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Abstract
The 26S proteasome is a 2.5 MDa, 32-subunit ATP-dependent protease that is responsible for the
degradation of ubiquitinated protein targets in all eukaryotic cells. This proteolytic machine
consists of a barrel-shaped peptidase capped by a large regulatory particle, which contains a
heterohexameric AAA+ unfoldase as well as several structural modules of previously unknown
function. Recent electron microscopy studies have allowed major breakthroughs in understanding
the architecture of the regulatory particle, revealing that the additional modules provide a
structural framework to position critical, ubiquitin-interacting subunits and thus allow the 26S
proteasome to function as a universal degradation machine for a wide variety of protein substrates.
The electron microscopy studies have also uncovered surprising asymmetries in the spatial
arrangement of proteasome subunits, yet the functional significance of these architectural features
remains unclear. This review will summarize the recent findings on 26S proteasome structure and
discuss the mechanistic implications for substrate binding, deubiquitination, unfolding, and
degradation.

Introduction
Energy-dependent protein degradation is required for the specific and irreversible removal
of critical regulatory proteins, as well as the general control of protein content and quality in
the cell. This highly regulated form of proteolysis is performed by ATP-dependent
proteases, a family of multi-subunit protein complexes that share the common architecture
of a barrel-shaped compartmental peptidase topped by a hexameric AAA+ unfoldase
(ATPases Associated with various cellular Activities) 1.

Protein peptide bonds are metastable. Their hydrolysis is exergonic and can be accelerated
by peptidases, but in folded proteins their exposure to solvent or proteolytic active sites is
strongly restricted by higher-order structures. ATP-dependent proteases utilize the input of
energy to make their protein substrates selectively accessible for degradation by
mechanically unfolding and translocating them into a self-compartmentalized degradation
chamber. The compartmental peptidases of these proteases are formed from two or four
stacked rings of six or seven subunits, with proteolytic active sites sequestered on the
internal surface of the barrel-shaped cavity. Access to this cavity is restricted by narrow
axial pores that are only wide enough to accommodate an unfolded polypeptide chain 2.
Protein substrates must therefore be threaded into this proteolytic chamber by AAA+
unfoldases that bind and gate the entryway. These unfoldases are hexameric rings of ATPase
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subunits, which consist of a small and a large AAA+ sub-domain and contain conserved
loops that line the central pore of the ring. The loops directly contact the substrate protein,
transduce the ATP-hydrolysis-induced conformational changes of individual ATPase
subunits, and thereby exert a pulling force to unfold and translocate the substrate through the
narrow central pore and into the peptidase 3, 4, 5. Each subunit in the hexamer can
communicate with its neighbor, allowing the ring to coordinate activities and work as a
single motor 6, 7, 8.

Prokaryotes and eukaryotes have evolved different approaches to meet the proteolytic
requirements of the cell. Prokaryotes, and bacteria in particular, contain many different
ATPdependent proteases that recognize distinct sets of substrate targeting signals and thus
regulate different cellular processes 9, 10. These targeting signals are typically short peptide
sequences that are integral parts of the substrate polypeptide. They can either be recognized
directly by the unfoldase or first interact with adaptor proteins that subsequently bind the
unfoldase and deliver substrates for degradation 9, 10. The bacterial ClpXP protease, for
example, recognizes the so-called ssrA tag, an 11-amino-acid sequence that is added to the
C-terminus of incompletely translated proteins at stalled ribosomes. The last three amino
acids of this tag bind directly to the ClpX unfoldase pore, but the starvation-induced adaptor
protein SspB can enhance substrate affinity by interacting with both ClpX and the N-
terminal portion of the tag 11. Another bacterial protease, ClpAP, collaborates with the
adaptor protein ClpS to identify N-end rule substrates through their N-terminal amino
acid 12. And the protease Lon performs its role in bacterial protein quality control by
recognizing specific sequences that are rich in aromatic amino acids and become exposed
from the hydrophobic core when a protein is damaged or unfolded. An exception from the
general rule of integral targeting signals in bacteria is the Pup system, which is present in the
actinomycetes branch (including Mycobacterium tuberculosis, the infectious pathogen of
tuberculosis) as the result of horizontal gene transfer from eukaryotes. In this system, post-
translational modification of substrates with the small protein Pup (prokaryotic ubiquitin-
like protein) targets them for degradation by the homomeric unfoldase Mpa bound to a
compartmental peptidase 13, 14. However, besides this rare Pup system, the many different
bacterial ATP-dependent proteases recognize a variety of substrate targeting signals that are
typically included in the primary sequence of substrate proteins.

Energy-dependent protein degradation in archaea is catalyzed by Lon proteases and the PAN
(proteasome-activating nucleotidase)-20S or Cdc48-20S proteasomes 15, 16, 17, but the
degradation signals for these proteases are still poorly understood 18. Similar to ubiquitin in
eukaryotes, small archaeal modifier proteins (SAMPs) have been found attached to proteins,
but whether they function as targeting signals for proteasomal degradation has yet to be
determined 19, 20. Interestingly, in-vitro studies using non-endogenous, bacterial sequences
have shown that the archaeal proteasomes can efficiently recognize intrinsic substrate
targeting signals, similar to their bacterial counterparts 21.

Eukaryotes, on the other hand, have evolved to rely on only one major cytosolic ATP-
dependent protease, the 26S proteasome. Along with damaged and truncated proteins, this
universal protease degrades hundreds of regulatory proteins and thus controls a myriad of
essential cellular processes, including the cell cycle, DNA replication, transcription, and
stress responses 22. The proteasome specifically recognizes substrates by one versatile, small
protein tag called ubiquitin, which is post-translationally attached to substrate proteins by
ubiquitin ligases (see Box 1: the Ubiquitin Proteasome System). Ubiquitin ligases facilitate
the transfer of ubiquitin to lysine side-chains on a target protein as well as lysines on
ubiquitin itself, resulting in the formation of ubiquitin chains. These ubiquitin chains can
then bind to the proteasome and tether substrates for engagement by the proteasomal AAA+
unfoldase.
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The ubiquitin tag may carry signaling information in its length, linkage, and placement on a
substrate. Ubiquitin contains seven lysines (K6, K11, K27, K29, K33, K48, and K63) and a
free N-terminal amino group, all of which can be used to link consecutive ubiquitin
molecules. Different ubiquitin linkages result in polyubiquitin chains with diverse
quaternary structures that likely alter proteasome affinity and may affect substrate
degradation efficiency 23, 24. In addition, substrate-attached ubiquitin chains vary in length.
While it has been found with K48-linked chains that a substrate must carry a chain of at least
four ubiquitins for efficient degradation, the detailed effects of chain length on substrate
recognition and degradation efficiency has yet to be determined 25. Finally, the location of
the ubiquitin chain on a substrate may play an important role in degradation. After a
substrate has been tethered to the proteasome by its ubiquitin chain, it must be engaged by
the AAA+ unfoldase. This engagement requires an unstructured initiation site in the
substrate protein, either a flexible terminus or internal loop, which extends long enough
beyond the ubiquitin tether to enter the unfoldase pore 26. Thus, the position of the ubiquitin
chain relative to the unstructured initiation site is likely to affect degradation efficiency.
Progress towards understanding the information contained in ubiquitin chains and the impact
on substrate degradation rates has been limited by a lack of structural information on the 26S
proteasome and insufficient quantitative analyses of ubiquitin binding and substrate
processing. However, it is evident that the post-translational ubiquitin tagging system of
eukaryotes has the potential to carry far more information than the intrinsic substrate
targeting mechanisms of prokaryotes.

Also contrary to prokaryotic systems, ubiquitin targeting signals must be removed by an
essential deubiquitinating enzyme (DUB) on the proteasome before a substrate can be
efficiently degraded 13, 27. Cleaved ubiquitin chains are then hydrolyzed into ubiquitin
monomers for reuse in the cell 28. Ubiquitin chain removal is likely to be particularly
important because ubiquitin is very thermodynamically stable and may be a significant
unfolding challenge for the proteasome. Furthermore, even after unfolding, the branched
polypeptide chains of uncleaved polyubiquitin may not be easily accommodated by the
proteasome pore and represent a considerable obstacle for fast degradation. Indeed, the
degradation rate of a substrate with an attached, uncleavable ubiquitin is lowered
dramatically 29. Thus a key difference between the eukaryotic and simpler prokaryotic
systems is that the ubiquitin targeting signal is added to substrates post-translationally and
must be subsequently removed before degradation.

The 26S proteasome contains several large structural modules in addition to the basic AAA+
unfoldase and compartmental peptidase that all ATP-dependent proteases share. The
compartmental peptidase of the proteasome, called the core particle, is capped by a 19-
subunit assembly called the regulatory particle, which contains the AAA+ unfoldase as well
as all of the subunits necessary to bind and remove ubiquitin chains. These ubiquitin-
interacting modules are absent from proteasomal ancestors like the archaeal PAN-20S
protease, which consists of four stacked homoheptameric peptidase rings capped on either
end by a homohexameric AAA+ unfoldase (Figure 1). The additional structures became a
part of the 26S proteasome at the prokaryotic to eukaryotic transition and were likely added
to accommodate the ubiquitin signaling system that evolved around the same time 30, 31.
Indeed, studies over the past decade have shown that individual subunits of these modules
function in ubiquitin binding and deubiquitination, but the role of the majority of extra
subunits and how they are positioned to receive, interpret, and remove ubiquitin signals has
remained unclear. Furthermore, even the 26S proteasome’s basic ATP-dependent
degradation machinery is more complicated than its prokaryotic counterparts. The
eukaryotic proteasome is the only ATP-dependent protease in which all subunits in the AAA
+ unfoldase and the stacked rings of the compartmental peptidase are distinct, resulting in a
fully heteromeric machine. Together, these embellishments make the 26S proteasome a
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significantly larger and more complicated enzyme than its prokaryotic precursors, but the
functional importance of this complexity has been poorly understood (Figure 1).

A previous lack of structural information on the 26S proteasome, and the regulatory particle
in particular, has strongly limited our knowledge of the mechanisms for substrate
recognition and degradation. However, numerous recent electron microscopy (EM) and X-
ray crystallography studies have helped to shed light on how this complicated enzyme
processes its substrates. Cryo-EM reconstructions of the 26S proteasome from three
different organisms (S. cerevisiae 32, 33, S. pombe 34, and human 35) at sub-nanometer
resolution, together with subunit localizations and crystal structures of isolated subunits,
have dramatically improved our understanding of the architecture of the regulatory particle
and the spatial arrangement of key subunits for ubiquitin interaction. These novel structural
data have offered important explanations for the ubiquitinchain and substrate-geometry
requirements previously established based on biochemical experiments, and have allowed
the generation of plausible hypotheses for the mechanisms of ubiquitin binding,
deubiquitination, substrate unfolding and translocation by the proteasome. While these
structural data have provided insight into how the 26S proteasome has adapted from simpler
ATP-dependent proteases to accommodate the ubiquitin-targeting signal, they have also
identified numerous novel questions. The structure of the eukaryotic proteasome displays
surprising asymmetries, whose functional roles remain to be investigated. This review will
summarize the recent advances in proteasome structure and the associated implications for
substrate recognition and processing, as well as outline future directions for mechanistic and
structural studies.

Proteasome components and structure
The 26S proteasome contains a fully diversified set of AAA+ unfoldase and compartmental
peptidase subunits (Table 1). It is these differentiated subunits that allow the specific and
asymmetric placement of the additional structural modules required to accommodate
ubiquitin signaling. The proteasome core particle is made up of seven different alpha
subunits (α1–7) and seven different β subunits (β1–7) that form four stacked, seven-
membered rings 36. This peptidase is capped by the regulatory particle, which consists of
two stably associated subcomplexes, the lid and the base (Figure 2). The base is a 10-subunit
sub-complex that contains the heterohexameric AAA+ unfoldase (Rpt1-6), two large
structural proteins (Rpn1 and Rpn2), one intrinsic ubiquitin receptor (Rpn13), and a non-
essential DUB (Ubp6). The base also provides binding sites for the three transiently
associated substrate-recruiting subunits, the shuttle factors Rad23, Ddi1, and Dsk2. The lid
is a 10-subunit sub-complex that includes six PCI (proteasome-CSN-eIF3)-domain
containing subunits (Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, and Rpn12), two Jab1/MPN-domain
proteins (Rpn8 and the essential DUB, Rpn11), the second intrinsic ubiquitin receptor
(Rpn10), and a small structural protein (Sem1). While the structure of the core particle has
been well studied 36, the overall architecture of the regulatory particle and the spatial
relationship between the lid and base sub-complexes has been elucidated only recently.
Surprisingly, the new structural data show that the lid binds to the side of the base and even
contacts the core particle.

The structure of the base sub-complex
The AAA+ unfoldase of the base sub-complex shares overall homology with other
hexameric unfoldases, but in contrast to its prokaryotic counterparts, all of its subunits are
distinct. This heterohexameric set of ATPase subunits is observed even in the most primitive
eukaryotic organisms (like the amitochondriate diplomonad Giardia), suggesting that
eukaryotes evolved these distinct ATPases immediately following their divergence from
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archaea, when ubiquitin and the additional regulatory particle subunits also evolved 30, 31.
Disulfide engineering and crosslinking has been used to show that the ATPase subunits
arrange in a particular order: Rpt1-Rpt2-Rpt6-Rpt3-Rpt4-Rpt5 37. This ordering of unique
Rpt subunits within the heterohexameric ring creates the specific attachment points
necessary for the asymmetric placement of the additional base subunits and the lid sub-
complex (Figure 3A).

Each ATPase subunit consists of an AAA+ domain and an N-terminal domain, which
contains a variable N-terminal sequence followed by a conserved OB (oligomer binding)-
fold. Previous insight into the architecture of the N-terminal domains had come from a
structure of PAN, the homohexameric archaeal ancestor of the eukaryotic proteasomal
unfoldase 38. The six OB-fold sub-domains of PAN form a ring-shaped structure (the N-
ring), while the N-terminal sequences adopt alpha-helical conformations and pair into three
coiled coils. A conserved proline residue at the base of the N-terminal helix adopts a cis-
conformation in every other PAN subunit around the hexameric ring, introducing a sharp
kink of the helix that allows coiled-coil formation with its neighbor. It seemed likely that the
eukaryotic proteasomal ATPases would form similar N-terminal coiled-coils, as Rpt2, Rpt3,
and Rpt5 contain a conserved proline residue that would allow the kinks required for
specific subunit pairing. In fact, recent EM reconstructions of the 26S proteasome revealed
such coiled coils, but they differ significantly in length and therefore introduce a break in the
unfoldase symmetry that may give them unique structural roles 32, 33. In EM structures of
the S. cerevesiae holoenzyme, the N-terminal sequences of Rpt3 and Rpt6 form a long
coiled-coil that creates a structural beam, allowing Rpn2 and the lid sub-complex to attach to
the base high above the central pore of the unfoldase. In contrast, the N-terminal sequences
of Rpt1 and Rpt2 form a much shorter and less-defined coiled coil that appears to bind
tightly to the side of Rpn1, positioning this large subunit at the periphery of the base. Similar
to Rpt3 and Rpt6, the N-terminal sequences of Rpt4 and Rpt5 form a long coiled coil, but it
is not observed to interact with any other proteasome subunit. Notably however, the
ubiquitin-binding subunit Rpn10 is localized in close proximity to this Rpt4/5 coiled coil.
Rpn10 consists of two domains, a globular von-Willebrand-A (VWA) domain and a small
ubiquitininteracting motif (UIM) that is connected via a long flexible linker and thus may
not be visible by EM. Unpublished EM data show increased flexibility and a consequent
lack of defined electron density for the Rpt4/5 coiled coil if Rpn10 is deleted. While
Rpn10’s VWA domain clearly does not interact with Rpt4/5, its UIM may contact the tip of
the coiled coil, allowing mutual stabilization and potential communication between the
ubiquitin receptor and the unfoldase. An asymmetry in the three coiled coils, as observed for
the S. cerevisiae proteasome, may be present and functionally relevant for other eukaryotes
as well, even though it was not clearly resolved in the EM reconstructions of the human and
S. pombe proteasomes 34, 35.

The heterohexameric AAA+ unfoldase creates the specific docking sites for the large
torroidal subunits Rpn1 and Rpn2, which themselves provide the binding surfaces for many
of the ubiquitin-interacting subunits of the proteasome. As predicted based on their
numerous PC (proteasome/cyclosome) repeats, both Rpn1 and Rpn2 have been shown in
recent EM and crystallography studies to each form double solenoid structures that
transition into an extended arm 32, 33, 35, 39, 40, 41. Rpn1 docks to the base by interacting with
the N-terminal helix of Rpt1 as well as the AAA+ domains of Rpt1 and Rpt2. It appears to
be particularly flexible, based on its more variable electron density and consequent lower
resolution in the EM reconstructions, even though individual PC repeats are still clearly
discernable 33. This flexible Rpn1 binds the intrinsic DUB Ubp6, which is therefore also
poorly defined in the reconstruction 33. Still, Ubp6 can be generally positioned at the outer
surface of Rpn1 and relatively far away from the central processing pore. This may be an
ideal placement, given the role of this DUB in internal cleavage or trimming of ubiquitin
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chains from their distal end 33, 42, 43. Rpn1 also provides binding sites for the transiently
associated ubiquitin shuttle factors Rad23, Ddi1, and Dsk2 44. These shuttle factors likely
bind to the surface of the solenoid domain of Rpn1 45, which thus creates a large landing
platform to receive ubiquitinated substrates and position them near the unfoldase pore for
engagement by the translocation machinery. Rpn1’s intrinsic flexibility may therefore play
an important role in proper substrate delivery, allowing the enzyme to accommodate
substrates of highly variable size, shape, and ubiquitin-chain length.

Rpn2 is positioned high above the unfoldase pore through tight interactions with the Rpt3/6
coiled coil. The crystal structure of the isolated Rpn2 at 2.7 Å resolution shows an extended
N-terminal arm, followed by the large toroidal PC domain and a small, globular C-terminal
domain 41. It docks nicely into all three holoenzyme EM structures, which unambiguously
confirms the localization of Rpn2 within the proteasome complex. This docking reveals that
the extended N-terminal arm of Rpn2 provides a strong attachment point for the lid sub-
complex. Furthermore, it verifies that the intrinsic ubiquitin receptor Rpn13 binds to the C-
terminal region of Rpn2, as had been shown in biochemical experiments 46.

The recent structural data allow us for the first time to localize the ubiquitin receptors within
the context of the holoenzyme. Rpn13 is positioned high above the pore of the unfoldase
through interactions with the C-terminus and the top of the solenoid domain of Rpn2.
Docking the crystal structure of Rpn13 into the EM density of the holoenzyme shows that its
ubiquitin-binding pru (pleckstrin-like receptor for ubiquitin) domain faces outward and
would therefore position a bound ubiquitin chain above the unfoldase pore. The location of
the second intrinsic ubiquitin receptor, Rpn10, is surprising, as this subunit had been
previously considered a component of the base 22, 47. However, EM data on proteasomes
purified from Rpn10 deletion strains as well as the unambiguous docking of an Rpn10
crystal structure into the holoenzyme electron density indicate that its globular VWA
domain interacts exclusively with subunits of the lid, which will be discussed below.

The structure of the lid sub-complex
The lid is a stably associated PCI-domain-containing sub-complex of 10 subunits (Figure
3B). The recent EM reconstructions have elucidated that it binds to the side of the base and
core particle, providing a structural scaffold to position the essential deubiquitinating
enzyme Rpn11 and the ubiquitin receptor Rpn10. The lid subunits Rpn9, 5, 6, 7, 3, and 12
interact with each other through their C-terminal PCI domains to form a horseshoe-shaped
structure 33. The N-termini of these subunits extend radially outwards from the PCI
horseshoe, with elongated helixturn- helix domains creating the fingers of an overall hand-
shaped arrangement. The crystal structure of the isolated Rpn6 fits well into the segmented
EM density and confirms the localization of this subunit in the center of the lid sub-
complex 48. Besides the six PCI-containing subunits, the lid includes two Jab1/MPN-domain
proteins, Rpn8 and the DUB Rpn11. EM density across the top of the PCI horseshoe,
bridging Rpn3 and Rpn9, had originally been assigned to Rpn8 33. However, based on
flexible fitting of a MPN domain crystal structure from human Rpn8, part of this density
near Rpn3 has recently been suggested to represent a helix bundle formed by the C-termini
of all lid subunits 32. For both models, the MPN domain of Rpn11 is held in the palm of the
hand-shaped lid structure through extensive contacts with the MPN domain of Rpn8. Thus,
the key deubiquitination active site of Rpn11 is exposed and located just above the entrance
to the pore of the unfoldase. Rpn11, together with Rpn9, also interacts with the ubiquitin
receptor Rpn10, which is therefore located above the pore and nearby the DUB active site.
Overall, this lid architecture agrees well with previous data from native-state mass
spectrometry studies that demonstrated the existence of two sub-assemblies within the lid,
Rpn5/6/8/9/11 and Rpn3/7/12 49.
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The recent EM reconstructions of the 26S proteasome provided the first insight into the
structural role of PCI domains in multi-subunit assemblies. The lid sub-complex shows high
homology and one-to-one subunit correspondence with the other two known PCI-containing
protein complexes, the CSN and eIF3. Evolutionary analysis of these complexes in early
eukaryotes suggests that the proteasome lid may have formed first and thus may be the
precursor of CSN or eIF3 22. Docking of a PCI-domain crystal structure into the lid EM
density reveals that the proteasomal PCI domains interact laterally with each other 33.
Although the structures of CSN and eIF3 have not yet been solved at higher resolution, it is
likely that the PCI domains in those complexes exhibit a very similar architecture 50. The
lid, CSN, and eIF3 each include one or two Jab1/MPN-domain proteins, which often (but
not always) contain a zinc metalloprotease active site, termed a JAMM motif (defined as
EXnHXHX10D). Therefore, the main function of PCI-domain protein complexes may be to
properly position MPN-domain subunits for catalysis. Of the two MPN-domain proteins in
the lid, only Rpn11 has a JAMM motif that catalyzes the essential cleavage of ubiquitin
chains from proteasome substrates, while Rpn8 lacks that motif and thus has no enzymatic
activity 22, 27, 51. In CSN, the subunit Csn5 contains a JAMM-motif active site and is
responsible for removing the small ubiquitin-like modifier Nedd8 from the SCF ubiquitin
ligase to regulate its activity 52. Like the lid, CSN from many organisms contains a second,
inactive MPN-domain protein. Inactive MPN domain subunits likely have scaffolding
functions that help position and stabilize the catalytically active subunits. For example,
Rpn8 and Rpn11 directly contact each other in the lid, which may be a conserved
architectural feature also for CSN. In eIF3, both MPN-domain subunits appear to be inactive
and therefore play solely structural roles.

The hand-shaped lid docks onto the base subcomplex and core particle through numerous
contacts that stabilize the base-core interaction (our unpublished data). Rpn3 and Rpn12
make tight contacts with the extended N-terminal arm of Rpn2, while the alpha-helical
bundle of the lid C-termini anchors to the Rpt3/Rpt6 coiled coil 32. Comparing EM
structures of the lid in its isolated and holoenzyme-bound form revealed significant
conformational changes in lid subunits upon binding to the base and core particle 33. Rpn11,
for example, is re-positioned such that it extends away from the PCI horseshoe to reach
across the pore of the unfoldase and contact the solenoid portion of Rpn2. In the isolated lid,
the curled-up N-terminal finger of Rpn5 seems to block access to the catalytic domain of
Rpn11, whereas upon incorporation into the holoenzyme, it swings down to contact the
alpha-1 subunit of the core particle, potentially opening access to the Rpn11 active site.
Such auto-inhibition would explain the previously described lack of DUB activity by
isolated lid 27, which may prevent the futile deubiquitination of substrates by lid that is not
properly assembled with the degradation machinery.

In addition to contacts with Rpn2 and the Rpt3/6 coiled coil, lid subunits also interact with
the AAA+ domains of the base sub-complex. The broad contacts of Rpn5, 6, and 7 with the
AAA+ domains of Rpt4, 3, and 6 are surprising, especially given that the EM structure was
determined with fully functional proteasomes in the presence of saturating ATP. Recent
crystal structures comparing the nucleotide bound and unbound conformations of a related
unfoldase, ClpX from E. coli, show the entire ring flexing as subunits transition through
different states of the ATP-hydrolysis cycle 53, 54. The contacts between the lid and AAA+
domains in the proteasome imply that either the heterohexameric unfoldase is rather static or
the structure reflects a default state adopted in the absence of substrate and the observed
contacts are broken during active protein translocation. In fact, structural studies on the
isolated Rpn6 revealed a surface conservation that extends upwards towards the PCI
horseshoe, beyond the observed contacts with the AAA+ domain of the base. This additional
region of conservation on Rpn6 may be indicative of alternative modes of binding to Rpt3 as
the ATPase ring transitions through different nucleotide states 48.
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Also surprising are the previously unknown interactions between the lid and the core
particle. The N-terminal portions of Rpn5 and Rpn6 reach down beyond the base to contact
the coreparticle subunits α1 and α2, respectively 33, 48. These contacts may thus allow direct
communication between the lid and core. Importantly, Rpn5 and Rpn6 might function as a
clamp that bridges the static lid and core in order to accommodate the conformational
changes of the base moving through different nucleotide states while holding ubiquitin
receptors and Rpn11 in place. Suspension of the Rpn11 active site above the pore may be
critical for allowing substrate access to the translocation machinery and proper positioning
of the substrate-bound ubiquitin chain for DUB cleavage, which may also explain the
translocation dependence of deubiquitination, as discussed below.

The lid positions the ubiquitin receptor Rpn10 above the pore and next to Rpn11. The
Rpn10 VWA domain solely contacts Rpn9 and the Rpn8/11 MPN dimer, which is contrary
to previous models that suggested Rpn10 as an intrinsic base subunit or a stabilizing link
between base and lid 47. However, Rpn10 might indirectly stabilize the lid-base complex, as
it interacts with the extended, Rpn2-bound conformation of the MPN dimer. Docking of the
Rpn10 VWA domain crystal structure indicates that Rpn10’s UIM, and therefore also a
bound ubiquitin chain, would likely be positioned below the VWA domain, at
approximately the same level as Rpn11 and above the unfoldase pore.

The structure of the core particle
The core particle is the structurally and functionally best-understood sub-complex of the 26S
proteasome 36. It consists of 28 subunits arranged in four stacked heptameric rings that
create a barrel-shaped structure with a sequestered internal chamber. The rings consist of
either all-α- or all-β-type subunits (α1–7 and β1–7), stacked in an α-β-β-α pattern. α- and
β-type subunits share a similar fold, in which two antiparallel β sheets are sandwiched
between two layers of α helices, but differences in their N-termini result in distinct
functions 55. The α-type subunits have N-terminal sequences that project into the center of
the heptameric ring and form an interdigitated network, restricting access to the internal
cavity. The β-type subunits instead have N-termini that contain the key proteolytic residues
of the N-terminal nucleophile (Ntn) family of protein hydrolases. In contrast to prokaryotes,
which have homomeric peptidase rings, eukaryotes have evolved seven distinct α and β
subunits, which occupy unique positions in the heptameric rings and contribute specific
regulatory and proteolytic advantages. For instance, only three of the seven β subunits have
a functional active site, and each has a different endopeptidase specificity: β1 selectively
cleaves after acidic residues, β2 after tryptic residues, and β5 after hydrophobic residues.
These differentiated active sites likely facilitate the complete destruction of diverse protein
substrates into short peptides. The arrangement of active and inactive subunits, with β1 and
β2 next to each other and adjacent to their second copies in the stacked β-ring, but separated
from β5 across the ring, may allow the creation of unique substrate binding pockets within
the internal degradation chamber of this peptidase 55.

Substrate entry into the internal chamber of the core particle requires opening of the access
portal and thus substantial structural rearrangements of the α-subunit N-termini. This gate
opening is triggered by binding of the regulatory particle, which docks with the C-terminal
extensions, or tails, of its ATPase subunits into the hydrophobic pockets located at the
interfaces of α-subunits around the top of the α-ring. A specific C-terminal HbYX motif
(hydrophobic/tyrosine/unspecified residue) in the tails is critical for inducing the
conformational changes of the α-subunits and opening of the channel 56, 57. Only three of
the ATPases in the heterohexameric unfoldase of the 26S proteasome, Rpt2, Rpt3, and Rpt5,
contain HbYX sequences. Interestingly, in the EM reconstruction of the yeast holoenzyme
only the tails of those three subunits are visible, bound to their respective α-pockets in the
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core particle (α3–α4, α1–α2, and α5–α6) 33. However, the tails of Rpt1, 4, and 6 might
interact with the core as well, but simply be too dynamic to result in a defined electron
density. In fact, recent crosslinking studies suggested that all tails, including the ones
lacking the HbYX motif, dock into α-pockets, some of them even sampling two nearby
pockets 58. The ATPase C-terminal tails might thus be rather promiscuous and dynamic 59.

Numerous EM studies have noted that the AAA+ unfoldase binds the core particle slightly
offset from a coaxial alignment 60, 61. More recent EM reconstructions that distinguish
between the lid and base sub-complexes have revealed that the base is shifted by
approximately 10 Å towards the lid, creating a kink in the central processing channel of the
proteasome 33. Whether this angled channel for substrate entry into the core particle has any
functional relevance remains unknown, but it may help to guide unfolded polypeptides along
certain grooves of the inner surface of the peptidase, through the ante-chamber, and towards
specific active sites 55, 62. The offset alignment of base and core may be primarily induced
by the lateral attachment of the lid sub-complex, however, specific contacts between base
and core themselves might also contribute to this asymmetry. The C-terminal α-helix of the
core subunit α4, for instance, extends upwards above the top of the α-ring to interact with
Rpn1 of the base. In addition, Ubp6 is bound to Rpn1 and therefore localized nearby the α4
extension 33. This proximity of Ubp6 to the core particle may explain the role of this DUB
in stimulating gate opening upon ubiquitin-chain binding to the regulatory particle 63.

Implications of the 26S proteasome architecture for substrate degradation
mechanism

In contrast to the more simple prokaryotic AAA+ proteases, substrate degradation by the
26S proteasome requires several regulatory-particle mediated processing steps prior to
protein unfolding and translocation. Subunits of the regulatory particle must tether a
substrate by its ubiquitin chain, position its unstructured initiation region for engagement by
the unfoldase, and cleave off its ubiquitin chain before degradation can commence.
Consequently, the subunits of the regulatory particle must be spatially arranged to efficiently
facilitate these initial processing steps, but retain enough flexibility to accommodate the
large variety of proteasome substrates that may differ in the length, location and number of
ubiquitin chains, the position and length of the unstructured initiation site, and general
protein size and domain architecture 64, 65.

Both of the proteasome’s intrinsic ubiquitin receptors are positioned high above the
unfoldase, with the DUB Rpn11 located approximately equidistant between them and
directly above the entrance to the central pore. Provided a sufficient length, ubiquitin chains
might bind to multiple receptors simultaneously, which could enhance binding affinity or
modulate substrate positioning 66. However, knockout studies have shown that efficient
substrate delivery to the proteasome does not depend on the simultaneous interaction of
ubiquitin chains with multiple receptors 65, 67. Therefore, the simplest degradation model
would include the following steps: 1) a substrate is tethered by its ubiquitin chain to one of
the ubiquitin receptors, 2) its flexible degradation initiation site is engaged by the subjacent
pore of the AAA+ unfoldase, 3) translocation commences and potentially helps position the
ubiquitin-modified lysine in the active site of Rpn11 for ubiquitin-chain removal, 4) as
translocation by the base continues, the globular parts of the substrate are mechanically
unfolded and the unstructured polypeptide is threaded into the core particle for proteolysis
(Figure 4).
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Ubiquitin binding
Elegant biochemical studies using K48-linked chains have shown that a minimum length of
four ubiquitins is required for efficient substrate degradation, with no improvement in rate
for longer chains 25. However, the mechanistic basis for tetra-ubiquitin being the canonical
proteasome targeting signal had remained elusive. The recent EM reconstructions of the
proteasome now provide a plausible model for this chain-length dependence. Rpn11-
mediated cleavage of the isopeptide bond at the proximal ubiquitin is likely more efficient
and energetically favorable if the ubiquitin chain is not yet released from the receptor. Thus,
an ubiquitin chain would have to be long enough to span the distance between the DUB and
either Rpn13 or the UIM of Rpn10, both of which are located 70 – 80 Å from the predicted
position of the Rpn11 active site. Since both ubiquitin receptors bind to the hydrophobic
patches of ubiquitin, a bound ubiquitin chain would need to be in an extended, open
conformation with hydrophobic patches exposed. While solution NMR studies of K48-
linked tetra-ubiquitin suggest that these chains may spend more time in a closed
conformation, they also show that chains are highly dynamic and constantly sampling the
open state, providing little barrier for binding to a receptor 68. In this open conformation, a
single ubiquitin moiety contributes ~30 Å in length, and it would take three linked ubiquitins
to span the distance between Rpn10 or 13 and Rpn11. Moreover, structural and quantitative
binding studies using isolated Rpn10 and Rpn13 have shown that both receptors bind
ubiquitin chains between two consecutive ubiquitin moieties. Hence, at least a tetra-
ubiquitin chain would be necessary on a substrate to allow the simultaneous interaction with
an intrinsic receptor and deubiquitination by Rpn11. Shuttle receptors seem to provide an
alternative path for substrate recruitment to the 26S proteasome. The receptors Rad23, Ddi1,
and Dsk2 bind to Rpn1, which positions them ~80–120 Å away from Rpn11 33. The inherent
flexibility of Rpn1 may allow the receptors to adjust to substrates of variable size and
ubiquitin-chain length for optimal deubiquitination and engagement.

In general, the number of ubiquitins required for efficient degradation may vary with the
linkage type of the ubiquitin chain. Depending on the lysine residue used to link consecutive
ubiquitin moieties, chains differ significantly in their extended length and adopt distinct
quaternary structures. While K48- and K11-linked ubiquitin chains are the best-understood
proteasometargeting signals, quantitative mass spectrometry has shown that all ubiquitin
linkages, except K63, can target substrates for proteasomal degradation in vivo 69. K63-
linked chains are typically involved in non-proteolytic endocytic and DNA-damage
signaling, although they are able to efficiently deliver proteins for proteasomal degradation
in vitro 70 (our unpublished work). Substrates modified with K63-linked chains may be
protected from degradation by the 26S proteasome in the cell due to K63-specific binding
proteins, K63-specific DUBs, or a sequestered localization. When studied in isolation,
Rpn10 does appear to display a 10-fold preference for K48-linked versus K63-linked di-
ubiquitin 71. However, aside from this study, little binding preference for K11, K48, and
K63 linkages has been observed, and even less is known about ubiquitin chains linked
through K6, K27, K29, K33. The intrinsic ubiquitin receptors, the shuttle factors, or either of
the DUBs could display a preference for these alternative ubiquitin chains, allowing the
proteasome to interpret the potentially intricate ubiquitin code.

Ubiquitin chains on cellular substrates can vary significantly in length, and it is still unclear
how chain length beyond the required four ubiquitins and the potential multivalent binding
to several ubiquitin receptors might affect degradation 72. While longer chains do not seem
to enhance substrate recruitment in vitro 25, in vivo they would better withstand any
trimming deubiquitination from the distal end, and thus be more likely to allow a substrate
to arrive at the proteasome with a sufficiently long targeting signal. Analyses of substrate
levels in cell lysates have suggested that a high processivity of ubiquitination correlates with
more rapid degradation by the proteasome 73, which may be indicative of a resistance to
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trimming deubiquitination in the cell. However, it appears that the most-essential
degradation targets in the cell do not necessarily receive the longest ubiquitin chains 74, 75.

Engagement
To avoid dissociation from the proteasome upon deubiquitination, a substrate polypetide
likely must be engaged with the unfolding machinery of the base before the removal of its
ubiquitin chain. This engagement requires the substrate to have an unstructured initiation
site, which must be long enough to reach through the narrow N-ring of the unfoldase and
into the AAA+ pore. In addition, this tail must be sufficiently spaced from the ubiquitin
attachment point on the substrate to allow deubiquitination by Rpn11 even after
engagement. Biochemical experiments have shown that the tail length required for efficient
degradation is around 30 amino acids, which could easily span the distance of 60 Å between
Rpn11 and the AAA+ pore 26, 33. However, this minimal tail length also depends on the
receptor utilized for substrate delivery and the length of the attached ubiquitin chain 26.

Deubiquitination
Interestingly, deubiquitination has been shown to require ATP-hydrolysis, which may
indicate dependence on initial substrate translocation by the unfoldase. Despite sufficient
length, a chain of four or more ubiquitins bound to a receptor may still require the
translocation of the attached substrate in order to pull the proximal ubiquitin moiety into the
Rpn11 active site, especially because Rpn11 appears to lack significant intrinsic affinity for
ubiquitin 76 (our unpublished data). In some instances, however, mono- or di-ubiquitination
has been reported to be sufficient for degradation 77, 78, 79. In those cases, deubiquitination
may depend on substrate translocation by the base because the ubiquitin has to be pulled off
the receptor and into the Rpn11 active site.

The second DUB of the yeast proteasome, Ubp6, appears to interact with the outer surface
of Rpn1 and is thus, compared to other ubiquitin-interacting subunits, located the furthest
away from the entrance to the pore. This location might enable Ubp6 to trim extended or
unnecessary ubiquitin chains from their distal end. Because Ubp6 is positioned closer to
Rad23, Dsk2, and Ddi1 than to Rpn10 or 13, it may preferentially act on substrates delivered
by these shuttle receptors.

Substrate unfolding and translocation
The asymmetric placement of ubiquitin receptors and DUBs relative to the pore may
necessitate a corresponding asymmetry in the unfolding and translocation machinery.
Interestingly, the heterohexameric base sub-complex shows strong intrinsic asymmetry, with
different Rpt subunits in distinct orientations. Current mechanistic models for AAA+
unfoldases predict that individual subunits in the hexamer are at different stages in the
ATPase cycle and undergo coordinated conformational changes in response to ATP binding
or hydrolysis 53, 54, 59, 80. Surprisingly, the recent EM reconstruction of proteasome in the
absence of substrate but with saturating ATP shows the AAA+ domains of all six Rpts well
resolved and in a particular orientation, indicating that the base sub-complex was in an
identical and well-defined conformation for the thousands of averaged proteasome
particles 33. In this conformation, the large AAA sub-domains of Rpt1-6 adopt a spiral-
staircase arrangement, with Rpt3 at the highest and Rpt2 at the lowest position relative to the
20S core peptidase, whereas the C-terminal small AAA sub-domains of all subunits lie
basically in one plane above the peptidase.

Subunit staggering and partial or complete staircase arrangements around the hexameric ring
have been previously observed for prokaryotic protein unfoldases and helicases of the RecA
or AAA+ superfamilies 53, 81, 82. It had been suggested that individual subunits in these
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homohexameric enzymes consecutively progress through the different conformational stages
of the spiral staircase, and thereby translocate substrate through the central pore. However,
the six-fold symmetry of the motors makes it impossible to know whether the observed
staircase geometries are in fact snapshots of molecules transitioning through different stages
or reflect more static subunit arrangements that are identical for all particles. For the
proteasome with its hetero-hexameric ATPase ring, it is conceivable that the observed spiral
staircase persists even in the presence of protein substrates, which may get translocated by
local pore-loop motions in individual Rpt subunits rather than larger-scale, quaternary
conformational changes. Alternatively, the defined staircase orientation of Rpt1-6 might
represent an apo state of the proteasome that is adopted only in the absence of substrate to
allow the optimal engagement of an incoming polypeptide. Given the asymmetric spatial
arrangement of ubiquitin receptors and DUBs above the unfoldase, substrate polypeptides
may approach the central processing pore from particular angles, and a spiral staircase with
the lid-facing Rpt3 subunit in the top position might play a special role in making first
contact with the substrate and handing it over to Rpt subunits below. As substrate
translocation commences, individual Rpts may then undergo larger motions that change
their vertical positions within the spiral staircase arrangement of the hetero-hexameric ring,
similar to the models previously proposed for AAA+ helicases 81. Future biochemical and
structural studies will be required to distinguish between the two models for proteasomal
substrate translocation, which rely on either static or dynamic spiral staircase arrangements.

Future directions
While recent electron microscopy studies of the proteasome have provided an important
structural context for previous findings of biochemical analyses, numerous new questions
have emerged and remain unanswered. Many of these questions involve the architectural
asymmetries of the proteasome, for instance whether the different locations of Rpn10,
Rpn13, and the ubiquitin shuttle receptors relative to the processing pore or DUBs have
functional consequences for degradation or determine substrate preferences. Furthermore,
the EM reconstructions of the proteasome in the presence of ATP revealed a specific spiral
staircase arrangement of the six AAA+ subunits, but whether this arrangement is maintained
during substrate degradation remains unclear. Future studies will also have to address how
proteasome sub-complexes communicate with each other and respond to substrate binding,
whether the DUB Rpn11 is in fact auto-inhibited in the isolated lid, and what functional role
the significant offset from coaxial alignment between base and core particle may play for
substrate processing. Finally, we still know very little about the potentially complex
information hidden in the ubiquitin code and how proteasome degradation may be fine-
tuned by variations in ubiquitin chain length, linkage, and location on a protein substrate.
We look forward to the answers of these and many more questions in the near future.
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Highlights

- Asymmetric architecture of the 26S proteasome regulatory particle revealed
by cryo-EM

- Novel insights into spatial arrangements of Ub receptors, DUBs, and the
AAA unfoldase

- Proteasome architecture provides a glimpse into mechanisms for protein
degradation

- Processing of Ubiquitin-tagged substrates requires additional structural
complexity
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BOX 1: The Ubiquitin Proteasome System

Ubiquitination occurs by way of a three-enzyme cascade. Ubiquitin is first activated by
an ubiquitin-activating protein (E1), which couples ATP hydrolysis to the formation of a
thioester bond between its active-site cysteine and the C-terminus of ubiquitin. E1 then
transfers the activated ubiquitin to the active-site cysteine of an ubiquitin-conjugating
enzyme (E2). Finally an ubiquitin-protein ligase (E3) facilitates the transfer of the
ubiquitin from an E2 to a lysine on specific target proteins83. This final step can be
repeated several times with the same substrate, resulting in ubiquitination of multiple
lysines and/or the assembly of polyubiquitin chains84. It is thought that chain formation
can occur on any of the seven lysines of ubiquitin, with specificity for a particular lysine
conferred by the E2. Finally these ubiquitinated substrates may be targeted for
degradation or signal other types of cellular regulation, depending on the length and
linkage of the ubiquitin chain. The best-understood ubiquitin chains are K48-linked,
which confer proteasomal degradation, and K63-linked, which are typically involved in
non-proteolytic endocytic signaling and DNA repair85. Alternatively, substrates may
have their ubiquitin chains removed by cellular deubiquitinating enzymes.
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Figure 1. The 26S proteasome is a heteromeric and asymmetric ATP-dependent protease with
higher complexity than its prokaryotic ancestors
A) Model of the homo-hexameric archaeal unfoldase PAN (cyan) bound to the core particle
(grey). The separate crystal structures of the N-ring (3H43), the ATPases (3H4M), and core
particle (3H4P) 38 were docked together and rendered with a surface resolution of 4 Å to
match more closely the EM structure of the 26S proteasome. B) Cryo-EM reconstruction of
the 26S proteasome at subnanometer resolution 33. The core particle (grey) and AAA+
unfoldase subunits (cyan) resemble the archaeal PAN-20S protease in size and shape, but
bear distinct asymmetries due to their heteromeric ring architectures. The additional
structural modules that do not share homology with other compartmental peptidases and
have likely been added to accommodate ubiquitin signaling are shown in orange. They
include the lid sub-complex, the torroidal subunits Rpn1 and Rpn2, and the ubiquitin
receptors.
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Figure 2. The 26S proteasome can be separated into three stably associated subcomplexes
A) Cryo-EM reconstruction of the eukaryotic proteasome holoenzyme with the core particle
in grey and the regulatory particle multicolored 33. B) Individual sub-complexes of the 26S
proteasome. The regulatory particle can be separated into two stable sub-complexes, the lid
and the base. The base consists of the AAA+ ATPase subunits Rpt1-6, (cyan), two large
torroidal subunits, Rpn1 (purple) and Rpn2 (light blue), and the ubiquitin receptor Rpn13
(orange). The lid contains six PCI-domain subunits (multicolored) along with the essential
DUB Rpn11 (green) and the ubiquitin receptor Rpn10 (yellow). A central cross-section of
the core particle (grey) is shown to allow visualization of the barrel-shaped central cavity.
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Figure 3. Subunit architecture of the lid and base sub-complexes
A) Multiple views of the base sub-complex. A molecular model based on the PAN crystal
structure has been docked into the EM density for Rpt1-6 to highlight each subunit of the
heterohexamer 38, 86. The N-terminal segment of Rpt1 (dark blue) forms a minimal coiled
coil with Rpt2 (light blue) that provides a docking site for Rpn1 (purple) at the periphery of
the unfoldase. Rpt 6 (red) forms a long coiled coil with Rpt3 (green) that positions Rpn2
(light blue) above the AAA+ ring. Rpn2 in turn holds Rpn13 (orange) high above the pore of
the unfoldase. The coiled coil formed by the N-terminal segments of Rpt4 (yellow) and Rpt5
(orange) does not appear to interact with any other proteasome subunits, but may stabilize
the UIM of Rpn10. B) Multiple views of the lid subcomplex in its holoenzyme-bound
conformation. The first view (far left) shows the base-facing, inner surface of the lid. The
PCI-domain subunits in this orientation, from left to right, are Rpn12 (light green), Rpn3
(yellow), Rpn7 (purple), Rpn6 (blue), Rpn5 (light yellow) and Rpn9 (pink). The central
green density was initially identified as Rpn11, but may be an MPN domain dimer of Rpn11
and Rpn8. In turn, the central density depicted in red, initially proposed to be Rpn8, may be
a helix bundle formed by the C-termini of all lid subunits 32. The ubiquitin receptor Rpn10
(yellow, right) is positioned high above the unfoldase pore through interactions with Rpn11
and Rpn9 33.
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Figure 4. Mechanistic model for substrate degradation by the 26S proteasome
1) A chain of four or more ubiquitins (purple) binds to an ubiquitin receptor (orange) on the
proteasome, tethering the substrate (red). 2) Structures in the subjacent pore of the AAA+
unfoldase (cyan) engage the flexible initiation site of the substrate. 3) Translocation
commences and helps to position the isopeptide bond of the ubiquitin-modified lysine in the
active site of Rpn11 (green) for deubiquitination. 4) The substrate is unfolded and
translocated through the AAA+ ring and into the core particle.
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Table 1

Proteasome subunits

Subunits Structure and Function

Base sub-complex:

Rpt1 AAA+ domain subunit

Rpt2 AAA+ domain subunit

Rpt6 AAA+ domain subunit

Rpt3 AAA+ domain subunit

Rpt4 AAA+ domain subunit

Rpt5 AAA+ domain subunit

Rpn1 PC-repeat solenoid, binds Ubp6 and shuttle factors Rad23, Ddi1, and Dsk2

Rpn2 PC-repeat solenoid, binds Rpn13

Rpn13 Ubiquitin binding by Pru domain

Lid sub-complex:

Rpn9 PCI-domain subunit

Rpn5 PCI-domain subunit

Rpn6 PCI-domain subunit

Rpn7 PCI-domain subunit

Rpn3 PCI-domain subunit

Rpn12 PCI-domain subunit

Rpn8 Inactive Jab1/MPN domain

Rpn11 Active Jab1/MPN domain with JAMM motif deubiquitination active site

Rpn10 Ubiquitin binding by UIM, lid binding by VWA domain

Core Particle:

α1–7 gating subunits

β1–7 β1, β2, β5 contain proteolytic active sites
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