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Abstract

The majority of regulated protein degradation in eukaryotes is accomplished by the 26S
proteasome, the large proteolytic complex responsible for removing regulatory proteins and
damaged proteins. Proteins are targeted to the proteasome by ubiquitination, and degradation is
initiated at a disordered region within the protein. The ability of the proteasome to precisely select
which proteins to break down is necessary for cellular functioning. Recent studies reveal the subtle
mechanisms of substrate recognition by the proteasome — diverse ubiquitin chains can act as
potent proteasome targeting signals, ubiquitin receptors function uniquely and cooperatively, and
modification of initiation regions modulate degradation. Here, we summarize recent findings
illuminating the nature of substrate recognition by the proteasome.

Keywords
Proteasome; UPS; protein degradation; specificity of degradation

Introduction

Protein destruction is required for maintaining cellular homeostasis. In eukaryotes, the
majority of regulated protein degradation is carried out by the ubiquitin proteasome system
(UPS), an essential pathway that regulates diverse cellular processes such as cell cycle
progression, signal transduction, DNA repair, and protein quality control [1]. At the center
of the UPS is a marcromolecular proteolytic complex called the 26S proteasome. Proteins
are typically targeted to the proteasome by the covalent attachment of one or more ubiquitin
moieties or polyubiquitin chains to lysine residues within target proteins by the sequential
action of E1, E2, and E3 enzymes. Ubiquitin chains are formed by conjugation of the C-
terminus of one ubiquitin to one of seven lysine residues (K6, K11, K27, K29, K33, K48,
K63) or the N-terminus of another ubiquitin (M1) [2]. The ubiquitin chains are then
recognized by the proteasome, and once a protein is bound to the proteasome, degradation is
initiated at a stretch of unstructured amino acids within the substrate.
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Many studies within the past decade have contributed to the structural, mechanistic, and
kinetic understanding of the proteasome. High-resolution cryo-electron microscopy
(cryoEM) structures of substrate-free and substrate-processing proteasomes have identified
several conformational states demonstrating its dynamic nature and substrate processing
mechanism [3-10]. Elegant biochemical studies have elucidated events triggering the
conformational switches, drawing a kinetic map of substrate processing [11]. Cryo-electron
tomography (cryo-ET) has investigated proteasome localization patterns in cells to reveal the
functional importance of proteasome compartmentalization. Cryo-ET has also shown how
the proteasome responds to neuronal protein aggregates and shed light on the relationship
between the UPS and disease pathology [12-14].

To maintain the integrity of the proteome the proteasome must select precisely and process
its substrates from the vast number of proteins in the cell. Incongruously, the degradation
signal ubiquitin is also used as a signal in many non-proteolytic cellular processes. Substrate
selectivity is achieved in part through a combination of ubiquitin receptor binding
preferences, initiation region recognition preferences, and proteasome architecture. Here, we
highlight recent structural, biochemical, and cell-based studies that have yielded insights
into the mechanisms of substrate recognition by the proteasome.

Structure and the dynamic nature of the proteasome

The proteasome is a 2.5 MDa machine composed of at least 33 unique subunits organized
into two main subcomplexes: the 20S core particle (CP) and the 19S regulatory particle (RP)
(Figure 1a). The CP contains the proteolytic activity of the proteasome and is a barrel-
shaped structure that consists of four stacked rings: two inner heteroheptameric rings of
subunits (B1-7) flanked by an outer heteroheptameric ring of a subunits (a1-7) on each side
[15]. The proteolytic sites are sequestered within the CP and located the inner surface of p1,
B2, and 5 with caspase-like, trypsin-like, and chymotrypsin-like activity, respectively [16].
The six proteolytic sites allow the proteasome to process almost any protein into peptides
between 3-12 residues in length [1]. Access to the inner chamber is tightly restricted by the
N-termini of the a subunits, which form a narrow gate that can be opened by the 19S RP [8].

The 19S RP is made of at least 19 distinct subunits and caps one or both ends of the CP. The
RP recognizes proteasomal substrates and transfers them to the CP for destruction. Two
subcomplexes, the base and lid, comprise the RP [17,18]. A heterohexameric ring of AAA+
ATPases (Rpt1-6) forms the entrance to the substrate translocation channel. The ATPases
use power generated from repeated cycles of ATP hydrolysis to mechanically unfold the
substrate while translocating them into the CP. Five of the ATPases contain hydrophobic-
tyrosine-X (HbYX) or related motifs at their C-terminus that insert into inter-subunit pockets
between the a subunits to induce CP gate opening and to facilitate substrate translocation
from the RP to the CP [6,19].

Subunits Rpn10, Rpnl, and Rpn13 serve as ubiquitin receptors (Figure 1a,b). Rpnl0 is
located the closest to the translocation channel. It binds ubiquitin through its C-terminal
ubiquitin-interacting motif (UIM), which is tethered via a flexible linker to an N-terminal
von Willebrand factor type A (VWA) domain tightly docked on the proteasome [20,21].
Rpn1 is on the opposite side of the translocation channel relative to the VWA domain of
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Rpn10 and binds ubiquitin through its T1 site. Rpn1 can also bind the ubiquitin-like (UBL)
domain of deubiquitinating enzyme (DUB) Ubp6 through its T2 site. T1 and T2 are located
within one of the toroidal domains of Rpn1 and face away from the translocation channel
[22]. Rpn13 is located at the top of the RP and binds ubiquitin through its Pleckstrin-like
receptor for ubiquitin (PRU) domain [9,20,23,24].

Binding to the proteasome is not sufficient for degradation. Degradation only occurs when
the proteasome can physically engage a disordered region within the substrate (i.e., initiation
region) to initiate degradation [1,25]. When a substrate is bound to the ubiquitin receptors,
its initiation region enters the translocation channel and is engaged by loops within the
ATPases (i.e., the conserved pore-1 loops) [5]. During substrate translocation, ubiquitin
encounters the essential DUB Rpn11, which is directly adjacent to the entrance of the
translocation channel [3]. Ubiquitin binding to Rpn11 triggers en bloc removal of the
remaining ubiquitin chain from the substrate [5,7,26,27]. This mechanism of degradation-
coupled deubiquitination prevents premature ubiquitin removal and substrate escape [27].

High-resolution cryoEM structures of the proteasome have identified at least six
conformational states (s1-s6) corresponding to various stages of substrate processing with
major conformational changes occurring between states [3-10]. In the substrate-free state,
there is an equilibrium between s1 and s2 conformations, though s1 is presumed to be the
substrate-accepting conformation since Rpn11 blocks initiation region access to the pore-1
loops in the s2 state. In the s1 state, Rpn11 is offset from the entrance to the translocation
channel permitting initiation region entry. However, the translocation channels of the RP and
the CP are not coaxially aligned preventing access to the CP. The substrate-processing state
is represented by s3, s4, and s6 conformations. In these states Rpn11 is shifted above the
entrance to the translocation channel and translocation channels within the RP and CP are
coaxially aligned to create a continuous path to the proteolytic sites of the CP from the RP

[3].

The expanding diversity of ubiquitin modifications in proteasome targeting

Ubiquitin is used as a signal in many cellular pathways and the configuration of the
ubiquitin moieties is often linked to the fate of the modified protein. The canonical
degradation targeting signal has long been defined as a K48-linked ubiquitin chain of at least
4 molecules [28] (Figure 2b) though more recent studies show that other ubiquitin
modifications can also target proteins to the proteasome. K11-linked chains are associated
with proteasomal degradation during mitosis yet fail to trigger efficient degradation /n vitro
[29,30]. This may be because the chains assembled by the APC/C ubiquitination complex
during mitosis typically consist of K11 and K48 linkages. K63-linked chains are generally
associated with membrane trafficking and other non-proteolytic processes but can also target
proteins for degradation /n vitroand in some cases /n vivo [29,31].

Ubiquitin can form chains with homotypic linkages where ubiquitin moieties are connected
through the same Lys or chains with heterotypic linkages where ubiquitin moieties are
linked through different Lys within a single chain. These chains can be mixed (i.e., different
linkage types but each ubiquitin is connected to only one other ubiquitin) or branched (i.e.,
one ubiquitin is connected to multiple ubiquitin moieties). Branched chains including K48/
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K63, K29/K48, and K11/K48 can target proteins for proteasomal degradation [32,33]
(Figure 2d). Branched K11/K48 chains enhance degradation of mitotic proteins compared to
homogeneous K11 or K48 chains [30,34]. A recent study using NMR, X-ray
crystallography, and small angle neutron scattering (SANS) solved the structure of branched
K11/K48 tri-ubiquitin discovering a novel interdomain interface between distal ubiquitin
moieties [35]. Branched K11/K48 tri-ubiquitin binds with enhanced affinity to Rpn1,
suggesting that branched chains may improve degradation through more productive
proteasome binding. Since branched K11/K48 chains are synthesized during mitosis to
rapidly remove cell-cycle regulator proteins and ensure timely progression through the cell
cycle, it makes physiological sense that these chains would be highly efficient degradation
targeting signals.

Ubiquitin can be linked to form complex chains but it can also take contrastingly simple
forms. Proteins can be decorated with a single ubiquitin or multiple single ubiquitin
moieties. Mono- and multi-monoubiquitination were associated with nonproteolytic
function, but are now known to be effective degradation signals also [29,36,37] (Figure 2c).
Multi-monoubiquitination of a natural protein is sufficient to target it for degradation in a
reconstituted system [38]. Likewise, a model substrate containing two ubiquitin domains
designed to mimic a multi-monoubiquitinated substrate is degraded by purified proteasome
[29].

Substrate recognition through the ubiquitin receptors

Many types of ubiquitin modifications can target substrates for degradation (Figure 2b,c,d),
and the three ubiquitin receptors of the proteasome must recognize these numerous and
topologically diverse signals. Indeed, the 19S RP appears to function as a versatile
recognition platform [29]. A biochemical study measuring the degradation of defined model
substrates in presence of purified proteasomes in which individual receptors were mutated to
abrogate ubiquitin binding showed that receptors can collaborate to recognize substrates
with varied ubiquitin length and topology [29]. Degradation of K48-linked chains is
primarily mediated by Rpn10, since proteasome in which Rpn10 was the only functional
receptor degraded substrates as efficiently as wildtype proteasome. Substrates with K63-
linked chains and multiple K48-linked chains are targeted cooperatively between Rpn10 and
Rpnl or Rpn10 and Rpn13. The UIM of Rpn10 is tethered to its proteasome-docked VWA
domain by a long flexible linker, perhaps permitting substrates to explore wider
conformational space compared to the proteasome docked ubiquitin binding sites of Rpnl or
Rpn13. Rpn10 is a critical receptor for ubiquitinated substrates perhaps due in part to the
orientation of bound substrates being less conformationally restricted increasing the
likelihood of engagement of the initiation region. Proximity of Rpn10 to Rpnll may also
contribute to degradation of substrate directed through Rpn10 [39].

The structures of various ubiquitin chains bound to ubiquitin receptors informs our
understanding of how receptors recognize ubiquitinated substrates. Receptors display both
overlapping and unique linkage binding preferences, strengthening the idea that the 19S is
capable of recognizing diverse substrates [35,40,41]. Using NMR, the structures of free
K48-linked di-ubiquitin and of K48-linked di-ubiquitin bound to hRpn13 in association with
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the proteasome structural subunit hRpn2 were recently solved [42]. This work discovered a
previously unidentified conformation of K48-linked di-ubiquitin proposed to be the
preferred form for receptor binding and revealed highly dynamic interactions between
hRpn2:hRpn13 and bound ubiquitin chains. The dynamic nature of these interactions may
assist in orienting substrates for engagement and deubiquitination by allowing receptors to
bind different locations within ubiquitin chains or transferring ubiquitin chains between
receptors [42].

The three ubiquitin receptors of the proteasome can also bind the UBL domains of UBL-
UBA proteins, which are thought to act as shuttling substrate receptors by binding to the
proteasome through their UBL domain and to ubiquitinated proteins through their ubiquitin-
associating (UBA) domain(s) [22-24,43,44] (Figure 1c). Isothermal titration calorimetry
(ITC) and NMR-based studies have measured tight affinities of UBL-UBA proteins for
ubiquitin receptors and elucidated the mechanism of binding [45,46]. Biochemical and cell-
based work has shown model substrates containing a UBL domain are efficiently degraded
by the proteasome [29,44,47]. Though some UBL-UBA proteins play a role in the
degradation of select natural proteins, their mechanism of action remains unclear [48].

Substrate engagement is determined by initiation regions

Proteasome localization of a substrate is not sufficient to cause degradation. Degradation
requires the presence within the substrate protein of a disordered region of appropriate
length, composition, and location [1]. Several studies suggest that C-terminal initiation
regions must be 20-30 amino acids in length to allow efficient degradation, which is
consistent with structural studies of the proteasome [25,44,49-53] (Figure 2e). The pore-1
loops, responsible for grabbing disordered regions and engaging substrates, are arranged in a
spiral staircase lining the translocation channel and are located approximately 30-40
Angstroms from its entrance in substrate-free proteasomes [8]. Substrates whose initiation
regions are located internally must be much longer than terminally located ones, presumably
because internal disordered regions must enter and exit the translocation channel before the
flanking domains can be unfolded [54].

In vivo and in vitro studies using model substrates with different disordered regions
demonstrated that nonpolar, hydrophobic, stiff, and complex amino acid compositions result
in more effective degradation. Conversely, polar, acidic, highly flexible, and compositionally
biased sequences are largely avoided [1,50,51,55] (Figure 2f). For instance, the E2 Cdc34
escapes proteasomal degradation despite ubiquitination because its disordered region,
though sufficiently long, is acidic and has a biased amino acid composition [51,54]. The
proteasome’s preferences for initiation region sequences are likely a reflection of the
interaction between residues within the translocation channel and the initiation region. The
internal surface of the translocation channel surrounding the pore-1 loops is largely
negatively charged, possibly repelling acidic disordered regions from engagement [56]. An
explanation for the preference of hydrophobic sequences could be that the pore-1 loops,
which contain conserved Tyr residues, and the translocation channel, which is enriched in
Tyr residues, interact more effectively with similarly hydrophobic residues [56]. Disordered
regions enriched in residues with small side chains (i.e., Gly, Ser) are structurally flexible,

Curr Opin Struct Biol. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al.

Page 6

which could prevent interactions between the pore loops and disordered region required for
gripping the substrate and generating mechanical force necessary to unfold folded domains

[8].

Location of the initiation region within a substrate also modulates degradation: it must be
neither too far nor too close to a ubiquitin modification [49] (Figure 2g). Substrate binding
sites on Rpnl, Rpn13, and Rpn10 and the pore-1 loops are at fairly well-defined locations on
the proteasome particle and this likely restricts the arrangements of ubiquitin modification
and disordered region within a substrate that result in simultaneous binding of ubiquitin and
initiation region. Presumably both components of the degradation signal have to bind the
proteasome at the same time for efficient degradation [5,7].

A recent study investigated how the proteasome avoids self-destruction even though many
subunits have disordered regions. Proteasomal subunits Rpn10 and Rpn3 contain disordered
regions that can reach the translocation channel yet escape degradation because these
regions are compositionally biased [57]. Degradation of these subunits can be induced if the
disordered region is replaced with an effective initiation region. On the other hand, Rpn2 and
Rpn13 are far from the translocation channel preventing the proteasome from engaging their
disordered regions. Considering the intrinsically disordered regions in some proteasomal
subunits play significant regulatory roles through post-translational modification or protein
interaction, sequence bias and proteasome architecture may have evolved to maintain
proteasome stability and function [57,58].

While most degradation is ubiquitin-mediated, some proteins are degraded independent of
ubiquitination. These ubiquitin-independent substrates are recognized by the proteasome
directly at their initiation region or indirectly through binding partners serving as
degradation adaptors. Well studied examples of such proteins include ornithine
decarboxylase (ODC), the proteasome transcription factor Rpn4, and p53 [59].

Preparing substrates for the proteasome that lack initiation regions

An initiation region is required for effective substrate engagement by the proteasomal
ATPases, but some proteins lack an obvious unstructured region [60]. The proteasome must
be able to degrade a wide array of proteins, including those lacking effective initiation
regions. Various mechanisms have been identified that solve this problem. Cdc48 is an
ATPase complex that unfolds ubiquitinated proteins and has been proposed to prepare
substrates for the proteasome by generating initiation regions through unfolding [61,62]
(Figure 3a). It was recently demonstrated using an /n vitro reconstituted system that Cdc48
prepares substrates for the proteasome by partially unfolding well-folded ubiquitinated
proteins that lack an initiation region [63]. These findings represent the first direct evidence
of collaboration between Cdc48 and the proteasome in protein degradation. Site-specific
ubiquitination can locally destabilize folded structures and likewise generate unstructured
regions competent for engagement by the proteasome [60,64,65] (Figure 3c). Site-specific
cleavage by proteases can reveal an initiation region that was previously inaccessible to the
proteasome (Figure 3b), as was recently demonstrated [66]. Degradation of retinoblastoma
protein (Rb), a tumor suppressor, is induced by the E7 protein of human papilloma virus
(HPV) to promote cell cycle progression. Proteasomal degradation of Rb requires cleavage
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by the protease calpain-1, mediated by E7, which exposes a region competent for
proteasome engagement [66]. The disordered region at the C-terminus of native Rb is
negatively charged and not engaged by the proteasome. Initiation regions may also be
inaccessible to the proteasome due to a binding partner, whose dissociation would then free
the initiation region permitting proteasomal engagement (Figure 3d). For instance, yeast
protein Mdy2 binds the proteasome through its UBL domain and can be degraded but is
protected from degradation through binding of Get4 to the initiation region [44].

Conclusions and future directions

Work over the past several years has greatly expanded our knowledge of proteasome
structure and function. Recent studies demonstrate that substrate recognition by the
proteasome can be achieved by a variety of mechanisms including ubiquitin modification,
cooperation between ubiquitin receptors, initiation region, and overall architecture of the
proteasome. These findings suggest a synergistic relationship between ubiquitin and
initiation region that confers specificity and a means of regulating the substrate recognition
step of proteasomal degradation. However, it remains poorly characterized how ubiquitin
and initiation region collaborate in a cellular environment to target natural proteins for
degradation. Can a weak initiation region be compensated for by a strong ubiquitin
modification and vice versa? Future studies will refine and reveal mechanistic and
physiological processes of substrate recognition, leading to a deeper understanding of
protein degradation by the UPS.
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Figure 1: Architecture of the 26S proteasome and ubiquitin receptors.
(a) CryoEM surface structure of the substrate-free yeast 26S proteasome (sl state) depicted

in three different orientations (PDB: 6FVT). The 20S CP is shown in grey: a subunits in
light grey and B subunits in dark grey. The 19S RP is shown in multiple colors. Ubiquitin
receptors Rpnl, Rpn13, and Rpn10 are shown in blue. Residues within the T1 and T2 sites
of Rpnl and the PRU domain of Rpn13 critical for ubiquitin binding are highlighted in red.
The UIM domain of Rpn10 is not resolved, therefore only the VWA domain of Rpn10 is
shown. Rpn2 is shown in green, the non-ATPase lid subunits are shown in yellow, and the
DUB Rpn11 is shown in pink. The heterohexameric ring of ATPases (Rpt1-6) that form the
translocation channel is shown in cyan. The entrance to the substrate translocation channel is
indicated by a dashed black circle. (b) Schematic of yeast proteasomal ubiquitin receptors
Rpn10, Rpn13, and Rpnl with location of the essential ubiquitin-binding residues indicated
in red. (c) Schematic of yeast UBL-UBA shuttle receptor proteins Rad23, Dsk2, and Ddil.
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Figure 2: Substrate recognition is mediated by ubiquitin and its engagement is determined by
the initiation region.

(a) Schematic representation of the proteasome and its substrate. The 20S CP is shown in
dark grey and the ATPases of the 19S RP are shown in cyan. The pore-1 loops of the
ATPases are sequestered inside the translocation channel and depicted in black. Proteins
(green) are typically targeted to the proteasome through the attachment of ubiquitin (blue)
and degradation is initiated at a disordered region within the substrate (red). Targeting can be
accomplished by diverse ubiquitin modifications such as homotypic chains (b), multi-
monoubiquitination (c), and branched chains (d). Effective engagement of a bound substrate
requires the initiation region be sufficient length (e), the appropriate composition of amino
acids (f), and suitably located relative to the ubiquitin modification in order to access the
translocation channel (g).
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Figure 3: Substrates can be processed or modified to reveal initiation regions.
An unstructured region (red) is required for degradation since it allows the proteasome to

physically engage the substrate and initiate degradation. Proteins that lack an initiation
region can be processed or modified in order to reveal unstructured regions that the
proteasome can efficiently engage. (a) Well-folded proteins can be processed by the
unfoldase Cdc48 (cross section shown in shades of purple) to generate an initiation region.
(b) Cleavage by proteases can reveal an accessible initiation region. (c) Site-specific
ubiquitination may locally destabilize a protein thereby generating an initiation region. (d)
Removal of a binding partner (grey) can liberate an accessible initiation region.
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