydrolyzing active site at the interface between the large N-terminal
domains of one subunit and the small, C-terminal helical domain in the counterclockwise
adjacent subunit [85]. It has been known for some time that the Rpn14/Nas6, Nas2, and
Hsm3 modules harbor little to no ATPase activity on their own [26]. However, the fully
assembled base displays robust ATPase activity, approximately 50% of that observed for the
proteasome holoenzyme [92]. Although it had been assumed that this two-fold stimulation
of ATPase activity likely is mediated by interactions between the base and the lid and /or CP,
careful measurements of ATPase activity by purified base bound by different combinations
of chaperones has demonstrated that they cooperatively suppress the ATPase activity of
the base [91].

Although the mechanism by which the assembly chaperones suppress the ATPase
activity of the base is unknown, it is tempting to speculate that they may function (at least
in part) by constraining the conformational space sampled by the base. Consistent with this
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possibility, ATP binding and hydrolysis is known to drive large conformational transitions
within AAA+ family ATPases; suppression of such transitions in a given subunit would
be expected to negatively regulate ATP binding and/or hydrolysis by its neighbors via
allosteric effects. Despite this seemingly straightforward model, it is unclear from available
structures of Rpn14 [93-95], Nas6 [84], or Hsm3 [62,68,96] how they may negatively regulate
conformational changes within the base. Nas6 is not anticipated to make any contact with
ATPases other than its binding partner Rpt3, and its position on the C-terminal helical
domain of Rpt3 does not appear to be suitable for influencing the ATP hydrolysis cycle
directly. Hsm3, in contrast, binds Rpt1 such that it also contacts Rpt2, and thus could serve
much like a wedge to lock these two subunits into a particular ATP hydrolysis-deficient
state [62]. At present, no structure of Rpnl4 in complex with its binding partner Rpt6 is
available to inform how it may impact its function; structural studies of the base adorned
by particular combinations of assembly chaperones will likely be critical for understanding
this mechanism of negative ATPase regulation.

3.3. Conformational Dynamics as a Means to Evict Assembly Chaperones from Nascent Complexes

Another avenue in which conformational dynamics are exploited during proteasome
biogenesis is to ensure the timely dissociation of assembly chaperones upon maturation of
their respective client complexes. To ensure efficient proteasome biogenesis, it is impor-
tant that dedicated assembly chaperones recognize their cognate assembly intermediates
specifically and with high affinity, as these highly transient, metastable intermediates are
often present at very low steady-state levels in cells. However, this creates a challenge, in
that this tightly bound chaperone must dissociate just as efficiently upon maturation of the
bound subcomplex. Surprisingly, very few examples of how chaperones are released from
nascent proteasomes or subcomplexes exist. However, in known examples, conformational
changes play important roles in promoting the release of chaperones.

As described above, the Pbal-2 chaperone complex associates during the initial stages
of CP « ring formation and is retained through CP maturation until it is displaced by the
RP. A proposed model for this displacement is via conformational changes in the « ring
during maturation of the CP peptidase active sites, resulting in a weakened affinity of
Pbal-2 for the CP [97]. This model is based in part on observations that Pbal-2 binding to
mature CP is highly salt-sensitive, whereas binding to immature CP is highly salt-resistant
and thus presumably of higher affinity than that for mature CP [97]. In further support
of this model, a series of structural investigations demonstrated that the « rings in 155
precursors and the PHP are much broader than in mature CP [44,45,98]. This broader CP
surface allows Pbal-2 to make increased contact with the « ring and presumably increases
its affinity compared to mature CP where contact is more limited. Indeed, a structure of
Pbal-2 bound to the PHP compared to a structure of Pbal-2 bound to mature proteasomes
reveals the o ring contracts during transition from PHP to mature CP. Further, comparison
of the Pbal-2 bound to 155 and the Pbal-2 bound to CP revealed that the chaperone adopts
a distended orientation with the mature CP that limits its CP contact compared to the
15S [44]. Thus, this conformation-controlled affinity switch enables Pbal-2 to both guide
the correct assembly of the « ring and prevent premature docking of the RP onto the CP,
but to be released efficiently upon maturation of the proteolytic active sites [97].

Although appealing, it is not yet clear whether differences in the breadth of the CP
are the cause of Pbal-2 release or a consequence of them. A model for Pbal-2 release
that challenges the one raised above can be envisioned based on the structures of several
intermediates of the CP revealed in a recent cryo-EM study [44]. In these structures, the
N-terminus of Pbal can be observed making direct contact with the 35 subunit propep-
tide, as well as the assembly chaperone Ump1. Thus, one alternative model for Pbal-2
eviction would be one in which the cleavage of 3 subunit propeptides and the subsequent
destruction of Ump1 removes critical avid interactions that would normally stabilize the
interaction between Pbal-2 and the CP, triggering their dissociation. Further studies will
be necessary to distinguish between these two (and other) possibilities.
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An important remaining question is whether the RP or some other element actively
displaces Pbal-2 from mature CP, or whether RP adventitiously binds during the transient
dissociation of Pbal-2, rendering Pbal-2 unable to rebind. The dissociation constant of
Pbal-2 for mature CP was estimated at ~1-3 pM [97,98]. Assuming that their association
rate constant is in the range of 10°~108 M~! sec ™! as is common for many protein—protein
interactions, Pbal-2 would dissociate from mature CP with a half-life of ~1-100 s, which
would be suitably fast for the latter possibility. However, detailed kinetic analyses will be
necessary to distinguish between these possible mechanisms of eviction.

Much as conformational changes in the maturing CP serve to promote release of
Pbal-2, a similar mechanism is utilized to evict one base assembly chaperone, Nas6, from
nascent proteasomes. Earlier work by the Park group demonstrated that when bound to
the isolated base, Nas6 caused steric clash either with the lid or with the CP, depending
on the nucleotide state of the base [86]. Specifically, loading the Nas6-bound base with the
non-hydrolyzable ATP analog ATPyS promoted efficient interaction between the base and
CP, but inhibited interaction between the base and lid. Conversely, provision of ATP (which
is presumably rapidly hydrolyzed to ADP and phosphate by the base) supported efficient
interaction between the base and the lid, but inhibited interaction between the base and the
CP. Molecular modeling of Nas6 onto mature proteasomes in various conformational states
provided a rationale for this observation—the C-terminal helical domain of Rpt3 to which
Nas6 binds was differentially positioned in structures of the proteasome generated in the
presence of ATP vs. ATPyS. This positioned Nasé6 to clash either with the CP surface or the
lid subunits Rpné [86] and Rpn5 [87] (Figure 7A). Thus, the conformational state of the base
can deploy Nas6 in different ways to restrict association between a particular subcomplex.

This observation raises an apparent paradox. Nas6 appears to prevent the formation
of a ternary lidebaseeCP complex, as it will be in steric clash with either the lid or CP at
any given time. Some insights into how this issue may be resolved were provided by a
series of cryo-EM structures of the human ortholog of Nas6, p28/gankyrin, bound to the
RP [99]. In a subset of structures, the ATPase ring of the base appeared to have adopted
a flatter, more open position by virtue of a puckering of the ATPase ring centered on
Rpt3 (Figure 7B, left). This puckering would in principle permit the formation of such a
ternary complex, with the expectation that closing of the puckered ring would then serve
to evict Nas6. Although the importance of this puckering was not validated experimentally,
a recent biochemical study has implicated conformational changes in the nascent 26S
proteasome as the signal for eviction of Nas6 from the nascent mature proteasome [87].
The use of ATPase-specific mutations and conformation-specific disruptions revealed an
ATP-dependent remodeling of Rpn5 that generates enhanced steric clash to evict Nas6
from nascent proteasomes. Specifically, the contact between Rpn5 and the base promoted
the eviction of Nas6 in a manner dependent upon the nascent proteasome adopting a
resting /s1-like state (Figure 7A,B right panels). Taken together, these three studies yield a
model in which the Nas6-bound RP, by virtue of the puckered ATPase ring, forms a ternary
Nas6eRPeCP complex. We speculate that, upon formation of this complex, docking the RP
to the CP promotes closure of the ATPase ring, bringing Rpn5 into steric conflict with Nas6,
leading to its release (Figure 7C).

Consistent with this model, the Park group recently demonstrated that Rpn14, Nas6,
and Hsm3 work together coordinately to suppress ATPase activity of the base during
assembly [91]. Suppression of ATPase activity would promote the accumulation of unhy-
drolyzed ATP in the binding sites of the proteasomal ATPases, yielding a conformation of
the ATPase ring most consistent with the translocating/s4 state of the proteasome. This
conformation was shown to have rather limited steric conflict with Nas6 in modeling
studies, whereas the conflict was increased substantially when Nas6 was modeled onto the
resting/sl state of the proteasome [87]. Thus, stimulation of ATP hydrolysis upon docking
of the chaperone-bound RP onto the CP would serve to effectively shoehorn Nasé from
the nascent proteasome via the enhanced steric conflict generated as the proteasome shifts
from the translocating/s4 state to the resting/s1 state (Figure 7C).
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RP-Nas6 26S-Nas6 (s4) 26S-Nas6 (s1)

RP-Nas6 26S-Nas6 (s4) 26S-Nas6 (s1)

C

ATP hydrolysis

RP-Nas6 Sealing of ATPase ring Mature proteasome
Intermediate (translocating/s4-like) (resting/s1 state)

+CP

Figure 7. Conformational eviction of Nas6 assembly chaperone from mature proteasomes. (A,B) the
position of the human Nas6 ortholog, gankyrin, bound to the free regulatory particle is shown on
the left (PDB: 5VHF). Molecular modeling of Nas6 (PDB: 2DZN) onto the substrate-translocating (s4;
PDB: 6FVW; center) or the resting/ground state (PDB: 6FVT) proteasome are shown for comparison.
In (A), Rpn5 is shown in darker yellow and Rpn6 in lighter yellow, with Nas6 in green. Pink markings
indicate positions of steric clash between Nas6 and Rpn5 or Rpn6. Increased steric clash occurs
as the proteasomal ATPase ring shifts from the substrate-translocating state to the resting state.
In (B), the puckering of the ATPase ring is evident when compared to the ATPase ring of the s4 and sl
proteasomes. (C) a cartoon model describing the inferred mechanism of Nas6 eviction upon sealing
of the ATPase ring and stimulation of hydrolysis at the Rpt3 catalytic pocket.
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Although this model clearly explains the release of Nas6, it remains largely unclear
how the two other RP-associated chaperones, Rpn14 and Hsm3, are released from nascent
proteasomes. It is likely that ATP binding and/or hydrolysis are also exploited in the
case of these chaperones to drive their eviction from this ternary complex; dissecting
the mechanisms as well as the relative sequence of chaperone eviction is likely to yield
important insights into the earliest stages of ATPase function within nascent proteasomes
and will clarify how these complicated mechanistic steps are accomplished.

3.4. Conformational Dynamics to Signal Dysfunctional Proteasomes

In a similar vein to the role of assembly chaperones in suppressing ATPase activity of
the free base subcomplex, Nas6 was recently shown to be unique among the chaperones
in that it can destabilize proteasomes with defects at the RP-CP interface [100]. Typically,
the RP docks onto the CP on one or both ends in part through highly conserved, flexible
C-termini tail regions of specific ATPase subunits [67]. These C-termini regions terminate
in a 3-amino acid HbYX motifs (where Hb, Y, and X indicate a hydrophobic amino acid, a
tyrosine, and any amino acid, respectively) insert themselves into pockets formed at the
interfaces between adjacent subunits located on the surface of the o ring of the CP. The tails
of Rpt2, Rpt3, and Rpt5 have been visualized to be stably docked in virtually all structures
of the proteasome, whereas the tails of Rptl and Rpt6 appear more dynamic, being engaged
with their cognate « ring pockets primarily in proteasomes that are actively degrading
substrates or treated with ATPyS [69,74,76,101].

Disruptions to the HbYX-a pocket interactions on either side of the RP-CP interface
yielded a Nas6-dependent reduction in the levels of mature proteasomes and a corre-
sponding increase in the levels of free RP and CP, consistent with a destabilization of this
interface [100]. Importantly, this destabilization could be completely rescued via deletion of
NASG6, indicating it was not simply due to a substantial weakening of the RP—CP interface.
Nas6 accumulated selectively on the RP in cells harboring these disruptions, suggesting that
Nas6 may either preferentially associate with, or promote the disassembly of, proteasomes
with defective RP—CP interfaces. Importantly, this function of Nas6 could be suppressed
by artificially tightening the RP—CP interface via addition of ATPYS, suggesting that Nas6
may probe the conformation or dynamics of the RP-CP interface as part of a quality control
function taking place after assembly of the proteasome has completed. This surveillance
function of Nas6 was proposed to help ensure the quality of the cellular proteasome pool
to maintain proteasome homeostasis.

The mechanism by which Nas6 identifies and destabilizes proteasomes with defec-
tive RP-CP interfaces remains unclear. It is likely that any defects at the RP-CP interface
will weaken the interaction between these complexes; this in principle will enhance the
frequency that they dissociate, providing Nas6 opportunities to bind and sequester defec-
tive RPs. However, Nas6 accumulated on RPs even when RP-CP interface defects were
present on the CP rather than the RP, and deletion of NAS6 in cells harboring RP—CP
defects suppressed the accumulation of free RP and CP, suggesting this former possibility
is unlikely [100]. Instead, disruptions to the RP-CP interface may open enough space
between these two subcomplexes for Nas6 to bind and sterically interfere with their stable
interaction in one or more conformations associated with the ATPase cycle. The molecu-
lar signal(s) that Nas6 recognizes, as well as the impacts of this putative quality control
function on cell health, will be important to establish in future studies.

4. Summary and Perspective

High-resolution structures of the proteasome, combined with biochemical charac-
terization of presumed assembly intermediates, have been instrumental in guiding our
understanding of proteasome biogenesis over the past decade. Despite this, virtually all
knowledge of proteasome assembly to date has come from static snapshots of the assembly
process derived from these biochemical and structural experiments. To fully appreciate
how conformational dynamics are harnessed to ensure rapid and faithful assembly of
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proteasomes, it will be necessary to develop time-resolved and quantitative measurements
of the association and dissociation kinetics of key intermediates, as well as the affinities
of particular intermediates or subcomplexes for one another. Importantly, these thermo-
dynamic and kinetic measurements must be complemented with real-time reporters of
the conformational state of key assembly intermediates to permit a holistic understanding
of how structural changes are signaled, and how they regulate key assembly steps. The
recent development of approaches to reconstitute proteasomal subcomplexes and inter-
mediates from recombinant proteins [50,92], coupled with site-specific protein labeling
technologies [81], will undoubtedly permit the development of such more finely resolved
assays and will ensure that the proteasome continues to serve as a foundational model for
understanding the assembly of large macromolecular complexes in vivo.

Author Contributions: Conceptualization, D.B., T.L. and R.J.T.]J.; writing—original draft preparation,
D.B., T.L. and R].TJ.; writing—review and editing, D.B., T.L. and R.J.T.J.; supervision, R]J.T.].; project
administration, R.J.T].; funding acquisition, R.J.T.J. All authors have read and agreed to the published
version of the manuscript.

Funding: Work on the proteasome in the Tomko lab is funded by NIH grants GM118600, GM144550,
and Florida Department of Health grant 22A03 to R.J.T.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors thank Antonia A. Nemec for helpful feedback on drafts of this
article. We apologize to our colleagues whose contributions to the field could not be discussed in
detail due to space limitations.

Conflicts of Interest: The authors declare no real or perceived conflicts of interest.

References

1. Bard, ].A.M.; Goodall, E.A.; Greene, E.R.; Jonsson, E.; Dong, K.C.; Martin, A. Structure and Function of the 26S Proteasome. Annu.
Rev. Biochem. 2018, 87, 697-724. [CrossRef]

2. Howell, L.A.; Tomko, R.J.; Kusmierczyk, A.R. Putting it all together: Intrinsic and extrinsic mechanisms governing proteasome
biogenesis. Front. Biol. 2017, 12, 19-48. [CrossRef]

3.  Glickman, M.H.; Rubin, D.M.; Coux, O.; Wefes, L; Pfeifer, G.; Cjeka, Z.; Baumeister, W.; Fried, V.A.; Finley, D. A subcomplex of
the proteasome regulatory particle required for ubiquitin-conjugate degradation and related to the COP9-signalosome and eIF3.
Cell 1998, 94, 615-623. [CrossRef]

4. Verma, R,; Aravind, L.; Oania, R.; McDonald, W.H.; Yates, ].R., IIl; Koonin, E.V.; Deshaies, R.J. Role of Rpn11 metalloprotease in
deubiquitination and degradation by the 26S proteasome. Science 2002, 298, 611-615. [CrossRef] [PubMed]

5. Yao, T.; Cohen, R.E. A cryptic protease couples deubiquitination and degradation by the proteasome. Nature 2002, 419, 403—407.
[CrossRef] [PubMed]

6. Tomko, R]J., Jr.; Funakoshi, M.; Schneider, K.; Wang, J.; Hochstrasser, M. Heterohexameric ring arrangement of the eukaryotic
proteasomal ATPases: Implications for proteasome structure and assembly. Mol. Cell 2010, 38, 393—403. [CrossRef]

7. Elsasser, S.; Chandler-Militello, D.; Miiller, B.; Hanna, J.; Finley, D. Rad23 and Rpn10 serve as alternative ubiquitin receptors for
the proteasome. |. Biol. Chem. 2004, 279, 26817-26822. [CrossRef] [PubMed]

8.  Husnjak, K,; Elsasser, S.; Zhang, N.; Chen, X.; Randles, L.; Shi, Y.; Hofmann, K.; Walters, K.J.; Finley, D.; Dikic, I. Proteasome
subunit Rpn13 is a novel ubiquitin receptor. Nature 2008, 453, 481-488. [CrossRef]

9. Schreiner, P.; Chen, X.; Husnjak, K.; Randles, L.; Zhang, N.; Elsasser, S.; Finley, D.; Dikic, I.; Walters, K.J.; Groll, M. Ubiquitin
docking at the proteasome through a novel pleckstrin-homology domain interaction. Nature 2008, 453, 548-552. [CrossRef]
[PubMed]

10. Shi, Y.; Chen, X; Elsasser, S.; Stocks, B.B.; Tian, G.; Lee, B.-H.; Shi, Y.; Zhang, N.; de Poot, S.A.H.; Tuebing, E,; et al. Rpnl provides
adjacent receptor sites for substrate binding and deubiquitination by the proteasome. Science 2016, 351, aad9421. [CrossRef]

11. Waxman, L.; Fagan, ].M.; Goldberg, A.L. Demonstration of two distinct high molecular weight proteases in rabbit reticulocytes,
one of which degrades ubiquitin conjugates. J. Biol. Chem. 1987, 262, 2451-2457. [CrossRef]

12.  Hough, R,; Pratt, G.; Rechsteiner, M. Ubiquitin-lysozyme conjugates. Identification and characterization of an ATP-dependent
protease from rabbit reticulocyte lysates. J. Biol. Chem. 1986, 261, 2400-2408. [CrossRef]

13.  Budenholzer, L.; Cheng, C.L.; Li, Y.; Hochstrasser, M. Proteasome Structure and Assembly. J. Mol. Biol. 2017, 429, 3500-3524.
[CrossRef]

14. Marsh, J.A.; Hernandez, H.; Hall, Z.; Ahnert, S.E.; Perica, T.; Robinson, C.V.; Teichmann, S.A. Protein complexes are under

evolutionary selection to assemble via ordered pathways. Cell 2013, 153, 461-470. [CrossRef] [PubMed]


https://doi.org/10.1146/annurev-biochem-062917-011931
https://doi.org/10.1007/s11515-017-1439-1
https://doi.org/10.1016/S0092-8674(00)81603-7
https://doi.org/10.1126/science.1075898
https://www.ncbi.nlm.nih.gov/pubmed/12183636
https://doi.org/10.1038/nature01071
https://www.ncbi.nlm.nih.gov/pubmed/12353037
https://doi.org/10.1016/j.molcel.2010.02.035
https://doi.org/10.1074/jbc.M404020200
https://www.ncbi.nlm.nih.gov/pubmed/15117949
https://doi.org/10.1038/nature06926
https://doi.org/10.1038/nature06924
https://www.ncbi.nlm.nih.gov/pubmed/18497827
https://doi.org/10.1126/science.aad9421
https://doi.org/10.1016/S0021-9258(18)61525-X
https://doi.org/10.1016/S0021-9258(17)35950-1
https://doi.org/10.1016/j.jmb.2017.05.027
https://doi.org/10.1016/j.cell.2013.02.044
https://www.ncbi.nlm.nih.gov/pubmed/23582331

Biomolecules 2023, 13, 1223 18 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Saeki, Y.; Toh-e, A.; Kudo, T.; Kawamura, H.; Tanaka, K. Multiple proteasome-interacting proteins assist the assembly of the yeast
19S regulatory particle. Cell 2009, 137, 900-913. [CrossRef] [PubMed]

Roelofs, J.; Park, S.; Haas, W.; Tian, G.; McAllister, EE.; Huo, Y.; Lee, B.-H.; Zhang, F; Shi, Y.; Gygi, S.P; et al. Chaperone-mediated
pathway of proteasome regulatory particle assembly. Nature 2009, 459, 861-865. [CrossRef] [PubMed]

Park, S.; Roelofs, J.; Kim, W.; Robert, J.; Schmidt, M.; Gygi, S.P.; Finley, D. Hexameric assembly of the proteasomal ATPases is
templated through their C termini. Nature 2009, 459, 866-870. [CrossRef]

Le Tallec, B.; Barrault, M.B.; Guerois, R.; Carre, T.; Peyroche, A. Hsm3/S5b participates in the assembly pathway of the 19S
regulatory particle of the proteasome. Mol. Cell 2009, 33, 389-399. [CrossRef] [PubMed]

Kaneko, T.; Hamazaki, J.; Ilemura, S.-I.; Sasaki, K.; Furuyama, K.; Natsume, T.; Tanaka, K.; Murata, S. Assembly pathway of the
Mammalian proteasome base subcomplex is mediated by multiple specific chaperones. Cell 2009, 137, 914-925. [CrossRef]
Funakoshi, M.; Tomko, RJ., Jr.; Kobayashi, H.; Hochstrasser, M. Multiple assembly chaperones govern biogenesis of the
proteasome regulatory particle base. Cell 2009, 137, 887-899. [CrossRef]

Kusmierczyk, A.R.; Kunjappu, M.].; Funakoshi, M.; Hochstrasser, M. A multimeric assembly factor controls the formation of
alternative 20S proteasomes. Nat. Struct. Mol. Biol. 2008, 15, 237-244. [CrossRef] [PubMed]

Le Tallec, B.; Barrault, M.-B.; Courbeyrette, R.; Guérois, R.; Marsolier-Kergoat, M.-C.; Peyroche, A. 20S proteasome assembly is
orchestrated by two distinct pairs of chaperones in yeast and in mammals. Mol. Cell 2007, 27, 660—674. [CrossRef] [PubMed]
Hirano, Y.; Hayashi, H.; Iemura, S.-I.; Hendil, K.B.; Niwa, S.-I.; Kishimoto, T.; Kasahara, M.; Natsume, T.; Tanaka, K.; Murata,
S. Cooperation of multiple chaperones required for the assembly of mammalian 20S proteasomes. Mol. Cell 2006, 24, 977-984.
[CrossRef] [PubMed]

Hirano, Y.; Hendil, K.B.; Yashiroda, H.; Iemura, S.-I.; Nagane, R.; Hioki, Y.; Natsume, T.; Tanaka, K.; Murata, S. A heterodimeric
complex that promotes the assembly of mammalian 20S proteasomes. Nature 2005, 437, 1381-1385. [CrossRef] [PubMed]

Yu, Z.; Livnat-Levanon, N.; Kleifeld, O.; Mansour, W.; Nakasone, M.A.; Castaneda, C.A.; Dixon, E.K.; Fushman, D.; Reis, N.; Pick,
E.; et al. Base-CP proteasome can serve as a platform for stepwise lid formation. Biosci. Rep. 2015, 35, €00194. [CrossRef]
Thompson, D.; Hakala, K.; DeMartino, G.N. Subcomplexes of PA700, the 19 S regulator of the 26 S proteasome, reveal relative
roles of AAA subunits in 26 S proteasome assembly and activation and ATPase activity. J. Biol. Chem. 2009, 284, 24891-24903.
[CrossRef]

Hendil, K.B.; Kriegenburg, F; Tanaka, K.; Murata, S.; Lauridsen, A.-M.B.; Johnsen, A .H.; Hartmann-Petersen, R. The 20S
proteasome as an assembly platform for the 19S regulatory complex. J. Mol. Biol. 2009, 394, 320-328. [CrossRef]

Sharon, M.; Witt, S.; Glasmacher, E.; Baumeister, W.; Robinson, C.V. Mass spectrometry reveals the missing links in the assembly
pathway of the bacterial 20 S proteasome. J. Biol. Chem. 2007, 282, 18448-18457. [CrossRef]

Kwon, Y.D.; Nagy, I.; Adams, P.D.; Baumeister, W.; Jap, B.K. Crystal structures of the Rhodococcus proteasome with and without its
pro-peptides: Implications for the role of the pro-peptide in proteasome assembly. . Mol. Biol. 2004, 335, 233-245. [CrossRef]
Ziihl, E; Seemiiller, E.; Golbik, R.; Baumeister, W. Dissecting the assembly pathway of the 20S proteasome. FEBS Lett. 1997,
418, 189-194. [CrossRef]

Mayr, J.; Seemuller, E.; Muller, S.A.; Engel, A.; Baumeister, W. Late events in the assembly of 20S proteasomes. J. Struct. Biol. 1998,
124, 179-188. [CrossRef] [PubMed]

Zwickl, P; Kleinz, J.; Baumeister, W. Critical elements in proteasome assembly. Nat. Struct. Biol. 1994, 1, 765-770. [CrossRef]
Schmidtke, G.; Schmidt, M.; Kloetzel, PM. Maturation of mammalian 20 S proteasome: Purification and characterization of 13 S
and 16 S proteasome precursor complexes. J. Mol. Biol. 1997, 268, 95-106. [CrossRef] [PubMed]

Hirano, Y.; Kaneko, T.; Okamoto, K.; Bai, M.; Yashiroda, H.; Furuyama, K.; Kato, K.; Tanaka, K.; Murata, S. Dissecting 3-ring
assembly pathway of the mammalian 20S proteasome. EMBO J. 2008, 27, 2204—2213. [CrossRef] [PubMed]

Li, X.; Kusmierczyk, A.R.; Wong, P.; Emili, A.; Hochstrasser, M. 3-Subunit appendages promote 20S proteasome assembly by
overcoming an Ump1l-dependent checkpoint. EMBO J. 2007, 26, 2339-2349. [CrossRef]

Chen, P; Hochstrasser, M. Autocatalytic subunit processing couples active site formation in the 20S proteasome to completion of
assembly. Cell 1996, 86, 961-972. [CrossRef]

Takagi, K.; Saeki, Y.; Yashiroda, H.; Yagi, H.; Kaiho, A.; Murata, S.; Yamane, T.; Tanaka, K.; Mizushima, T.; Kato, K. Pba3—
Pba4 heterodimer acts as a molecular matchmaker in proteasome o-ring formation. Biochem. Biophys. Res. Commun. 2014,
450, 1110-1114. [CrossRef]

Gerards, W.L.; de Jong, W.W.; Bloemendal, H.; Boelens, W. The human proteasomal subunit HsC8 induces ring formation of other
a-type subunits. J. Mol. Biol. 1998, 275, 113-121. [CrossRef]

Gerards, W.L.; Enzlin, J.; Haner, M.; Hendriks, I.L.; Aebi, U.; Bloemendal, H.; Boelens, W. The human «-type proteasomal subunit
HsC8 forms a double ringlike structure, but does not assemble into proteasome-like particles with the 3-type subunits HsDelta or
HsBPROS26. J. Biol. Chem. 1997, 272, 10080-10086. [CrossRef]

Yashiroda, H.; Mizushima, T.; Okamoto, K.; Kameyama, T.; Hayashi, H.; Kishimoto, T.; Niwa, S.-I.; Kasahara, M.; Kurimoto, E.;
Sakata, E.; et al. Crystal structure of a chaperone complex that contributes to the assembly of yeast 20S proteasomes. Nat. Struct.
Mol. Biol. 2008, 15, 228-236. [CrossRef] [PubMed]

Wu, W,; Sahara, K.; Hirayama, S.; Zhao, X.; Watanabe, A.; Hamazaki, J.; Yashiroda, H.; Murata, S. PAC1-PAC2 proteasome
assembly chaperone retains the core a4—«7 assembly intermediates in the cytoplasm. Genes Cells 2018, 23, 839-848. [CrossRef]


https://doi.org/10.1016/j.cell.2009.05.005
https://www.ncbi.nlm.nih.gov/pubmed/19446323
https://doi.org/10.1038/nature08063
https://www.ncbi.nlm.nih.gov/pubmed/19412159
https://doi.org/10.1038/nature08065
https://doi.org/10.1016/j.molcel.2009.01.010
https://www.ncbi.nlm.nih.gov/pubmed/19217412
https://doi.org/10.1016/j.cell.2009.05.008
https://doi.org/10.1016/j.cell.2009.04.061
https://doi.org/10.1038/nsmb.1389
https://www.ncbi.nlm.nih.gov/pubmed/18278055
https://doi.org/10.1016/j.molcel.2007.06.025
https://www.ncbi.nlm.nih.gov/pubmed/17707236
https://doi.org/10.1016/j.molcel.2006.11.015
https://www.ncbi.nlm.nih.gov/pubmed/17189198
https://doi.org/10.1038/nature04106
https://www.ncbi.nlm.nih.gov/pubmed/16251969
https://doi.org/10.1042/BSR20140173
https://doi.org/10.1074/jbc.M109.023218
https://doi.org/10.1016/j.jmb.2009.09.038
https://doi.org/10.1074/jbc.M701534200
https://doi.org/10.1016/j.jmb.2003.08.029
https://doi.org/10.1016/S0014-5793(97)01370-7
https://doi.org/10.1006/jsbi.1998.4068
https://www.ncbi.nlm.nih.gov/pubmed/10049805
https://doi.org/10.1038/nsb1194-765
https://doi.org/10.1006/jmbi.1997.0947
https://www.ncbi.nlm.nih.gov/pubmed/9149144
https://doi.org/10.1038/emboj.2008.148
https://www.ncbi.nlm.nih.gov/pubmed/18650933
https://doi.org/10.1038/sj.emboj.7601681
https://doi.org/10.1016/S0092-8674(00)80171-3
https://doi.org/10.1016/j.bbrc.2014.06.119
https://doi.org/10.1006/jmbi.1997.1429
https://doi.org/10.1074/jbc.272.15.10080
https://doi.org/10.1038/nsmb.1386
https://www.ncbi.nlm.nih.gov/pubmed/18278057
https://doi.org/10.1111/gtc.12631

Biomolecules 2023, 13, 1223 19 of 21

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Hammack, L.J.; Kusmierczyk, A.R. Assembly of proteasome subunits into non-canonical complexes in vivo. Biochem. Biophys.
Res. Commun. 2017, 482, 164-169. [CrossRef] [PubMed]

Hammack, L.J.; Kusmierczyk, A.R. Data on the identity of non-canonical complexes formed from proteasome subunits in vivo.
Data Brief 2016, 9, 1130-1137. [CrossRef]

Schnell, H.M.; Walsh, R.M,, Jr.; Rawson, S.; Kaur, M.; Bhanu, M.K,; Tian, G.; Prado, M.A.; Guerra-Moreno, A.; Paulo, ].A.; Gygi,
S.P; et al. Structures of chaperone-associated assembly intermediates reveal coordinated mechanisms of proteasome biogenesis.
Nat. Struct. Mol. Biol. 2021, 28, 418-425. [CrossRef]

Kock, M.; Nunes, M.M.; Hemann, M.; Kube, S.; Jirgen Dohmen, R.; Herzog, F.; Ramos, P.C.; Wendler, P. Proteasome assembly
from 155 precursors involves major conformational changes and recycling of the Pbal-Pba2 chaperone. Nat. Commun. 2015,
6, 6123. [CrossRef]

Padmanabhan, A.; Vuong, S.A.-T.; Hochstrasser, M. Assembly of an Evolutionarily Conserved Alternative Proteasome Isoform in
Human Cells. Cell Rep. 2016, 14, 2962-2974. [CrossRef]

Howell, L.A.; Peterson, A K.; Tomko, R.J., Jr. Proteasome subunit «1 overexpression preferentially drives canonical proteasome
biogenesis and enhances stress tolerance in yeast. Sci. Rep. 2019, 9, 12418. [CrossRef]

Ramos, P.C.; Hockendorff, J.; Johnson, E.S.; Varshavsky, A.; Jiirgen Dohmen, R. Ump1p is required for proper maturation of the
20S proteasome and becomes its substrate upon completion of the assembly. Cell 1998, 92, 489-499. [CrossRef]

Tomko, RJ., Jr.; Taylor, D.W.; Chen, Z.A.; Wang, H.-W.; Rappsilber, J.; Hochstrasser, M. A Single o Helix Drives Extensive
Remodeling of the Proteasome Lid and Completion of Regulatory Particle Assembly. Cell 2015, 163, 432—444. [CrossRef]
Tomko, R.J., Jr.; Hochstrasser, M. The intrinsically disordered Sem1 protein functions as a molecular tether during proteasome lid
biogenesis. Mol. Cell 2014, 53, 433-443. [CrossRef]

Tomko, R.J., Jr.; Hochstrasser, M. Incorporation of the Rpn12 subunit couples completion of proteasome regulatory particle lid
assembly to lid-base joining. Mol. Cell 2011, 44, 907-917. [CrossRef]

Estrin, E.; Lopez-Blanco, J.R.; Chacén, P.; Martin, A. Formation of an intricate helical bundle dictates the assembly of the 26S
proteasome lid. Structure 2013, 21, 1624-1635. [CrossRef]

Fukunaga, K.; Kudo, T.; Toh-e, A.; Tanaka, K.; Saeki, Y. Dissection of the assembly pathway of the proteasome lid in Saccharomyces
cerevisiae. Biochem. Biophys. Res. Commun. 2010, 396, 1048-1053. [CrossRef]

Sharon, M.; Taverner, T.; Ambroggio, X.I.; Deshaies, R.].; Robinson, C.V. Structural organization of the 19S proteasome lid: Insights
from MS of intact complexes. PLoS Biol. 2006, 4, e267. [CrossRef] [PubMed]

Isono, E.; Saito, N.; Kamata, N.; Saeki, Y.; Toh-e, A. Functional analysis of Rpnép, a lid component of the 26 S proteasome, using
temperature-sensitive rpn6 mutants of the yeast Saccharomyces cerevisiae. |. Biol. Chemn. 2005, 280, 6537—6547. [CrossRef] [PubMed]
Bai, M.; Zhao, X.; Sahara, K.; Ohte, Y.; Hirano, Y.; Kaneko, T.; Yashiroda, H.; Murata, S. In-depth Analysis of the Lid Subunits
Assembly Mechanism in Mammals. Biomolecules 2019, 9, 213. [CrossRef] [PubMed]

Matyskiela, M.E.; Lander, G.C.; Martin, A. Conformational switching of the 265 proteasome enables substrate degradation. Nat.
Struct. Mol. Biol. 2013, 20, 781-788. [CrossRef]

Sledz, P; Unverdorben, P; Beck, E; Pfeifer, G.; Schweitzer, A.; Forster, F.; Baumeister, W. Structure of the 26S proteasome with
ATP-yS bound provides insights into the mechanism of nucleotide-dependent substrate translocation. Proc. Natl. Acad. Sci. USA
2013, 110, 7264-7269. [CrossRef]

Takeuchi, J.; Tamura, T. Recombinant ATPases of the yeast 26S proteasome activate protein degradation by the 20S proteasome.
FEBS Lett. 2004, 565, 39-42. [CrossRef]

Hanssum, A.; Zhong, Z.; Rousseau, A.; Krzyzosiak, A.; Sigurdardottir, A.; Bertolotti, A. An inducible chaperone adapts
proteasome assembly to stress. Mol. Cell 2014, 55, 566-577. [CrossRef]

Singh, K.; Graf, B.; Linden, A.; Sautner, V.; Urlaub, H.; Tittmann, K.; Stark, H.; Chari, A. Discovery of a Regulatory Subunit of the
Yeast Fatty Acid Synthase. Cell 2020, 180, 1130-1143.€20. [CrossRef]

Barrault, M.-B.; Richet, N.; Godard, C.; Murciano, B.; Le Tallec, B.; Rousseau, E.; Legrand, P.; Charbonnier, J.-B.; Le Du, M.-H.;
Guérois, R.; et al. Dual functions of the Hsm3 protein in chaperoning and scaffolding regulatory particle subunits during the
proteasome assembly. Proc. Natl. Acad. Sci. USA 2012, 109, E1001-E1010. [CrossRef] [PubMed]

Tomko, R.J., Jr.; Hochstrasser, M. Order of the proteasomal ATPases and eukaryotic proteasome assembly. Cell Biochem. Biophys.
2011, 60, 13-20. [CrossRef] [PubMed]

Satoh, T.; Saeki, Y.; Hiromoto, T.; Wang, Y.-H.; Uekusa, Y.; Yagi, H.; Yoshihara, H.; Yagi-Utsumi, M.; Mizushima, T.; Tanaka, K,;
et al. Structural basis for proteasome formation controlled by an assembly chaperone nas2. Structure 2014, 22, 731-743. [CrossRef]
Lee, S.Y.-C.; De La Mota-Peynado, A.; Roelofs, J. Loss of Rpt5 protein interactions with the core particle and Nas2 protein causes
the formation of faulty proteasomes that are inhibited by Ecm?29 protein. J. Biol. Chem. 2011, 286, 36641-36651. [CrossRef]
[PubMed]

Rabl, J.; Smith, D.M.; Yu, Y.; Chang, S.-C.; Goldberg, A.L.; Cheng, Y. Mechanism of gate opening in the 20S proteasome by the
proteasomal ATPases. Mol. Cell 2008, 30, 360-368. [CrossRef]

Smith, D.M.; Chang, S.-C.; Park, S.; Finley, D.; Cheng, Y.; Goldberg, A.L. Docking of the proteasomal ATPases’ carboxyl termini in
the 20S proteasome’s « ring opens the gate for substrate entry. Mol. Cell 2007, 27, 731-744. [CrossRef]

Park, S.; Li, X;; Kim, HM.; Singh, C.R.; Tian, G.; Hoyt, M.A; Lovell, S.; Battaile, K.P; Zolkiewski, M.; Coffino, P; et al.
Reconfiguration of the proteasome during chaperone-mediated assembly. Nature 2013, 497, 512-516. [CrossRef]


https://doi.org/10.1016/j.bbrc.2016.11.024
https://www.ncbi.nlm.nih.gov/pubmed/27833017
https://doi.org/10.1016/j.dib.2016.11.048
https://doi.org/10.1038/s41594-021-00583-9
https://doi.org/10.1038/ncomms7123
https://doi.org/10.1016/j.celrep.2016.02.068
https://doi.org/10.1038/s41598-019-48889-5
https://doi.org/10.1016/S0092-8674(00)80942-3
https://doi.org/10.1016/j.cell.2015.09.022
https://doi.org/10.1016/j.molcel.2013.12.009
https://doi.org/10.1016/j.molcel.2011.11.020
https://doi.org/10.1016/j.str.2013.06.023
https://doi.org/10.1016/j.bbrc.2010.05.061
https://doi.org/10.1371/journal.pbio.0040267
https://www.ncbi.nlm.nih.gov/pubmed/16869714
https://doi.org/10.1074/jbc.M409364200
https://www.ncbi.nlm.nih.gov/pubmed/15611133
https://doi.org/10.3390/biom9060213
https://www.ncbi.nlm.nih.gov/pubmed/31159305
https://doi.org/10.1038/nsmb.2616
https://doi.org/10.1073/pnas.1305782110
https://doi.org/10.1016/j.febslet.2004.03.073
https://doi.org/10.1016/j.molcel.2014.06.017
https://doi.org/10.1016/j.cell.2020.02.034
https://doi.org/10.1073/pnas.1116538109
https://www.ncbi.nlm.nih.gov/pubmed/22460800
https://doi.org/10.1007/s12013-011-9178-4
https://www.ncbi.nlm.nih.gov/pubmed/21461838
https://doi.org/10.1016/j.str.2014.02.014
https://doi.org/10.1074/jbc.M111.280875
https://www.ncbi.nlm.nih.gov/pubmed/21878651
https://doi.org/10.1016/j.molcel.2008.03.004
https://doi.org/10.1016/j.molcel.2007.06.033
https://doi.org/10.1038/nature12123

Biomolecules 2023, 13, 1223 20 of 21

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Dong, Y.; Zhang, S.; Wu, Z; Li, X.;; Wang, W.L.; Zhu, Y.; Stoilova-McPhie, S.; Lu, Y.; Finley, D.; Mao, Y. Cryo-EM structures and
dynamics of substrate-engaged human 26S proteasome. Nature 2019, 565, 49-55. [CrossRef]

Ding, Z.; Fu, Z.; Xu, C.; Wang, Y.; Wang, Y,; Li, J.; Kong, L.; Chen, J.; Li, N.; Zhang, R.; et al. High-resolution cryo-EM structure of
the proteasome in complex with ADP-AIFx. Cell Res. 2017, 27, 373-385. [CrossRef]

Schweitzer, A.; Aufderheide, A.; Rudack, T.; Beck, F,; Pfeifer, G.; Plitzko, ].M.; Sakata, E.; Schulten, K.; Forster, F.; Baumeister, W.
Structure of the human 265 proteasome at a resolution of 3.9 A. Proc. Natl. Acad. Sci. USA 2016, 113, 7816-7821. [CrossRef]
Huang, X.; Luan, B.; Wu, J.; Shi, Y. An atomic structure of the human 26S proteasome. Nat. Struct. Mol. Biol. 2016, 23, 778-785.
[CrossRef] [PubMed]

Greene, E.R.; Goodall, E.A.; de la Pefia, A.H.; Matyskiela, M.E.; Lander, G.C.; Martin, A. Specific lid-base contacts in the 26s
proteasome control the conformational switching required for substrate degradation. Elife 2019, 8, e49806. [CrossRef] [PubMed]
De la Pefia, A.H.; Goodall, E.A.; Gates, S.N.; Lander, G.C.; Martin, A. Substrate-engaged 26S proteasome structures reveal
mechanisms for ATP-hydrolysis-driven translocation. Science 2018, 362, eaav0725. [CrossRef]

Bashore, C.; Dambacher, C.M.; Goodall, E.A.; Matyskiela, M.E.; Lander, G.C.; Martin, A. Ubp6 deubiquitinase controls conforma-
tional dynamics and substrate degradation of the 26S proteasome. Nat. Struct. Mol. Biol. 2015, 22, 712-719. [CrossRef]

Eisele, M.R,; Reed, R.G.; Rudack, T.; Schweitzer, A.; Beck, F.; Nagy, I.; Pfeifer, G.; Plitzko, ] M.; Baumeister, W.; Tomko, R.J., Jr.;
et al. Expanded Coverage of the 265 Proteasome Conformational Landscape Reveals Mechanisms of Peptidase Gating. Cell Rep.
2018, 24, 1301-1315.e5. [CrossRef]

Wehmer, M.; Rudack, T.; Beck, E.; Aufderheide, A.; Pfeifer, G.; Plitzko, J.M.; Forster, E.; Schulten, K.; Baumeister, W.; Sakata,
E. Structural insights into the functional cycle of the ATPase module of the 26S proteasome. Proc. Natl. Acad. Sci. USA 2017,
114, 1305-1310. [CrossRef]

Aufderheide, A.; Beck, F; Stengel, F; Hartwig, M.; Schweitzer, A.; Pfeifer, G.; Goldberg, A.L.; Sakata, E.; Baumeister, W.; Forster, E
Structural characterization of the interaction of Ubp6 with the 26S proteasome. Proc. Natl. Acad. Sci. USA 2015, 112, 8626-8631.
[CrossRef]

Unverdorben, P; Beck, E; Sledz, P,; Schweitzer, A.; Pfeifer, G.; Plitzko, J.M.; Baumeister, W.; Forster, F. Deep classification of a large
cryo-EM dataset defines the conformational landscape of the 26S proteasome. Proc. Natl. Acad. Sci. USA 2014, 111, 5544-5549.
[CrossRef]

Fisette, O.; Lagtie, P.; Gagné, S.; Morin, S. Synergistic applications of MD and NMR for the study of biological systems. J. Biomed.
Biotechnol. 2012, 2012, 254208. [CrossRef]

Bard, J.A.M.; Bashore, C.; Dong, K.C.; Martin, A. The 26S Proteasome Utilizes a Kinetic Gateway to Prioritize Substrate
Degradation. Cell 2019, 177, 286-298.e15. [CrossRef]

Jonsson, E.; Htet, ZM.; Bard, ].A.M.; Dong, K.C.; Martin, A. Ubiquitin modulates 26S proteasome conformational dynamics and
promotes substrate degradation. Sci. Adv. 2022, 8, eadd9520. [CrossRef]

Dambacher, C.M.; Worden, E.J.; Herzik, M.A.; Martin, A.; Lander, G.C. Atomic structure of the 26S proteasome lid reveals the
mechanism of deubiquitinase inhibition. Elife 2016, 5, €13027. [CrossRef]

Nakamura, Y.; Umehara, T.; Tanaka, A.; Horikoshi, M.; Padmanabhan, B.; Yokoyama, S. Structural basis for the recognition
between the regulatory particles Nas6 and Rpt3 of the yeast 26S proteasome. Biochem. Biophys. Res. Commun. 2007, 359, 503-509.
[CrossRef] [PubMed]

Wendler, P.; Ciniawsky, S.; Kock, M.; Kube, S. Structure and function of the AAA+ nucleotide binding pocket. Biochim. Biophys.
Acta 2012, 1823, 2-14. [CrossRef]

Li, F; Tian, G.; Langager, D.; Sokolova, V.; Finley, D.; Park, S. Nucleotide-dependent switch in proteasome assembly mediated by
the Nas6 chaperone. Proc. Natl. Acad. Sci. USA 2017, 114, 1548-1553. [CrossRef]

Nemec, A.A.; Peterson, A.K.; Warnock, J.L.; Reed, R.G.; Tomko, R.J., Jr. An Allosteric Interaction Network Promotes Conformation
State-Dependent Eviction of the Nas6 Assembly Chaperone from Nascent 26S Proteasomes. Cell Rep. 2019, 26, 483-495.e5.
[CrossRef] [PubMed]

Worden, E.J.; Dong, K.C.; Martin, A. An AAA Motor-Driven Mechanical Switch in Rpn11 Controls Deubiquitination at the 26S
Proteasome. Mol. Cell 2017, 67, 799-811.e8. [CrossRef] [PubMed]

Worden, E.J.; Padovani, C.; Martin, A. Structure of the Rpn11-Rpn8 dimer reveals mechanisms of substrate deubiquitination
during proteasomal degradation. Nat. Struct. Mol. Biol. 2014, 21, 220-227. [CrossRef]

Pathare, G.R.; Nagy, I; Sledz, P; Anderson, D.J.; Zhou, H.-J.; Pardon, E.; Steyaert, J.; Forster, F.; Bracher, A.; Baumeister, W. Crystal
structure of the proteasomal deubiquitylation module Rpn8-Rpn11. Proc. Natl. Acad. Sci. USA 2014, 111, 2984-2989. [CrossRef]
Nahar, A.; Sokolova, V.; Sekaran, S.; Orth, ].D.; Park, S. Assembly checkpoint of the proteasome regulatory particle is activated by
coordinated actions of proteasomal ATPase chaperones. Cell Rep. 2022, 39, 110918. [CrossRef] [PubMed]

Beckwith, R.; Estrin, E.; Worden, E.J.; Martin, A. Reconstitution of the 265 proteasome reveals functional asymmetries in its AAA+
unfoldase. Nat. Struct. Mol. Biol. 2013, 20, 1164-1172. [CrossRef] [PubMed]

Ehlinger, A.; Park, S.; Fahmy, A.; Lary, ]JW.; Cole, J.L.; Finley, D.; Walters, K.J. Conformational dynamics of the Rpt6 ATPase in
proteasome assembly and Rpn14 binding. Structure 2013, 21, 753-765. [CrossRef]

Kim, S.; Nishide, A.; Saeki, Y.; Takagi, K.; Tanaka, K.; Kato, K.; Mizushima, T. New crystal structure of the proteasome-dedicated
chaperone Rpn14 at 1.6 A resolution. Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 2012, 68, 517-521. [CrossRef]


https://doi.org/10.1038/s41586-018-0736-4
https://doi.org/10.1038/cr.2017.12
https://doi.org/10.1073/pnas.1608050113
https://doi.org/10.1038/nsmb.3273
https://www.ncbi.nlm.nih.gov/pubmed/27428775
https://doi.org/10.7554/eLife.49806
https://www.ncbi.nlm.nih.gov/pubmed/31778111
https://doi.org/10.1126/science.aav0725
https://doi.org/10.1038/nsmb.3075
https://doi.org/10.1016/j.celrep.2018.07.004
https://doi.org/10.1073/pnas.1621129114
https://doi.org/10.1073/pnas.1510449112
https://doi.org/10.1073/pnas.1403409111
https://doi.org/10.1155/2012/254208
https://doi.org/10.1016/j.cell.2019.02.031
https://doi.org/10.1126/sciadv.add9520
https://doi.org/10.7554/eLife.13027
https://doi.org/10.1016/j.bbrc.2007.05.138
https://www.ncbi.nlm.nih.gov/pubmed/17555716
https://doi.org/10.1016/j.bbamcr.2011.06.014
https://doi.org/10.1073/pnas.1612922114
https://doi.org/10.1016/j.celrep.2018.12.042
https://www.ncbi.nlm.nih.gov/pubmed/30625330
https://doi.org/10.1016/j.molcel.2017.07.023
https://www.ncbi.nlm.nih.gov/pubmed/28844860
https://doi.org/10.1038/nsmb.2771
https://doi.org/10.1073/pnas.1400546111
https://doi.org/10.1016/j.celrep.2022.110918
https://www.ncbi.nlm.nih.gov/pubmed/35675778
https://doi.org/10.1038/nsmb.2659
https://www.ncbi.nlm.nih.gov/pubmed/24013205
https://doi.org/10.1016/j.str.2013.02.021
https://doi.org/10.1107/S1744309112011359

Biomolecules 2023, 13, 1223 21 of 21

95.

96.

97.

98.

99.

100.

101.

Kim, S.; Saeki, Y.,; Fukunaga, K.; Suzuki, A.; Takagi, K.; Yamane, T.; Tanaka, K.; Mizushima, T.; Kato, K. Crystal structure of yeast
rpnl4, a chaperone of the 19 S regulatory particle of the proteasome. J. Biol. Chem. 2010, 285, 15159-15166. [CrossRef] [PubMed]
Takagi, K.; Kim, S.; Yukii, H.; Ueno, M.; Morishita, R.; Endo, Y.; Kato, K.; Tanaka, K.; Saeki, Y.; Mizushima, T. Structural basis for
specific recognition of Rptlp, an ATPase subunit of 26 S proteasome, by proteasome-dedicated chaperone Hsm3p. J. Biol. Chem.
2012, 287, 12172-12182. [CrossRef]

Wani, P.S.; Rowland, M.A.; Ondracek, A.; Deeds, E.J.; Roelofs, ]. Maturation of the proteasome core particle induces an affinity
switch that controls regulatory particle association. Nat. Commun. 2015, 6, 6384. [CrossRef]

Stadtmueller, B.M.; Kish-Trier, E.; Ferrell, K.; Petersen, C.N.; Robinson, H.; Myszka, D.G.; Eckert, D.M.; Formosa, T.; Hill, C.P.
Structure of a Proteasome Pbal-Pba2 Complex: Implications for Proteasome Assembly, Activation, and Biological Function. J.
Biol. Chem. 2012, 287, 37371-37382. [CrossRef]

Lu, Y;; Wu, ]; Dong, Y.; Chen, S.; Sun, S.; Ma, Y.-B.; Ouyang, Q.; Finley, D.; Kirschner, M.W.; Mao, Y. Conformational Landscape of
the p28-Bound Human Proteasome Regulatory Particle. Mol. Cell 2017, 67, 322-333.e6. [CrossRef]

Warnock, J.L.; Jobin, G.W.; Kumar, S.; Tomko, R.J., Jr. Assembly chaperone Nas6 selectively destabilizes 26S proteasomes with
defective regulatory particle-core particle interfaces. J. Biol. Chem. 2023, 299, 102894. [CrossRef]

Zhu, Y.; Wang, W.L.; Yu, D.; Ouyang, Q.; Lu, Y.; Mao, Y. Structural mechanism for nucleotide-driven remodeling of the
AAA-ATPase unfoldase in the activated human 26S proteasome. Nat. Commun. 2018, 9, 1360. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1074/jbc.M110.104042
https://www.ncbi.nlm.nih.gov/pubmed/20236927
https://doi.org/10.1074/jbc.M112.345876
https://doi.org/10.1038/ncomms7384
https://doi.org/10.1074/jbc.M112.367003
https://doi.org/10.1016/j.molcel.2017.06.007
https://doi.org/10.1016/j.jbc.2023.102894
https://doi.org/10.1038/s41467-018-03785-w
https://www.ncbi.nlm.nih.gov/pubmed/29636472

	The 26S Proteasome: A Central Protease for Regulated Intracellular Protein Degradation 
	An Overview of Proteasome Biogenesis 
	CP Assembly 
	RP Assembly 

	Conformational Dynamics Provide Challenges and Opportunities during Proteasome Assembly 
	Conformational Matching as A Requirement for Association of Assembly Intermediates 
	Conformational Restriction of Catalytic Activity during Proteasome Assembly 
	Conformational Dynamics as a Means to Evict Assembly Chaperones from Nascent Complexes 
	Conformational Dynamics to Signal Dysfunctional Proteasomes 

	Summary and Perspective 
	References

