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In eukaryotic cells, the ubiquitin-proteasome system serves to remove proteins that are either dysfunctional or no
longer needed. The 26S proteasome is a 2.5 MDa multisubunit complex comprising the 20S core particle, where
degradation is executed, and one or two regulatory particles which prepare substrates for degradation. Whereas
the 20S core particles of several species had been studied extensively by X-ray crystallography, the 26S hol-
ocomplex structure had remained elusive for a long time. Recent advances in single-particle cryo-electron mi-
croscopy have changed the situation and provided atomic resolution models of this intriguing molecular machine
and its dynamics. Besides, cryo-electron tomography enables structural studies in situ, providing molecular
resolution images of macromolecules inside pristinely preserved cellular environments. This has greatly

contributed to our understanding of proteasome dynamics in the context of cells.

1. Introduction

The ubiquitin-proteasome pathway (UPP) is a key element of pro-
teostasis: misfolded or otherwise defective as well as short-lived regu-
latory proteins are removed irreversibly by degradation [1-3]. The UPP
regulates many fundamental cellular processes, such as the cell cycle,
DNA repair, membrane trafficking, and signal transduction and mal-
functions cause a wide variety of diseases [4-6].

The 26S proteasome operates at the executive end of the UPP. It has
evolved to perform the specific degradation of an extraordinarily broad
spectrum of substrates [7,8]. Being essentially non-specific itself, spec-
ificity is conferred by the covalent attachment of polyubiquitin chains to
substrates. Poly-ubiquitylated substrates are then recognized by the 26S
complex which degrades them into short peptides in an ATP-dependent
manner [9-13].

The 26S proteasome comprises two subcomplexes: the 20S core
particle (CP) and 19S regulatory particles (RPs) (Fig. 1A). The CP is
formed by four stacked rings, two B-rings and two a-rings, arranged in
the order appa [14,15] (Fig. 1B). The outer a-ring is formed by seven
homologous non-catalytic subunits. The inner f-ring is formed by seven
homologous subunits, only three of which (1, p2, and p5) carry the
proteolytic sites in eukaryotes (Fig. 1C), whereas all seven p subunits are
proteolytically active in prokaryotes. The active sites of the p subunits
are located inside the catalytic chamber formed by two apposed p-rings

and sequestered from the cellular environment. Access to this chamber is
controlled by gates formed by the N-terminal segments of the o subunits
which close off the barrel (Fig. 1D) [16-20].

In eukaryotes, several ATP-independent activators exist, such as
hsPA28, hsPA200/yBlm10; however, the main regulator is the 19S RP
which caps one or both ends of the 20S barrel [21]. 19S RP comprises 19
different subunits: six Regulatory-Particle AAA+ ATPases (RPT) sub-
units (Rptl-6), and thirteen Regulatory Particle Non-ATPases (RPN)
subunits (Rpnl-3, Rpn5-Rpnl13 and Rpnl5/Sem1) [22]. The Rpt sub-
units form structurally the core of the RPs and drive the conformational
changes of the RPs during the functional cycle [23,24]. The Rpn subunits
serve functions both in the recognition of poly-ubiquitylated substrates
and in their deubiquitylation (DUB) before unfolding and translocation
into the CP. They also coordinate the movements needed for the precise
positioning of the RPs to the CP for substrate processing [24]. The 19S
RP can dissociate into a base subcomplex with the AAA+ ATPases, Rpnl,
Rpn2, and Rpn13, and often Rpn10, and a lid subcomplex containing the
remaining non-ATPase subunits [25]. The 26S proteasome also binds
several proteasome interacting proteins (PIPs) that interact transiently
with the 26S proteasome, including DUBs, ubiquitin receptors, ubiquitin
ligases, as well as chaperones required for assembly [22,26-33].

The structure of the CP has been studied extensively by X-ray crys-
tallography [14,15,34,35]. However, structural studies of the hol-
ocomplex lagged behind because of its sheer complexity, its labile
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Fig. 1. (A) Molecular architecture of the yeast 26S proteasome in s1 state (EMDB ID: 3534, PDB ID:6FVT) [50]. The cryo-EM density maps are color-coded as follows:
20S CP (red), Rptl, Rpt6, Rpt4 (blue), Rpt2, Rpt3, Rpt5 (cyan), Rpnl (brown), Rpn2 (yellow), Rpnll(magenta), Rpn8 (plum), Rpn10 (medium purple), Rpn13
(purple), and the lid subunits (Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, Rpn12, Sem1) in shades of green. (B) Structure of the 20S core particle (PDB ID:6FVT). The CP consists
of two « rings at the outside and two p rings at the inside. (C) Three proteolytic sites (f1, p2, 5) face the interior of the CP cylinder. The catalytic threonine residues
of the f1, B2, and p5 are colored in red, orange, and purple, and individual catalytic subunits are in pink, sandy brown, and plum, respectively. (D) The N-terminal
segments of the a2, a3, and a4 are involved in gating of the CP. The N-termini of the a2, a3, and a4 are shown in red, blue, and green, respectively [16-20]. (E)
Details of the chymotrypsin-like proteolytic sites (B5) and its surface charge distribution of the p5 subunit in complex with inhibitor Bortezomib (PDB ID:5LF3) in the

crystal structure [81].

nature, and its dynamics [36,37]. In the past decade, structure deter-
mination by cryo-electron microscopy (EM) has become a viable alter-
native owing to the less demanding requirements regarding sample
homogeneity. Consequently, almost all advances in our understanding
of the structure of the 26S holocomplex are derived from cryo-EM single
particle analysis [36,38-42] often using integrative or hybrid ap-
proaches [43-45] (Fig. 1A). Recent advances in EM technology and

software for image processing and analysis [46-48] allowed to obtain
structures of the human and yeast 26S proteasome at near-atomic res-
olutions, leading to a deeper understanding of proteasome functions
[49-54].

Cellular structural biology by cryo-electron tomography (cryo-ET)
has been developed to image cellular components in situ, i.e. in unper-
turbed cellular environments [55-57]. A robust workflow has been
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Fig. 2. Structural comparison between Rpnl (A) and Rpn2 (B) (PDB ID:6FVT) [50,88]. Both subunits are composed of the N-terminal domain, Proteasome/
Cyclosome repeats domain and the C-terminal domain. Rpn2 contains a linker between the PC- and the C-terminal domains (cyan). (C) Localization of Rpnl (tan) and
Rpn2 (yellow) in the 26S complex. The Rpn2 linker (red) extends towards Rpn1. The coiled-coil of Rptl/2 and Rpt6/3 interacts with Rpnl and Rpn2, respectively.
(D) Structural differences of the isolated lid (PDB ID:3JCK) and the lid in the 26S proteasome holocomplex (EMDB: 3534, PDB ID: 6FVT) [42]. The lid complex alters
the conformation by integrating it into the holocomplex. The isolated lid complex is shown in the ribbon model, whereas the lid complex in the 26S proteasome is
shown by the surface model. The lid subunits are colored in Rpn9 (coral), Rpn5 (khaki), Rpn6 (light blue), Rpn7 (purple), Rpn3 (orange), Rpn12 (sky blue), Rpnl1
(green), Rpn8 (plum), and Sem1 (forest green). (E) The active site of Rpn11 is blocked by Rpn5 in the isolated lid complex, leading to the DUB inactivation during the
assembly process (PDB ID: 3JCK) [42]. (F) Domain organization of the Rptl subunits of the yeast 26S proteasome. Conserved structural elements are highlighted as
follows: Walker A (WA), green; Walker B (WB), yellow; sensor I (SI), pink; sensor II (SII), beige; arginine finger (AF), purple; intersubunit signaling (ISS), blue; pore
loop 1 (PL-1) and pore loop 2 (PL-2), black/white stripe [103,104]. (G) Secondary structures of the large (top) and small (bottom) domains. The characteristic
elements are shown using the same color-code in (H). (H) Hexameric arrangement of the AAA+ ATPases of the yeast 26S proteasome [50]. The ATPase ring as-
sembles from three dimers, Rpt1-Rpt2, Rpt6-Rpt3, and Rpt4-Rpt5. The coiled-coil domain, OB ring domain, and ATPase domain are colored in yellow/orange, pink/
red, and light blue/blue, respectively. (H) The nucleotide pocket between Rptl and Rpt2. The nucleotide binding pocket is located at the interface of two Rpt
s‘ubunits. Conserved structural elements are shown in the same color code in (H).

<

established allowing to target specific cellular volumes, to cut electron-
transparent windows by cryo-focussed ion beam (cryo-FIB) milling
[58,59], and to improve in-focus contrast using the phase plate [60,61].
Furthermore, image processing tools for extracting a maximum of in-
formation from the tomograms such as template matching [62,63] and
subtomogram averaging have been developed to obtain in situ structures
of macromolecules [64,65]. We have reported an in situ study of 26S
proteasomes in hippocampal neurons [66], which demonstrated that it
is possible to localize individual complexes with a precision of 1 — 2 nm,
to assess their state of assembly and, by correlation with the afore-
mentioned ex situ studies, to infer from the conformation their activity
status.

In this review, we discuss the recent advances in our understanding
of the conformational changes of the 26S proteasome undergoes in its
functional cycle and the dynamics of its interactions within the cellular
environment.

2. Proteasome assembly and structure
2.1. Structural study of the CP

The 20S CP is a C2-symmetrical cylinder-shaped multisubunit com-
plex (Fig. 1B). The p catalytic subunits are classified as members of a
family of N-terminal nucleophilic (Ntn) threonine proteases [15,67].
Archaeal and eubacterial § subunits cleave peptides after hydrophobic
residues whereas eukaryotic proteasomes exhibit three distinct pepti-
dase activities; p1 (caspase-like activity), p2 (trypsin-like activity), and
B5 (chymotrypsin-like activity) (Fig. 1C) [68,69]. In lymphoid cells,
catalytic subunits are replaced by their interferon-y-inducible homolo-
gous subunits, f1i, $2i, and p5i, forming a so-called immunoproteasome
[70,71]. Immunoproteasomes generate antigenic peptides with high
affinity for major histocompatibility complex (MHC) class I receptors;
this eventually triggers the cellular immune response [72]. Cortical
thymic epithelial cells express a thymic-specific catalytic subunit p5t
and form the thymoproteasome together with pli, and $2i subunits; this
variant generates peptides optimized for the positive selection of T cells
[73,74].

The proteasome inhibitors that react with the active-site threonine
residues of the catalytic § subunits have been developed for biochemical
and cellular studies and later for clinical applications. Among those,
classes of the peptide boronate (e.g., Bortezomib) and peptide epox-
yketone (e.g., Carfilzomib) have been clinically applied for the treat-
ment of multiple myeloma, mantle cell lymphoma, and solid tumors
[75,76] because they suppress cell proliferation and induce the
apoptosis of tumor cells by inhibiting the multiple signalling pathways
[77,78]. However, acquired resistance to the proteasome inhibitors is
limiting clinical applications [79,80]. Crystal structures of the CP in
complex with proteasome inhibitors have greatly contributed to our
understanding of how those compounds form irreversible covalent
bonds with the catalytic threonine residues to inhibit catalytic reactions
(Fig. 1E) [81-83]. Single point mutations of the 5 subunits found in the

bortezomib-resistant cell lines induce conformational changes to the
inhibitor-binding site, impairing both inhibitor-binding and catalytic
activity [82]. Developments of new inhibitors or inhibitors of some of
the other proteasomal subunits such as Rpnll or Ubp6/Uspl4 may
resolve these problems [84].

2.2. Structure of the RP base complex

In the base complex of the RP, the six Rpt subunits assemble into a
heterohexameric ATPase ring (Figs. 1A, 2F, and 2G), which sits directly
on top of the o ring of the CP. Two ubiquitin receptors, Rpn10 and
Rpnl3, are located at the periphery of the RP and recognize the poly-
ubiquitin chains bound to target substrates, whilst the other ubiquitin
receptor Rpnl is placed near the ATPase ring (Fig. 1A) [85-87]. Rpnl
and Rpn2 which are the largest subunits of the RP are composed of a
toroid built from 11 Proteasome-Cyclosome (PC)-motifs; they attach to
the coiled coils of Rptl/Rpt2 and Rpt6/Rpt3 dimers, respectively
(Fig. 2A and 2B) [40,88]. Rpn2 contains a linker connecting between the
PC domain and the C-terminal domain, which extends towards Rpnl
(Fig. 2B and 2C). Rpnl recruits poly-ubiquitylated substrates, both
directly and indirectly [28,29,87]. It interacts with ubiquitin through
toroid 1 (T1) site. Rpn1 also plays an important role as an interaction
hub for proteasome interacting proteins (PIPs) [29,87,89]. It recognizes
ubiquitin-like (UBL) domains of the substrate shuttling factors such as
Rad23 and Dsk2, which are associated with poly-ubiquitin chain
through the T1 site [87]. It has a second UBL-binding (T2) site in the PC
domain where the DUB enzyme Ubp6 binds. Rpnl alters its position to
the other subunits of the RP during the ATP hydrolysis cycle via its
interaction with the Rptl/Rpt2 coiled-coil; this may be favourable for
accommodating ubiquitylated substrates or PIPs [50,90,91].

2.3. Structure of the lid subcomplex of the RP

The lid complex is composed of eight subunits, six Proteasome-
Cyclosome (CSN)-eIF3 (PCI), two MPN domains subunits (Rpn 11 and
Rpn8), and seml. The six PCI subunits form a horse-shoe shaped
structure which holds the Rpn11/Rpn8 heterodimer in the palm of the
PCI domains (Fig. 3D). The overall structure of the lid complex re-
sembles the elF3 and CSN [92-94]. Sem1 binds to a cleft formed by Rpn3
and Rpn7. The C-termini of the PCI and MPN subunits associate into a
helical bundle that holds the lid complex together [40,41,95]. Rpnl1 is a
JAMM metalloprotease with a modest DUB activity, while the homolo-
gous subunit Rpn8 is a pseudo protease in which the catalytic JAMM
motif is missing [96,97]. The DUB activity of Rpn11 in the holocomplex
was reported to be dependent on ATP hydrolysis, although Rpn11 does
not contain an ATPase domain [98,99]. Substrate binding coupled with
ATP hydrolysis induces conformational changes of the ATPase motors,
leading to repositioning Rpnl1 above the ATPase ring [24]. Ubiquitin
binding on the Rpn11 catalytic site accelerates the Rpn11 DUB activity
by altering the conformation of a loop that blocks the catalytic site to the
‘open’ state [100]. Furthermore, a cryo-EM study showed that the DUB
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Fig. 3. (A) Summary of the abundance of proteasome RP conformations under various conditions derived from our cryo-EM data[50,122]. (B) Structural comparison
of the RP conformations. Cryo-EM densities of the six published proteasome states from our studies are shown. The distance between Rpn5 (olive green) and Rpn6
(dark green) is represented as an arrow. (C) Cutaway views of the cryo-EM densities showing the position of the Rpnl1 active site and the alignment of the OB ring,
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activity of Rpnl1l is inhibited in the isolated lid subunit through its
interaction with the lid subunit Rpn5 [42]. Rpn5 residue Asn275 forms
stable tetrahedral coordination of the Zn?* ion via this catalytic water
molecule, restricting the catalytic site from interacting with ubiquitin
chains (Fig. 2E). Rpnl1 becomes activated upon incorporation into the
holocomplex by disrupting the locked conformation by Rpn5 and major
conformational changes in the lid assembly (Fig. 2D).

2.4. Structure of the AAA+ ATPase module of the RP

The Rpt subunits comprise an AAA+ ATPase domain at the C-ter-
minus and an OB ring connecting to N-terminal coiled-coil motifs
(Fig. 2F). Each Rpt subunit forms a dimer with its neighboring subunit
(Rptl/2, Rpt6/3, Rpt4/5) and three dimers are eventually assembled
into the heterohexameric ring. The N-terminus of each Rpt subunit
forms a coiled-coil within the dimer (Fig. 2H) [101]. The coiled-coil of
Rptl/2 and Rpt6/3 interacts with Rpnl and Rpn2, respectively. The
coiled-coil of Rpt4/5 is isolated and has no interaction with other sub-
units. However, Rpt5 interacts with poly-ubiquitin during substrate
processing [102]. Each ATPase domain is composed of a large and small
ATPase domain. A nucleotide-binding pocket is formed at the interface
between the large and the small domains of the counter-clockwise
adjacent subunit (Fig. 2I). As with other AAA-ATPase family members,
the nucleotide-binding pocket is highly conserved [103], containing a
Walker A, Walker B, Arg-finger and sensor 1, and sensor 2 motifs, and
two pore loops [104,105] (Fig. 2F, 2G, 2I).

ATP hydrolysis is assisted by two arginine residues from the Arg-
finger motif of the neighboring Rpt subunit. The arginine finger rea-
ches towards the Walker A motif and polarizes the y-phosphate [106].
The highly conserved glutamate of the Walker B motif polarizes a water
molecule for the attack of the y-phosphate [107]. ATP is finally hydro-
lyzed and energy is generated, which drives movements of the ATPase
subunits. For substrate translocation, conserved aromatic-hydrophobic
(Ar-®) pore loops play important roles in substrate unfolding and
translocation [108]. The proteasome ATPases possess two sets of loops,
pore-1 and pore-2, facing the central channel formed by the six ATPase
subunits and interact with the incoming substrate [24,45]. As a result of
the conformational change induced by ATP hydrolysis, the pore loops
apply mechanical force to the substrate and pull it towards the CP
[109,110]. The coordination of the entire ATPase cycle is further dis-
cussed below.

2.5. Regulatory particles of prokaryotic proteasomes

Prokaryotes operate with simpler regulatory particles. The ATPase
activators are made solely of AAA+ ATPases and associate transiently
with 20S proteasomes [111]. In archaea, the proteasome activating
nucleotidase (PAN), and the Cdc48 homolog VCP-like ATPase (VAT)
have been reported to serve as unfoldases [112-114]. PAN is the best-
characterized prokaryotic proteasome activator and shares a ~40%
sequence similarity with the ATPase subunits of the eukaryotic RPs. PAN
forms a homohexameric ring and associates with the homo heptameric
a-ring of the 20S CP. Other known prokaryotic ATP-dependent activa-
tors, M. tuberculosis mycobacterial proteasome ATPase (Mpa) [115]
and its orthologue, R. erythropolis AAA+ ATPase forming ring-shaped
complexes (ARC) [116], are structurally and functionally similar to
PAN.

3. Structural dynamics of the 26S proteasome
3.1. High resolution structure of the 26S proteasome

Recent technological and methodological advances in cryo-EM have
allowed determining high-resolution structures of the human and yeast

26S proteasome [42,49-51,54,117-120]. The recently solved cryo-EM
structures of the 26S proteasome bound to either protein substrates or

BBA - Proteins and Proteomics 1869 (2021) 140583

poly-ubiquitin chains contributed to a deeper understanding of the ATP
hydrolysis mechanism and its coupling with substrate translocation
[52-54,121]. Due to the pronounced dynamics, the local resolution
ranges typically from > 3.0 A (e.g. 20S CP) to < 6.0 A (e.g. Rpnl,
Rpnl3). However, the EM densities of the CP and AAA+ ATPases are
usually well resolved and showed clear densities of side chains, allowing
for an unambiguous assignment and the building of atomic models
[50-53,120,122]. Nucleotides could be visualized clearly as well as the
surrounding residues. The structural models depict details of the
nucleotide-binding pockets and the position of the central pore loops as
well as the interface between CP and the AAA+ ATPases. This has
contributed greatly to a mechanistic understanding of 26S proteasome
function.

3.2. The conformational landscape of the 26S proteasome

Our initial cryo-EM studies in the presence of the ATP nucleotide
analog, ATPyS revealed two major conformations (s1, s3) [123]. Deep
classification of a very large dataset led us to find an additional
conformational state (s2) [23]. Besides, additional activated conforma-
tions (s4, s5) were identified by the provision of different nucleotide
analogs, such as ATPyS, AMP-PNP, and ATP/ADP-BeFx (Fig. 3A)
[50,122]. Another conformation (s6) was found by mutagenesis of the
Walker B motif of the Rpt3 subunit (Fig. 3A) [122]. Cryo-EM studies
from several groups have reported similar conformations in yeast and
human  proteasome samples under different conditions
[24,51-54,118-120], and these have been covered in previous reviews
[124-126].

In all structures solved so far, the ATPase domains adopt an asym-
metric spiral staircase arrangement where the subunits are positioned at
different heights to form a helical assembly. Rpt3, in s1, s2, and s5, is
positioned at the top of the staircase, whereas Rpt3 is located at the
bottom position of the staircase in s4. The provision of both different
nucleotide analogs and protein substrate reduce the sl state and alter
conformational distribution, indicating that an individual ATP-binding
event of the Rpt subunits determines the staircase arrangement
[52,53,118,122]. Thus, the 26S proteasome exists in a conformational
equilibrium, and both, ATP hydrolysis and substrate engagement shift
the equilibrium from the s1 ground state to the other states. Interest-
ingly, these conformational changes are conserved not only across spe-
cies belonging to different kingdoms of life but also the entire AAA+
superfamily [105,127-133]. In the cryo-EM structure of the archaeal
PAN-CP complex, the hexameric PAN ATPase ring adopts a spiral
staircase arrangement, as observed also in the 26S proteasome [134].

The main structural differences within these conformational states
are the co-axial alignment of the ATPase rings to the CP ring and the
positioning of the DUB module (Rpn 8/11). In the presence of ATP, the
majority of the proteasomes stay in an inactive sl state where the
channels of the ATPase ring and CP ring are not aligned, and the DUB
subunit Rpn11 is located ~25 A away from the mouth of the ATPase
channel making substrate translocation into the CP impossible (Fig. 3B
and 3C) [23,38,40,45,123]. In the s2 and s5 states, the position of the
ATPase ring is slightly shifted, leading to a better alignment of the axial
channels. Besides, the N-terminal domains of Rpn5 and Rpn6 shifted to
alter the interaction between the RP and CP. In contrast, the s3, s4, and
s6 states appear configured for substrate processing due to large-scale
conformational reorganizations that align Rpnll and the ATPase pore
with the axial channel of the CP [50,122]. Thus, according to their pu-
tative roles, these were referred to as a ground state (s1), a commitment
(s2, s5), and a substrate processing (activated) state (s3, s4, and s6)
(Fig. 3B, 3C).

Nucleotide binding pockets of those high-resolution structures have
been characterized in terms of the pocket distance, which is an indicator
for the openness of the intersubunit contact areas and the engagement of
highly-conserved phenylalanine at the end of the H10 helix. This was
previously identified as a InterSubunit Signalling (ISS) motif playing an
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Fig. 4. (A) Structures of the ubiquitylated (yellow) substrate (red) -bound 26S proteasome showing the substrate en route to the CP (PDB ID:6EF3) [52]. To highlight
the substrate, proteasomal subunits except Rpn11 are shown transparently. (B) Side views of the Rpt subunits associated with a substrate are shown in ribbon model
(PDB ID:6EF3). Rpt subunits are rotated in 60° steps around the CP axis. The conserved Tyrosine residues in the pore-1 loop are highlighted by a circle and the heights
of the Tyr residue are indicated by a dashed line. (C) Arrangements and interactions between the pore-1 loops and the substrate. Tyr residues are radially arranged
around the substrate. The Rpt4 pore loop that bound ADP shows no interaction with the substrate, whereas the ATP bound subunits (Rpt1,2,5,6) tightly interact with
the substrate. Comparison of the nucleotide binding pockets in the ‘engaged’ pocket (D) and ‘open’ pocket (E) [122]. Conserved phenylalanine residues at the H10
helix alter conformations upon nucleotide binding status. The EM density of the ATPase subunits is shown as a mesh, and side chains of the conserved Phe cluster are

highlighted. Figure reproduced from [122].

important role in intersubunit communication during ATP hydrolysis
[133,135] (Fig. 4D). Three distinct configurations of the nucleotide-
binding pocket can be distinguished which are assigned as ATP-
bound, ADP-bound, and an empty (apo) configuration. The ADP-
bound subunits are typically located at the bottom of the staircase,
whereas ATP-bound subunits are sequentially connected in a spiral
fashion of the staircase. The apo subunits are found in the ‘off’ position
of the staircase. The s3, s4, and s6 display similar pocket configurations,
where three ATP-bound pockets are followed by two ADP-bound
pockets, and by one apo pocket in a clockwise fashion. This pattern is
permuted one subunit counterclockwise from s3 to s6 and again from s6
to s4. In contrast, the arrangement is preserved in s1, s2, and s5 where
ATP-bound pockets in Rptl, Rpt5, Rpt4, and Rpt3 are followed by an
ADP-bound Rpt6 pocket and an apo Rpt2 pocket in a clockwise position.

[50,122]. The conserved arrangements of the nucleotide-binding
pockets support the sequential ATP hydrolysis model where ATP hy-
drolysis is coordinated within the hexamer in a sequential order around
the hexameric ring.

3.3. Gate-opening mechanisms

Among six conformational states, the CP gate of three states (s1, s2,
s3) is mostly closed, preventing substrate entry. In contract, the gates of
the other three states (s4, s5, s6) are widely open (Fig. 3C). The C-ter-
minal HbYX motifs of the AAA+ ATPases are stably docked into pockets
of the a-subunits and stabilize the interaction with the CP. Insertion of
the Rpt6 and Rptl C-termini into their respective pockets repositions the
HO helices of a2-a4 from their positions in the closed-gate states
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Fig. 5. Proteasome localization of the 26S proteasome in Chlamydomonas [145,146]. Cryo-tomographic slices (A and D) and corresponding segmentations (B and E)
either at the nuclear-cytoplasm interface (A) or ER-cytoplasm interface (D). Proteasomes located in the nucleus are clustered near the inner nuclear membrane close
to nuclear pore complexes (NPCs) (yellow arrows indicate proteasomes; red arrows indicate NPCs). Proteasomes in cytoplasm cluster at the ER membrane together
with Cdc48. (C) Close-up tomographic views of the proteasomes in the vicinity of the NPC. The NPC is surrounded by free (blue), basket-tethered (yellow), and
membrane tethered (orange) proteasomes. (F) Proteasomes and Cdc48 form micro-compartments excluding ribosomes (blue).

[51,52,122]. A mutagenesis study has shown that the deletion of the
Rpt6 and Rptl C-termini synergistically impairs peptidase activity,
leading to a growth defect in vivo [122]. The C-terminal tails of the
AAA+ ATPases change position upon ATP binding/hydrolysis, and
stimulate gate opening by disrupting the interaction network of the N-
termini of the a subunits involved in gate closing/opening.

3.4. Substrate processing of the proteasome

High-resolution structures of substrate-bound proteasomes have
advanced our understanding of how the Rpt subunits interact with
polypeptide chains and how ATP hydrolysis is coordinated and changes
conformations during substrate processing (Fig. 4A) [52,53]. Martin and
colleagues determined the substrate-bound yeast 26S proteasome
structures which were stalled by inhibiting the DUB activity of Rpn 11
with a Zinc chelator [52]. The proteasomes exhibit four distinct s4-like
states (1D*, 5D, 5T, and 4D) with different nucleotide binding config-
urations. The stalled structure has an ubiquitin moiety bound to Rpn11;
Interestingly, the Ins-1 loop of Rpn11 near the catalytic site is stabilized
by the N-terminal helix of Rpt5 to activate Rpnll. In another cryo-EM
study of a substrate-bound human 26S proteasome from Mao and his
colleagues, they determined the substrate-bound structures in seven
different conformational states (EA1, EA2, EB, EC1, EC2, ED1, and ED2).
In addition to the ubiquitin density bound to Rpnl1, further ubiquitin
densities were observed; a density near the Rpt4/Rpt5 N-terminal
coiled-coil and another density near Rpnl. The additional density near
Rpnl is close to the previously reported Ubp6 ubiquitin-like domain
binding site (T2) rather than the ubiquitin binding site (T1), which was
identified previously by NMR and mutagenesis studies [87]. Other cryo-
EM studies using poly-ubiquitin chains without substrate (K48-tetrau-
biquitin or M1-hexaubiquitin) described that binding of poly-ubiquitin
itself can induce the conformational change of the proteasome
[54,121], despite elegant kinetic experiments have shown that substrate
contact with the ATPase motor triggers the conformational change
[136].

The ATPase ring of the substrate-bound 26S proteasome structures
shares a spiral staircase conformation (Fig. 4B and 4C). The unfolded
substrate travels through the central channel to the CP presenting its
side chains radially toward the pore loops. The helical array of the pore
loops establishes a tight grip on the substrate. The position of the pore
loops is regulated by the nucleotide binding status, in which the ATP-

bound subunits are firmly bound to the substrate [52,53]. The
conserved Tyr residues on the pore-1 loop of each subunit intercalate
with the backbone of the substrate. The geometry of the nucleotide-
binding states within the hexameric ring is similar to the activated
states (s3, s4 and, s6) in our studies [122]. The identical permutation
pattern of the nucleotide binding pockets and arrangement of the pore-
loop also suggested also that ATP hydrolysis progresses sequentially.

Thus, the existing studies support a hand-over-hand model where
substrate translocation is powered by the sequential ATP hydrolysis and
phosphate release such that the polypeptide chain is moved through the
central channel by being handed over from one subunit to a neigh-
bouring one [52,105,124].

3.5. In situ structural study of the 26S proteasome

Recent advances in cryo-electron tomography (cryo-ET) made it
possible to study macromolecular and supramolecular assemblies in situ
in their functional cellular environments [55,57]. Studies with hippo-
campal neurons, grown on EM grids, demonstrated that resolutions can
be attained that allow not only determining the assembly status of in-
dividual 26S proteasomes (i.e. single capped vs. double capped) but also
to infer from their conformation their activity status (i.e. ground state vs.
substrate processing state) [66].

3.6. In situ studies of the 26S proteasome in Chlamydomonas

Earlier studies had shown that the unicellular green alga Chlamy-
domonas reinhardtii has some advantages facilitating cryo-ET studies: it
has an almost deterministic organelle topology and its cytoplasm and
nucleoplasm are less crowded than in most other eukaryotic cells
[137-139]. 268 proteasomes are found in both, the cytoplasm and the
nucleus. In the nucleus, they are highly enriched in the vicinity of the
inner membrane of the nuclear envelope and next to nuclear pore
complexes (NPC) (Fig. 5A and B). Two distinct subpopulations of NPC-
associated 26S proteasomes are observed: One is tethered to the inner
membrane near the periphery of the NPCs and another one tethered to
the nuclear basket (Fig. 5C) [145]. The basket-bound proteasomes are
likely involved in the surveillance of nuclear import and export, whereas
the membrane-tethered population, which is located near the junction of
the outer and inner membrane, has been implicated in controlling the
different protein compositions of the two membranes.
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Fig. 6. 3D rendering of poly-GA aggregates within a neuron, and its relationship to various macromolecular complexes [140]. The aggregate and macromolecules are
depicted in the following colors: poly-GA aggregates (red), proteasomes (green), Ribosomes (yellow), and TRiC (plum). (B) Examples of direct interactions between
the aggregate material and the proteasomes. Proteasomes touching poly-GA aggregate in the tomogram are shown. (C) Schematic representation of the proteasome
localization in the cells, which have been observed in situ cryo-TM. Proteasomes (green) cluster near the NPCs, ER membrane (Chlamydomonas), poly-GA aggregates

(Neuron), and nucleolus (HCT cell under hyperosmotic stress).

Cytosolic 26S proteasomes preferably cluster on the surface of the
rough endoplasmatic reticulum (ER) and colocalize with the protein
segregase Cdc48, which works upstream of the proteasome in ER asso-
ciated degradation (ERAD) (Fig. 5D and 5E) [146]. These degradation
microcompartments which typically comprise 30-50 copies of the 26S
complexes, are devoid of ER-bound ribosomes and are spatially segre-
gated from the secretory pathway (Fig. 5F). The 26S complexes next to

the ER membrane are mostly in an active conformation suggesting that
they are directly involved in extracting ERAD substrates for subsequent
degradation.

3.7. Impairment of the proteasome function in neurotoxic aggregates

Many studies have demonstrated that in several neurodegenerative
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diseases such as Alzheimer’s disease, Parkinson’s disease, Huntington
disease, amyotrophic lateral sclerosis (ALS) the UPS is impaired [6]. For
example, in ALS and frontotemporal dementia, an expansion in a non-
coding region of the C9orf72 gene results in the translation of toxic
products. The aberrant translation product contains glycine-alanine
dipeptide repeats (poly-GA). Cryo-ET analysis of poly-GA aggregates
in neurons showed that they consist of twisted polymorphic ribbons
(Fig. 6A) [140]. Inside the aggregate material, a massive accumulation
of 26S proteasomes was observed, whereas other macromolecular
complexes such as ribosomes and TRiC/CCT are excluded and located at
the periphery of the aggregate. Classification of 26S particles revealed
that the proteasomes directly attached to the poly-GA aggregate are
mostly in the s4 conformation (Fig. 6B), indicating that the proteasomes
are actively trying to degrade the poly-GA aggregate. Most likely, the
proteasomes become stalled because the poly-GA repeats are resistant to
unfolding and therefore cannot be translocated into the 20S core for
degradation [141,142]. The massive accumulation and the stalling of
the proteasomes deplete the cellular pool of degradation-competent
proteasomes and thereby affect cellular protein quality control.

A recent study showed that, under acute hyperosmotic stress, pro-
teasomes form nuclear clusters that do not co-localized with previously
known nuclear bodies such as promyelocytic leukemia protein nuclear
bodies and Cajal bodies [143]. Proteasome-containing foci are
membrane-less organelles containing ubiquitylated proteins, p97, and
several PIPs, and are involved in the clearance of ribosomal proteins.

Altogether, these in situ cryo-ET studies show that, to eliminate non-
functional or aggregation-prone proteins, proteasomes form membrane-
less proteolytic clusters allowing the cell to rapidly degrade dysfunc-
tional proteins upon various stresses (Fig. 6C).

4. Conclusion

For quite a long time the 26S proteasome remained an enigmatic
structure [144]. In recent years, advances in cryo-EM single particle
analysis have allowed us to obtain high resolution structures of this
dynamic molecular machine. During its functional cycle, from the initial
recognition and binding of ubiquitylated substrates to their deubiqui-
tylation, unfolding, and translocation into the degradation chamber of
the core 20S complex, the regulatory particle undergoes a sequence of
large scale conformational changes. In situ structural studies by cryo-ET
are a rather new emerging field but the few studies performed so far
have already demonstrated the discovery potential of this approach. A
comprehensive charting of cellular landscapes will provide unprece-
dented insights into the molecular interaction networks underlying
cellular functions.
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