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Abstract
In all eukaryotic cells, 26S proteasome plays an essential role in the process of ATP-dependent
protein degradation. In this review, we focus on structure characterization of the 26S proteasome.
Although the progress towards a high-resolution structure of the 26S proteasome has been slow,
the recently solved structures of various proteasomal subcomplexes have greatly enhanced our
understanding of this large machinery. In addition to having an ATP-dependent proteolytic
function, the 26S proteasome is also involved in many non-proteolytic cellular activities, which
are often mediated by subunits in its 19S regulatory complex. Thus, we include a detailed
discussion of the structures of 19S subunits, including proteasomal ATPases, ubiquitin receptors,
deubiquitinating enzymes and subunits that contain PCI domain.
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1. Introduction
1.1 Protein degradation by the ubiquitin-proteasome pathway

Intracellular protein degradation by the ubiquitin-proteasome pathway is a process that has
been studied in depth. Briefly, proteins targeted for degradation by the 26S proteasome are
first “labeled” by covalent linkage of a polyubiquitin chain, via a three-step cascade
mechanism utilizing ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and
ubiquitin-protein ligase E3 [1–4]. These polyubiquitinated substrates are recognized by the
26S proteasome and rapidly broken down into short peptides [3,5–7]. In eukaryotic cells,
this ubiquitin-mediated protein degradation pathway plays a primary role in the degradation
of most short-lived proteins that are critical in the regulation of many cellular processes such
as cell cycle [8–10], transcriptional regulation [11,12], apoptosis [13], as well as in the
degradation of abnormal proteins such as misfolded and damaged proteins [14]. Another
role of this pathway is to break down foreign proteins to generate antigenic peptides to be
presented by major histocompatibility complex (MHC) class I molecules to the T-cells of
the immune system [15–19].
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1.2 The 26S proteasome and its components
The proteolytic machinery of this ubiquitin-mediated protein degradation pathway is the 26S
proteasome. It is a large and dynamic protein complex that is highly conserved in
eukaryotes, in both structure and function. It consists of more than 30 different protein
subunits, and has a molecular weight of over 2MDa. Figure 1 shows the major components
of the 26S proteasome divided into functional groups. The middle part is a barrel-shaped
20S protease core particle (CP) that is formed by axial stacking of four heptameric rings:
two identical inner β-rings, each formed by seven different β-subunits β1–7, and two
identical outer α-rings each formed also by seven different α-subunits, α1–7. Capping at each
end of the 20S CP is a 19S regulatory particle (RP) that regulates the proteolytic function of
the protease core. The 19S RP can be further divided into base and lid subcomplexes. The
base has six different ATPase subunits, Rpt1-6, and a few non-ATPase subunits, such as
Rpn1, Rpn2 and Rpn13. The lid contains more than ten other Rpn subunits. The association
between the base and the lid is mostly mediated by the Rpn10 subunit [20,21]. Because the
linkage between the base and lid is relative weak, under certain biochemical condition, the
lid can be separated from the base to form lidless proteasomes.

There are already many comprehensive reviews in the recent literature about various
components or functions of the ubiquitin-proteasome system [22–27]. The main focus of this
review is only on the structure characterization of the 26S proteasome. While the atomic
structure of the 20S CP, as a complete protein complex, is very well characterized, high-
resolution structures of the 19S RP are mostly limited to the individual subunits, or even
domains. Therefore, our discussion of the 20S CP is as the complete complex, but that of the
19S RP is mainly on the individual functional subunits.

1.3 Structure of the 26S proteasome
Even with the tremendous progress made in the technology of all structure determination
methods, it still has not been possible to crystallize the entire 26S proteasome for structure
determination by X-ray crystallography [22]. In contrast, significant progress has been made
toward determining the atomic structure of various isolated components of this complex. At
relative lower resolution level, single particle cryo-electron microscopy (cryoEM) has been
used to obtain three-dimensional (3D) envelopes of the 26S proteasome. The highest
resolution published so far is about 20 Å [28] (with another 3D reconstruction of the human
26S proteasome at near 10 Å resolution from Edward Morris laboratory to be published
soon). Such resolution is sufficient to distinguish domains, but falls short of resolving
secondary structural features. In Figure 1, which summarizes the results obtained so far
through these different approaches, the structures of the 26S proteasome and its components
are shown as either ribbon diagrams, if their atomic structure have already been determined
by X-ray crystallography, or as low-resolution density maps, if their 3D structure has been
reconstructed by single particle EM. Otherwise, they are shown as colored blobs, with a
color code indicating whether the functional domain of the subunits can be predicted by
sequence homology to a known structure or folding, or whether their partial structures have
been determined by either X-ray crystallography or NMR spectroscopy.

Functionally, the 20S CP performs the simple task of a protease, namely to degrade
substrates that have entered its proteolytic chamber. The base of the 19S RP regulates the
function of the 20S CP by stimulating its protease activities, recognizing substrates,
unfolding substrates in an ATP-dependent manner, and translocating substrates to the 20S
CP. The lid performs more complex and diverse functions during the process of protein
degradation, involving ubiquitin receptors and deubiquitinating enzymes. Degradation of
ubiquitinated proteins requires the lid, but the precise functions of many lid subunits are less
clear than those of the subunits of the base or the core particle [21]. Many of the lid
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components are also involved in non-proteolytic activities. Recently, more 19S subunits
have been identified, mostly associated with the lid [29,30]. Corresponding to the functions
of each subcomplex, the 20S CP is structurally the most stable complex, while the lid is the
most dynamic and least stable one. Thus, it is understandable that there is more structural
information about the 20S CP than about the lid of 19S RP.

2 The 20S CP
2.1 The 20S protease core

The 20S CP can be found either isolated or associated with the 19S RP [31]. Unlike the
entire 26S proteasome, the 20S CP performs a relative simple protease function and is
biochemically very stable. It is thus relative easy to purify a large amount of 20S CP to high
purity and concentration for crystallization. Atomic structures of archaeal [32,33],
mycobacterial [34], yeast [35] and mammalian [36] 20S CP have been determined by X-ray
crystallography. These structures share the same architecture: a hollow barrel-shaped
structure with C2 symmetry composed of four stacked rings: two inner β rings and two outer
α rings. The eukaryotic α and β rings are each composed of seven distinct homologous
subunits, which form a pseudo 7-fold symmetrical structure of α1–7β1–7β1–7α1–7, with
proteolytic active sites located at the N-termini of three subunits, β1, β2 and β5, of each β-
ring. In contrast, the archaeal α and β rings are each composed of seven identical subunits,
thus the archaeal 20S CP has true D7-symmetry. In jawed vertebrates, there is another form
of proteasome, called immunoproteasome, in which three β-subunits of the normal 20S, β1,
β2, β5 are replaced by three IFN-γ induced β-subunits, β1i, β2i, β5i. Immunoproteasome is
responsible for breaking down foreign proteins into short antigenic peptides, which are
ligands of MHC class I molecules [37]. The structure of the immunoproteasome should be
very similar as the mammalian constitutive 20S proteasome [36].

The four rings of the 20S CP form three continuous chambers with proteolytic active sites
sequestered in the middle chamber. There is a narrow channel in the center of the outer α-
rings that only allows the passage of unfolded polypeptides to access the inner chamber. The
N-terminal tails of the α-subunits form a gate, whose closed or open states prevent or allow
the passages of substrates through the channel [38,39]. The gate of free 20S CP without 19S
RP is normally closed under the physiological conditions [35,38]. Such architecture of the
20S CP prevents unregulated protein degradation [40]. Opening of the gate is regulated by
the 19S RP, although it is also possible to disturb this closed gate biochemically in vitro. In
the 26S proteasome, the ATPases in the base of the 19S RP regulate the opening of this gate
and stimulate protease activity of the 20S CP [40]. In addition to the proteasomal ATPases,
two other non-ATPase activators, 11S (PA28/REG/PA26) [41] and PA200 [42], also form
complex with the 20S CP and stimulate its peptidase activity.

2.2 Assembly process of the 20S proteasome
Because of the relative simplicity of the 20S CP in both structure and function, the assembly
process of this complex is also structurally well characterized [43,44]. For the archaeal 20S
CP, the assembly process is relative simple and does not require any chaperon protein. Co-
expression of the α- and β- subunits in Escherichia coli produces intact and active 20S CP.
Expression of only the α-subunit in E. coli without the β-subunit produces complete single
heptameric α-rings that are almost identical to the ones in the 20S CP. On the other hand,
expression of β-subunit in E. coli without α-subunit produces only monomeric β-subunits.
This suggested that the α-ring is assembled first, and is used as a template for β-subunits to
assemble upon the completed α-ring to form one half of the 20S CP [45]. The β-subunit is
encoded as a precursor with a propeptide of eight residues that covers its N-terminal Thr
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residue. This propeptide is cleaved during the assembly of the 20S CP from the half
proteasome [6].

The assembly processing of the eukaryotic 20S CP is more complicated. The α-ring is still
assembled first and acts as a template for β-ring assembly. However, the α-ring has seven
distinct α-subunits, each occupying a specific position in the ring. Such specific arrangement
of α-subunits requires a mechanism to correctly place each α-subunit in a specific position in
the α-ring. Two different dimeric protein complexes were identified as chaperones of this
process in human cells: PAC1/PAC2 and PAC3/PAC4, where PAC stands for proteasome
assembly chaperone. With the aid of the crystal structures of these dimeric chaperones,
isolated as well as in complex with α-subunits [43,44], the assembly mechanism of the α-
ring from its constituents has been clearly revealed. A recent review by Murata et al
describes in detail the assembly process of the 20S CP as well as that of the entire 26S
proteasome [25].

3. 19S RP – the ATPase subunits
The 19S RP plays comparatively more complex roles in the ubiquitin-proteasome pathway
than the 20S CP. Consequently its structure is more complicated and dynamic. It is also less
stable biochemically and contains many more different subunits than the 20S CP. Although
the intact endogenous 26S proteasome can be purified from animal tissues or yeast, so far
neither the entire 26S proteasome nor the 19S RP have been crystallized. The low-resolution
shape of the 19S RP is available only from single particle cryoEM data of the 26S
proteasome. Currently, the resolution is less than 10 Å [28,46]. Based on these 3D
reconstructions, and even just from two-dimensional (2D) averages of images of the 26S
particles, it is possible to infer that the shape of the 19S RP has a wide opening on one side
[20,21,47], a feature often referred to as a “Chinese dragon head motif” [48].

The 19S RP is often divided into base and lid subcomplexes. It was first reported that the
19S RP can dissociate into base and lid subcomplexes in a Rpn10 knockout yeast strain [20].
The base isolated from this yeast mutant can still bind to the CP and activate the degradation
of peptides or non-ubiquitinated proteins, whereas the lid is required for ubiquitin-dependent
degradation. The six ATPase subunits, which are essential for the ATP-dependent protein
degradation, are all located in the base subcomplex. A subsequent study also isolated the
base and the lid separately from wild-type yeast and showed that the Rpn10 subunit resides
in the lid subcomplex [49].

3.1 Components of the base subcomplex
The base subcomplex can be further divided into 6 ATPase subunits, Rpt1-Rpt6 [50,51], and
two non-ATPase subunits Rpn1, Rpn2. The Rpn10 and Rpn13 are also characterized as part
of the base, although they are more likely linkers between the lid and the base. The six Rpt-
subunits belong to the AAA+ family of ATPases, where AAA+ stands for ATPase
Associated diverse cellular Activities. As expected from members of this family, the six
ATPases assemble into a hexameric ring-shaped structure [28,46,52]. Together with other
non-ATPases subunits, the base subcomplex recognizes ubiquitinated protein substrates,
unfolds these globular substrates in an ATP dependent manner, opens the gate of the 20S
CP, and translocates unfolded substrates to the 20S CP for degradation. However, the
structure and the specific arrangement of the six Rpt-subunits in the hexameric ring-shaped
base subcomplex are still not fully understood. Among all the functions performed by the
ATPases, only the mechanism of gate opening has been extensively studied from other
model systems [41,53–56]. Our understanding of the mechanisms by which the ATPases in
the base subcomplex unfold and translocate substrates comes only from speculative
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comparisons with other ATP-dependent protease systems in bacteria, which have also been
described in detail [57–59].

Even less is known about the tertiary or quaternary structures of Rpn-subunits in the base.
As with many other Rpn-subunits in the lid, none of the four Rpn-subunits, including
Rpn10, have been localized definitely to the base ring. At the level of the tertiary structure,
homology models have been proposed for Rpn1 and Rpn2 [60]. Recent studies using AFM
and negative-stain EM produced low-resolution information of Rpn1 and Rpn2 consistent
with a prediction that they have an overall toriodal shape [61,62]. As for the Rpn10 and
Rpn13, only domain structures were determined (discussed below).

3.2 The archaeal 20S-PAN as a simpler model system
The complexity of the 26S proteasome, as well as the ubiquitin requirement, makes the
ubiquitin-proteasome a difficult system to study or to manipulate in vitro. In contrast,
archaea does not have ubiquitin and has a simpler proteasome system, in which the 20S CP
is formed by homo-heptameric α- and β-rings. The archaeal 20S CP also has a closed gate,
although not as tight as in the eukaryotic 20S CP [63]. As with the eukaryotic ATPases in
the base subcomplex, an ATPases homologue named PAN (Proteasomal Activating
Nucleotidase) stimulates the protease activity of the archaeal 20S CP [64]. The PAN shares
41%–45% identity with eukaryotic Rpt subunits. Six identical PAN monomers form a
homo-hexamer [65] that binds to the archaeal 20S CP in a way that resembles the interaction
between the base subcomplex and the eukaryotic 20S CP. The location of the PAN on the
archaeal 20S CP is comparable to that of the 19S ATPase ring in the 26S proteasome [63].
Thus, the archaeal 20S-PAN serves as a simpler in vitro model for the study of many
mechanistic questions, particularly related to those proteasomal ATPases of the 26S
proteasome.

Although somewhat artificial, the most commonly used archaeal model system is actually a
hybrid system, composed of the 20S CP from Thermoplasma acidophilum and the PAN
from Mathanococcus jannaschii [64]. Since its identification, a wealth of knowledge,
covering many functional and structural aspects of the proteasomal ATPases, has been built
upon this model system. When mixed with T. acidophilum 20S CP and ATP, PAN from M.
jannaschii stimulates the degradation of unstructured as well as globular protein substrates
carrying a C-terminal ssrA recognition tag [64,66]. Careful dissection of this process
ascribed ATP binding to several events, namely binding to 20S, translocation of substrates,
and gate opening of 20S [63]. The substrate unfolding is the only part that requires ATP
hydrolysis by exerting mechanical force during domain movements [56,67].

However, structurally, the PAN does not form a stable complex with the 20S CP. Rather, it
waggles on the top of the α-ring of the 20S CP [63]. The mismatch between the 7-fold
symmetry of the 20S CP and the 6-fold symmetry of the PAN is thought to be the cause of
such unstable structure. Thus, despite its simplicity, the 20S-PAN complexes still resisted to
be crystallized for structure determination.

3.3 ATPase induced gate opening in the 20S CP
To understand the mechanism of gate opening by the proteasomal ATPases, or more
generally, by proteasomal activators, much efforts has been on determining the structures of
non-ATPases proteasomal activators, such as the PA26 from T. brucei, a homolog of
mammalian 11S proteasomal activator, and Blm10 from yeast, a homolog of mammalian
PA200 activator. As a result, our understanding of the mechanisms by which proteasomal
activators regulate the gate opening in the 20S CP has be improved considerably [41,53,42]
54,. PA26 forms a homo-heptamer. It not only matches the 7-fold symmetry of the archaeal
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20S CP, but also fits into the pseudo 7-fold symmetrical eukaryotic 20S CP, both resulting
in opening of the 20S gate formed by N-termini of α-subunits. Two structural elements of
the PA26 play different roles but operate synergistically. The C-terminus inserts itself into a
pocket in the 20S CP between neighboring α-subunits, providing binding energy for the
20S-PA26 complex formation, while an activation loop of the PA26 makes contact with a
reverse-turn loop of the 20S CP near the N-terminus of the α-subunit, stabilizing a four-
residue cluster and locking the N-terminus in the open conformation [41,53,54]. The
mammalian 11S, which resembles the overall structure of PA26, may bind to 20S and
induce the gate opening similarly as the PA26 by using activation loop and C-terminus [54].

PAN, or eukaryotic ATPases, has neither 7-fold symmetry nor the activation loop. Thus, it
works slightly different from the PA26, but probably more closely resembling the eukaryotic
Rpt-subunits. The PAN C-termini bind to the same pocket in the 20S CP α-ring as the PA26
does, but such binding can open the 20S gate by itself without the activation loop [56]. This
unique role is strictly dependent on the sequence of the last three C-terminal residues,
dubbed as HbYX motif (Hydrophobic residue, tYrosine, and an arbitrary terminal residue,
X). This motif is conserved in the archaeal PAN, as well as in the three Rpt-subunits: Rpt2,
Rpt3 and Rpt5, of the eukaryotic 19S base [56]. The gate opening of the 20S CP induced by
the C-terminal peptide of PAN has been visualized by single particle cryoEM at a resolution
of ~6Å [55]. Clear densities of the PAN C-terminal peptide were located in the pockets
between neighboring 20S α-subunits, the same pockets where the C-termini of PA26 bind.
Such binding leads to a radial movement of the α-subunits, resulting in the opening of the
20S gate.

Two recent studies revealed how the C-terminal HbYX motif of PAN ATPase binds to the
pocket in the 20S α-ring in atomic details. These two independent studies took a somewhat
similar approach of generating a hybrid proteasomal activator using PA26 as scaffolding but
substitute its C-terminus with that from PAN ATPase [68,69]. The very similar interaction
was further observed in the atomic structure of Blm10, which also contains an HbYX motif
in its C-terminus, in complex with yeast 20S CP [42].

3.4 Structure of the proteasomal ATPases
Attempts to crystallize the full-length PAN have so far yielded no success. However, the
structures of individual functional domains of the PAN were determined recently [33,70,71].
The N-terminal substrate-binding domain of the PAN consists of a coiled-coil element,
followed by the oligosaccharide-binding (OB) domain. It forms a rigid hexamer but with
only a 3-fold symmetry, a trimer of dimers. The difference between two neighboring
monomers in the dimer lies in a proline residue at the end of coiled-coil domain, which
assumes a cis-conformation in one monomer but a trans-conformation in the other monomer
[33,70]. This proline residue appears to be critical to the formation of the coiled-coil domain
between two neighboring monomers (Fig. 2A). Such conformation resembles the intra-
subunit coiled-coil structure in the HslU structure [72,73]. In both cases these coiled-coils
come together to form a funnel-like shape that presumably holds protein substrate and
guides the unfolded segment into the central pore. The ATPase domain of the PAN,
however, forms a loose hexamer, which dissociates into monomers during purification. The
monomeric crystal structure with bound ADP shows a similar architecture to that of other
AAA+ ATPases [33]. A complete structure of the PAN or Rpt-subunits has been suggested
by computational docking of the CC-OB ring and the ATPase domain into the ring shaped
base subcomplex of the 26S proteasome [33,74].

Until now, we still know very little about how proteasomal ATPases unfold globular
substrates and how they translocate the unfolded substrates into the 20S CP for degradation.
The structure of the monomeric PAN ATPase domain provides a basis for the comparison of

Kim et al. Page 6

Biochim Biophys Acta. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the proteasomal ATPases with other members of the AAA+ superfamily of proteins, which
often form a hexameric ring shaped structure [75,76]. AAA+ proteins have a structurally
conserved domain [77] that consists of an N-terminal α/β Rossman fold and a C-terminal α-
helical subdomain. Between these two subdomains resides the ATP binding pocket. The two
subdomains work as a clamp that opens to different angles, depending on the state of the
bound nucleotide (Fig. 2B). In the ATPase ring the clamp-shaped monomers fit into the
concave side of their neighbors. A narrow central pore approximately 12Å in diameter is,
presumably, the channel through which substrates are threaded. AAA+ ATPases have
several conserved structural motifs, including the Walk-A and Walk-B ATP binding motifs.
Less conserved are the so-called Second Region of Homology (SRH), including Sensor 1 on
the Rossman fold, and an arginine finger on the same Rossman fold of the adjacent subunit
[78,79] (Fig. 2B).

3.5 Assembly of the Rpt-subunits into a hexameric ring
The understanding of the structure and function of PAN laid the foundations for structure
study of the ATPase hexamer in the 19S RP and its interactions with the 20S CP. Rpt1-Rpt6
are six homologous, but distinct ATPases, each consisting of ~430 amino acids. From the N-
terminal end, each Rpt subunit can also be divided into coiled-coil element, OB domain,
ATPase domain and C-terminus. An atomic model of the ATPases was proposed by fitting
domain structures generated from homology modeling into the low-resolution density maps
of the base subunits segmented out from the 3D density map of the 26S proteasome [28,74].
In the 3D reconstruction, the symmetry axes of the hexameric base and of the 20S CP are
not coincident, but lie 3nm apart and are tilted 11º with respect to each other, in agreement
with the previously proposed wobbling model [80].

The 19S ATPase hexamer is more complex than its PAN homolog. The six Rpt-subunits
have been found to be non-redundant [51], and such non-redundancy is conserved across
species [50]. Moreover, different roles of these six Rpt-subunits have been observed [51,81].
Given these facts, a fixed arrangement of these 6 Rpt subunits seems very likely.
Considerable efforts have been spent on determining the specific arrangement of Rpt
subunits in the hexamer ring of the base subcomplex. Among those efforts, chemical cross-
linking was used to determine the quaternary structure of the human 26S proteasome,
produced a complete model of the ATPase hexamer, as well as their interactions with 20S α-
subunits [52]. This model has served as a reference for many later works [81]. But as it
relied solely on cross-linking, the results could be biased by possible artifacts. Other
techniques such as yeast two-hybrid experiment [82], pull-down assay, filter binding, mass
spectra, and co-purification have also been employed to address this question [83].

With six Rpt subunits in the base ATPase ring, there are a total of 120 (=5!) possible
arrangements. Recent breakthroughs in identifying chaperones that assist the assembly of
the base subcomplex have greatly enhanced our understanding. Four different laboratories
have independently identified same four chaperone proteins that facilitate the formation of
the Rpt intermediate subcomplexes and escort them into their destinations in the hexamer
ring [84–88] (also see a review [89]). Specifically, Rpt1 and Rpt2 associated with Hsm3,
Rpt4 and Rpt5 with Nas2; and Rpt3 and Rpt6 were shown to be associated with Nas6 and
Rpn14 respectively. Recent data further suggested the formation of Rpt3-Rpt6 subcomplex
[90]. These findings reduced the number of possible arrangements of Rpt-subunits in the
hexameric ring to 16, i.e. (2 possible arrangements of 3 subcomplexes) × (2 possible
directions of Rpt1-Rpt2) × (2 possible directions of Rpt4-Rpt5) × (2 possible directions of
Rpt3-Rpt6). Interestingly, only one Rpt-subunit in each of these three subcomplexes, i.e.
Rpt2, Rpt3, and Rpt5, contains the critical proline residue for the coiled-coil formation, as
well as the C-terminal HbYX motif required for induction of the 20S gate opening. Based on
the structure of archaeal PAN ATPases, we can speculate that the proline residues in these
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three Rpt-subunits must assume the cis-conformation, because non-proline residues in
corresponding positions of the neighboring Rpt-subunits are most likely in the trans-
conformation. Furthermore, these three Rpt-subunits must be separated from each other in
the hexamer ring and each of them located on the left side of the subcomplex, so that it can
form a similar coiled-coil structure with its partner Rpt-subunit on the right side (Fig. 2A).
Considering all these assumptions, there are only two possible arrangements of Rpt-subunits
in the ring: Rpt5-Rpt4-Rpt2-Rpt1-Rpt3-Rpt6 or Rpt5-Rpt4-Rpt3-Rpt6-Rpt2-Rpt1 (Fig. 3,
counter-clockwise and look down from the top of the hexameric ring). A recent model,
generated by combining 3D density map from cryoEM data of the 26S proteasome,
homology modeling and proteomic-derived protein-protein interactions, exhibits one of the
two possible orders listed above [74]. Certainly, the definitive answer to this question can
only be provided by means of high-resolution structure information from the 26S
proteasome or the base subcomplex of the 19S RP.

After submitting this review, a recent study determined the order of the Rpt subunits
elegantly [91]. In this study, cysteine residues were systematically introduced to specific
locations of the Rpt subunits so that the correctly located cysteine mutations can lead to the
disulfide bond formation between the neighboring subunits. The final correct order of Rpt
subunits determined by this approach is Rpt5-Rpt4-Rpt3-Rpt6-Rpt2-Rpt1 (Fig 3A).

4. 19S RP – non-ATPase subunits
Most of the subunits in the 19S RP are non-ATPases. They perform very diverse functions
that are critical in the process of degradation of ubiquitinated substrates. Many of them are
also involved in other non-proteolytic cellular processes. Ubiquitin can be linked together
through isopeptide bond between its carboxyl group and the ε-amino group of a lysine
residue of either another ubiquitin protein (to form polyubiquitin chain) or a target protein
(ubiquitination) [2]. Among the seven lysine residues of the ubiquitin - K6, K11, K27, K29,
K33, K48, and K63, polyubiquitination through the K48 and K63 are most abundant. They
form well-characterized polyubiquitin chains that act as signals for either degradation by the
proteasome, DNA damage tolerance, protein trafficking or ribosomal translation, etc.
[92,93]. Although there are many other atypical polyubiquitin chains in vivo [92], their
functions and structures have yet to be elucidated [94].

During the process of protein degradation by the proteasome, polyubiquitinated protein
substrates are recognized by the proteasomal ubiquitin receptors. Before the substrates are
completely unfolded by proteasomal ATPases and degraded by the 20S CP, proteasomal
deubiquitinating enzymes remove the polyubiquitin chain from the labeled substrates in a
highly regulated manner. The exact locations of many of the ubiquitin receptors and
deubiquitinating enzymes are not clear, but they may be closely associated with each other
to perform a series of highly coordinated events, i.e. substrate recognition, removal of
ubiquitin chain and unfolding of globular substrates.

4.1. Ubiquitin receptor – Rpn10/S5a and Rpn13/Adrm1
Although ubiquitin can act as a signaling molecule in a number of non-proteolytic cellular
processes [95], its major role is to facilitate delivery of targeted substrates to the 26S
proteasome. Polyubiquitin chains are recognized by the ubiquitin-binding domain (UBD),
which is a structural motif found in a wide variety of cellular proteins. UBD has more than
20 subfamilies and very diverse structural features, such as α-helical structure, zinc fingers
(ZnF), Plekstrin homology (PH) folds, or an ubiquitin-conjugating-like domain (UBC) [23].
For protein degradation by the 26S proteasome, shuttle factors such as Rad23/hHR23, Dsk2/
PLIC or Ddi1, capture the ubiquitinated target protein with their UBD domain and transfer it
to the ubiquitin receptors, Rpn10/S5a and Rpn13/Adrm1, in the 19S RP [24].
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S5a was the first identified ubiquitin receptor in the 19S RP [96,97]. It has two polyubiquitin
binding site, PUbS1 and PUbS2, also called ubiquitin interacting motifs, UIM1 and UIM2.
Rpn10, the Saccharomyces cerevisiae homologue of the mammalian S5a, contains UIM1
only. S5a can bind K48-linked as well as K63-linked polyubiquitin chains and has higher
affinity for polyubiquitinated protein than for mono- or di-ubiquitinated proteins [96]. The
S5a has three α-helices connected by flexible linkers, with first helix as UIM1 and second
and third α-helices as UIM2. Such architecture allows them to adopt diverse conformations
for the cooperative recognition of different ubiquitin linkages and long polyubiquitin chains
[98] (Fig. 4A). S5a is a monomer in solution, two UIMs do not interact with each other but
with UIM2 have higher affinity for polyubiquitin than UIM1 [98]. It was recently proposed
that the two UIMs each bind simultaneously to an ubiquitin molecule of a diubiquitin chain,
while the UIM2 binds predominantly to the proximal ubiquitin the UIM1 binds
predominately to the distal ubiquitin (Fig. 4A) [99]. S5a has a von Willebrand factor A
(vWFA) at the N-terminal region of UIM1 domain, which is also present in the Rpn10 of S.
cerevisiae. Rpn10 is known as a linker between Rpn12 of lid and Rpn1 of base [20,100]. As
the structure of the complex of vWFA1 with glycoprotein Iba suggests, it is plausible that
the vWFA domain of S5a is sandwiched by the concave regions of two neighboring
repeating units of Rpn12 (N-term HAM domain of PCI domain, lid part, discussed below)
and Rpn1 (HEAT/LRR like domain, base part) [101].

Rpn13 was identified as another novel ubiquitin receptor, from a yeast two-hybrid screening
using a modified ubiquitin as bait [102,103]. This protein was first reported as a surface
glycoprotein GP110 whose expression is induced by IFN-γ [104] and involved in cell
adhesion [105]. Recent work showed that Rpn13/Adrm1 interacts with Rpn2 through its 140
residue long N-terminal domain and recruits the deubiquitinating enzyme, UCH37, to the
26S proteasome through its C-terminus KEKE motif [106–108]. Crystal and NMR
structures showed that the UBD of Rpn13 have a structure similar to a pleckstrin-homology
domain (PHD), so this domain has been named as pleckstrin-like receptor for ubiquitin, or
Pru domain. In this domain, two β-sheets orthogonally packed against each other and a long
C terminal α-helix, which is flexible in the solution NMR structure, are located in the
crevice of a β-sandwich (Fig. 4B) [102]. Sequence analysis reveals that this ubiquitin
recognition domain, Pru domain of Rpn13, is highly conserved in multicellular organisms
from S. cerevisiae to human and mouse, although the C-terminus of Rpn13 is less conserved
and the Rpn13 of S. cerevisiae contains only the N-terminal Pru domain. On one side of the
Pru domain, three loops, S2–S3, S4–S5 and S6–S7, bind ubiquitin, whereas the opposite
side of the Pru domain interacts with the Rpn2 (Fig. 4B). The contact surface between the
Pru domain and the bound ubiquitin is approximately 1300 Å2, which contributes to a tight
binding of Rpn13 to the ubiquitin molecule [103]. For the K48-linked diubiquitin, Rpn13
predominately binds to the proximal ubiquitin, while two UIMs of S5a compete for one
distal ubiquitin [99]. However, it is not very clear how three UBDs, one Pru domain of
Rpn13 and two UIM domain of S5a, cooperatively recognize the polyubiquitin chain in the
26S proteasome.

Aside from these two ubiquitin receptors, Rpn10/S5a and Rpn13/Adrm1, one of the Rpt
subunits in the base subcomplex, Rpt5/S6a, was identified as another polyubiquitin receptor
in an ATP hydrolysis dependent manner [109]. Although the recombinant GST-Rpt5 alone
does not directly bind to a tetra-ubiquitin, such interaction may be cooperatively modulated
by another ubiquitin receptor in the 19S RP. Because the C-terminal HbYX motif of Rpt5 is
thought to be critical for the axial gate opening of 20S CP [56], it is possible that the
interaction of Rpt5 with ubiquitin could convey the signal from lid to 20S CP.
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4.2. Deubiquitinating enzymes (DUBs) - UCH37, Rpn11, UBP6
Before a substrate is completely unfolded and degraded, the polyubiquitin chain has to be
removed from the substrate. The polyubiquitin chain should also be further broken down
into monoubiquitins so that ubiquitin molecules can be recycled. The process of
deubiquitination and protein unfolding is highly cooperative and regulated, and it controls
very precisely the rate of ubiquitin-dependent proteasomal degradation [110]. The process of
deubiquitination en bloc as well as break down of the polyubiquitin chain into
monoubiquitins is carried out by a variety of deubiquitinating enzymes (DUBs), which are
mostly located in the lid of the 19S RP. During the process of deubiquitination, the
isopeptide bonds of polyubiquitin are specifically cleaved by DUBs. Based on their
sequence similarity and enzymatic property, DUBs can be classified into five different
subfamilies: ubiquitin-specific processing protease (UBP), ubiquitin carboxy-terminal
hydrolase (UCH), Ovarian tumor related protease (OUT), JAM/MPN/Mov34
metalloprotease (JAMM), and Josephin domain (MJD) protease [111]. Among 95 putative
DUBs of human genome, three DUBs - UCH37 (UCH2), Rpn11 and USP14 (Ubp6) are
associated or interact with 19S RP for the deubiquitination of substrates [111–118]. Rpn11
and UCH37 are intrinsic subunits of the 26S proteasome (Fig. 1) and UBP6 reversibly
interact with the Rpn1 of the 19S base subunit via an ubiquitin-like domain at its N-terminal
[115].

4.2.1. UCH37 (UCH-L5)/UCH2 (Human/S. pombe nomenclature)—Ubiquitin
Carboxyl-terminal Hydrolase (UCH) is a cysteine protease that normally cleaves the short
C-terminal extension of ubiquitin into short peptide. UCH37 (also called UCH-L5) in the
26S proteasome is a special member of UCH family that can also trim ubiquitins off from
the distal end of ubiquitin chain [113,114]. Although S. cerevisiae does not have the
orthologues of UCH37, its orthologues are found in all the eukaryotes, from S. pombe to
human [108,119,120].

The crystal structure of the UCH37 has been recently reported [121]. As in the structures of
other UCH family member [122], there is an active site in the cleft between two lobes of
UCH37, which is composed of the conserved residues Gln82, Cys88, His164 and Asp179
(Fig. 5A). Being a typical cysteine protease, its scissile mechanism of breaking
polyubiquitin chain can be predicted as described in Figure 5B.

The structure of the complex of any UCH family of proteins with its physiological substrate
is still unknown. However, the structure of YUH1 with a potent inhibitor of UCH family,
Ubal, revealed the interaction between a ubiquitin and a member of the UCH family of
proteins, and showed the conformational changes of UCH upon ubiquitin binding. Ubal sits
on the top of Yuh1, which corresponds to the position of a distal ubiquitin in the
polyubiquitin chains. The interface between Ubal and Yuh1, which consists of numerous
hydrogen bonds and van der Waals interactions, is very extensive, approximately 2500 Å2.
The C-terminal end of the bound ubiquitin, which could link to the K49 of the proximal
ubiquitin in the polyubiquitin chain, extends along the active site cleft [123]. The structure
of UCH-L3 with ubiquitin-vinylmethylester (UbVME) also shows a similar conformation
[124]. Compared with the structures of other UCH family members [122–125], UCH37 has
a wider proximal ubiquitin-binding site, so that the proximal ubiquitin can easily access and
fit its K48 residue into the cleft of active site. The positions of a distal ubiquitin and a
hypothetic proximal ubiquitin suggest that, in order to thread the isopeptide bond into the
active site, the distal ubiquitin has to pass through the flexible loop (red in Fig. 5A), which is
not long enough to enable such threading. Considering the fact that UCH37 can breakdown
diubiquitin into monoubiquitin only in the 26S proteasome, an unknown conformational
change of the UCH37 must occur, possibly assisted by some of the other 26S subunits [121].
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UCH37 bind tightly to the 26S proteasome through Rpn13. The C-terminal domain of
UCH37 binds to C-terminus of the Rpn13/Adrm1 through the KEKE motif, which is known
for mediating protein-protein interactions [106,126], while the N-terminal domain of Rpn13
is associated with Rpn2 of the base subcomplex [108]. Biochemical data from fission yeast
and mammalian cells suggested that the UCH37 also binds to the S5a, a mammalian
homologue of Rpn10 [107,116]. Analysis of EM images of negatively stained 26S
proteasome of Drosophila melanogaster, containing gold-labeled Ubal specific for UCH37,
revealed that UCH37 is located at the interface between base and lid complex [119].
Considering that Rpn2 is part of the base subunit and Rpn10 is known as a linker between
lid and base [20], Rpn10, Rpn13, Uch37 may cluster around the linker between the base and
the lid, and they may also regulate the rate of protein degradation.

4.2.2. Rpn11—Rpn11 belongs to the JAMM domain family. Unlike other two DUBs -
UCH37 and UBP6, which are cystein proteases, Rpn11 is a metalloprotease that contains a
conserved metal binding site, JAMM/MPN+ motif (EXnHS/THX7SXXD) [127,128]. The
loss of viability through knockdown of the Rpn11 gene, or mutation of its active site
[117,118,129] suggests that this is a crucial deubiquitinating enzyme of the 26S proteasome.

The atomic structure of the Rpn11 has not been determined yet. But the crystal structure of
another JAMM family DUB, AMSH-LP (Associated Molecule with SH3 domain of
STAM), with a K63-linked diubiquitin was determined [130]. The mechanism of isopeptide
bond cleavage of AMSH-LP is similar to the mechanism of peptide bond cleavage of other
metalloproteases, such as thermolysin and angiotensin-converting enzyme (ACE) [131,132].
It has a water molecule, His347, His349 and Asp360 residue to coordinate Zn2+ molecule in
the catalytic site (Fig. 5C). The process of isopeptide bond cleavage is described in Figure
5D.

Sequence alignment of AMSH-LP and Rpn11 shows that all the residues near the active site
and in the distal ubiquitin-binding site are well conserved between the two. However, the
residues that are crucial for the proximal ubiquitin binding are very different. This suggests
that the isopeptide bond scissile mechanism of Rpn11 is very similar to that of the AMSH-
LP, but the mechanism of recognizing and binding K48-ubiquitin chain, which adopts a
compact and globular conformation at neutral pH [133], to the Rpn11 could be different
from that of binding K63-ubiquitin, which has an extended and linear conformation, to
AMSH-LP [134]. For better understanding of deubiquitination by the Rpn11 in the 26S
proteasome, the atomic structure of Rpn11 with K48 ubiquitin chain is necessary.

4.2.3. USP14/UBP6 (Human/yeast nomenclature)—USP14/UBP6, ubiquitin-specific
processing protease, are also cystein proteases. In contrast to members of the UCH family
which are usually small (~20–30kDa) and preferentially cleave small peptides or amino
acids from the C-terminus of ubiquitin, larger UBP (60~300kDa) family members
specifically cleave the ubiquitin off the substrates from the distal end of K48-linked
polyubiquitin chain [110,135]. UBP6 has an N-terminal ubiquitin-like (UBL) domain and C-
terminal catalytic domain. Through this UBL domain, UBP6 reversibly associate with the
Rpn1 subunit of 19S base subcomplex. The deubiquitination activity of UBP6 is
dramatically enhanced upon association with the 26S proteasome [115]. The crystal
structure of the core domain of human USP14, USP14 with Ubal and S. cerevisiae UBP6
(pdb code: 1VJV) show that the core domain of USP14 looks like an extended right hand
with three domains: Fingers, Palm and Thumb [135]. USP14 and UBP6 have very similar
structures with a backbone Cα r.m.s deviation of only 1.2Å. In contrast to the deformed
active site conformation of free HAUSP, which is another member of UBP, the conserved
catalytic residues, Ans109, Cys114, His435, Asp451 of USP14, are well positioned in the
active site before ubiquitin binding [135]. The catalytic groove between palm and thumb
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domain, which is blocked by two surface loops, BL1 and BL2 in the ubiquitin-free form, is
opened in the ubiquitin-bound structure. The conformational changes of BL1, BL2 induced
by the interaction with some other 26S subunits upon UBP6 binding, may relieve the
catalytic groove and enhance the deubiquitination activity. Unlike two other DUB - UCH37
and Rpn11, UBP6 is not an intrinsic subunit of the 26S proteasome. Therefore, it could have
some other functions not directly related to protein degradation, for example, remodeling
ubiquitin chain for the delay of the protein degradation [136].

4.2.4. Cooperation of DUB in the 26S proteasome—Tetra ubiquitin is the minimal
signal for the delivery of the ubiquitinated target protein to the 26S proteasome for the
degradation [137]. After binding of ubiquitinated protein to the 26S proteasome, the rate of
substrate degradation is tightly regulated and this rate is closely related to the rate of
deubiquitination and to the length of polyubiquitin chains. Ubiquitin chains can be
remodeled at the 26S proteasome by ubiquitin ligase, Hul5, and deubiquitination enzyme,
UBP6. Both enzymes are reversibly associated with the 26S proteasome. But they have
opposite functions: one is to add ubiquitin and the other is to remove it [136,138]. If all the
ubiquitin molecules are released before the start of the unfolding or translocation of
substrates, the affinity of substrate to the 26S proteasome will be reduced and the substrates
will easily dissociate from 26S proteasome. If any ubiquitin is still attached to the substrate
during unfolding and translocation process, substrate cannot pass the narrow axial channel
of 20S CP for the degradation. Therefore, communications between the unfolding/
translocation and the final deubiquitination from the substrate are crucial for the degradation
of the substrates. Furthermore, the cleavage of the proximal ubiquitin chain by Rpn11
depends on the ATP hydrolysis of the Rpt-subunits [24,139] and can release the
polyubiquitin chain en bloc. This suggests that the Rpn11 might carry out the final removal
of the polyubiquitin chain from the substrate right after the initiation of ATP hydrolysis by
the ATPase of the base subcomplex.

4.3. PCI domain proteins –Rpn3, Rpn5, Rpn6, Rpn7, Rpn9, Rpn12
PCI domain was identified in 1998 by using a generalized profile method for searching the
sequence motif. It commonly exists in the lid subunits of 19S RP, COP9 signalosome and
eukaryotic translation initiation factor-3 (eIF3) [140,141]. Among subunits in the lid of the
19S RP, subunits Rpn3, Rpn5, Rpn6, Rpn7, Rpn9 and Rpn12 each have a PCI domain [27].
The PCI domain serves as a scaffold for the protein-protein interaction in proteasome,
signalosome and eIF3 [100]. The biochemical and genetic study of the Rpn subunits with
PCI domain mutant suggested that these Rpn subunits play a crucial role in regulating
proteasome assembly and/or maintaining the structural integrity [142–146].

The main role of lid in 19S RP is to recognize ubiquitinated protein substrates and to release
the ubiquitin molecules from the substrates. Because there is no enzymatic activity in these
subunits, except Rpn11, it is difficult to infer other functions of the lid complex. With very
different cellular functions, why do proteasome, COP9 signalosome and elF3 [147–149] all
have this PCI motif in their subunits? Proteasome lid and COP9 signalosome have a one-to-
one subunit correspondent architecture called paralogue, not only six PCI domain-subunits
but also two MPN domain-subunits, Rpn8 and Rpn11. Although the studies about physical
and genetic interactions between these three macrocomplexes have been started, the
functional significance of interactions and the molecular mechanisms of regulation are still
poorly understood [150,151]. Recently, based on results of micro-array profiling and several
yeast genetics with Sem1 mutant [152,153], a new function of Sem1 was proposed, namely,
it serves as a dynamic multitasking organizer in the three macromolecular complexes – 26S
proteasome, signalosome, eIF3 [150–153].
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The PCI domains subunits of 19S lid subcomplex remain structurally poorly understood.
The bioinformatics analysis, such as sequence alignment and secondary structure prediction,
and the crystal structure of human eIF3k [154] suggested that the PCI domain consists of a
conserved C-terminal part, a WH-domain (winged helix like domain) with a globular αβ
structure and a less conserved N-terminal part, which is a TPR like repeat that has three anti-
parallel helical hairpin structure (Fig. 6A) [155]. Based on the upstream region of the WH-
domain, PCI family can be further subdivided into three subclasses, typical PCI and atypical
PCI that includes Sac3 subtype and Rpn12 subtype [150]. Typical PCI have additional
bihelical repeats followed by PCI. The Rpn12 subtype lacks the N-terminal helical
extension. The Sac3 subtype has a conserved non-helical domain at the N-terminal of PCI
domain. Recently, the crystal structure of a member of the PCI family protein has been
determined. It is CSN7 in signalosome, and is the paralogue of Rpn9 (Fig. 6A) [156]. Like
the eIF3k structure, the CSN7 PCI core (1~169a.a) identified by the limited proteolysis
consists of two subdomains: an N-terminal helical bundle and a C-terminal WH-domain.
The PCI core of CSN7 interacts with other CSN subunits, CSN1, CNS8 through its PCI
domain. The C-terminal tail of CSN7, which is outside of its PCI domain, binds to the
CSN6. This C-terminal tail is disordered in the crystal structure and is drawn hypothetically
in the Figure 6B.

The crystal structure of CSN7, as well as biochemical interaction experiments with another
signalosome subunits, provided a glimpse into the arrangement of the lid subcomplex.
Results from the yeast two-hybrid screen with the lid protein from diverse organisms
[82,100,157], mass spectra analysis and cross-linking experiments suggested an interaction
map of lid complex [83]. There are two asymmetric clusters in lid subcomplex. One is a
pentameric complex formed by Rpn5, Rpn6, Rpn8, Rpn9, Rpn11 in which Rpn8 is centered.
The other is tetrameric complex formed by Rpn3, Rpn12, Rpn7, Rpn15 (Sem1). These two
clusters are linked together by Rpn3 and Rpn5.

Negative stain EM has shown that the lid subcomplex has a non-symmetrical arrangement
and central groove [158]. More detail structural organization of lid subunits have to be
deduced from higher resolution structural analysis by single particle cryoEM, although the
conformational and compositional heterogeneity of lid complex make this task difficult.

5. Other non-proteolytic functions of proteasome
The primary function of the 26S proteasome is for protein degradation in the ubiquitin-
proteasome pathway, with the ubiquitin as the signal of substrates. However, recent
emerging evidences suggest the existence of many other non-proteolytic functions of both
the proteasome and ubiquitin. Such nonproteolytic functions include DNA repair,
transcription initiation and transcription elongation [159].

One of such examples is that besides the proteolytic role [95], 26S proteasome also plays
non-proteolytic role in regulating gene expression, particularly in pre-initiation and
transcriptional elongation step [160]. It has been proposed that the 19S RP facilitates the
interaction of SAGA complex (Spt-Ada-Gcn5-Acetyltransferase) with transcriptional
activator on GAL1-GAL10 promoter and leads to up-regulation of gene expression level
[161]. Another example is the chaperone-like activity of the 19S RP for the efficient
transcriptional elongation by remodeling and stabilizing the stalled polymerase complex,
RNA polymerase II and FACT elongation complex, which physically interact with
proteasome [162]. Moreover, the proteasome is also involved in the transcription-coupled
nucleotide excision repair, which is mediated by the repair protein Rad23 and DSS1 [163].

Ubiquitin has even more diverse non-proteolytic functions, such as membrane trafficking,
protein kinase activation, DNA repair, and chromatin remodeling [95]. The relationship of
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nonproteolytic functions between proteasome and ubiquitin is not clear. One of the
speculations is that ubiquitinated protein could recruit not only diverse UBD protein but also
the 19S RP to associate with other complexes to execute yet unidentified biological
functions.

6. Summary
Tremendous progress towards the structure characterization of the 26S proteasome has been
made over the past twenty years. Because of its relatively simple structure and protease
function, the 20S CP has been very well characterized in atomic details. In recent years, our
structural understandings of the 19S RP or the 26S proteasome machinery have also made
fast progress, mostly in the determinations of various subunits or associated chaperone
proteins required for the assembly of the 26S proteasome. The resolution of the single
particle cryoEM 3D reconstructions of the 26S proteasome has also been improved
significantly. Together with the achievements from biochemical and bioinformatic studies,
we have now a better understanding of the possible ways in which the subunits of
proteasome might work in concert to accomplish the very complicated task of ATP-
dependent protein degradation. Nevertheless, in order to fully understand the dynamic
process of protein degradation by the proteasome, it is necessary to determine a high-
resolution structure of the 26S proteasome. And so is the case, too, in order to understand
the functions of proteasomal super-complexes formed by association with other large
cellular complexes, such as ribosome, signalosome, etc. It is likely that the single particle
cryoEM will continue to play an important role in achieving this goal.
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Figure 1.
Schematic representation of the 26S proteasome. The components of 26S proteasome are
divided into functional groups and subunits. The availability of structure information at
different levels is also shown in different colors.
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Figure 2.
Atomic structures of domains from archaeal PAN ATPase. (A) The CC-OB domain of the
PAN assembles into a hexameric ring that has a 3-fold symmetry. The cis- and trans-proline
residues in the neighboring CC-OB domain are shown in the enlarged view that shows how
the coiled-coil is formed. (B) A model of a hexameric ring formed by PAN’s ATPase
domain. The ATP binding site of this model is shown in the enlarged view.
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Figure 3.
Two possible arrangements of Rpt-subunits in the base subcomplex. They are viewed from
the top of the hexameric ring of ATPases sits on top of the 20S CP. Rpt2, Rpt3 and Rpt5
have the conserved C-terminal HbYX motif that is required to induce gate opening in the
20S CP. They also have the cis-proline that is required to form the coiled-coil interaction
with its adjacent subunit on the right side.
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Figure 4.
Structures of ubiquitin binding domains. (A) The NMR structure of S5a UIM domain and
diubiquitin (pdb code: 2KDE). Pink is the proximal ubiquitin interacting with the UIM2, and
cyan is the distal ubiquitin that interacts with the UIM1. Magenta, blue and gray side chains
on the interaction surface belong to proximal ubiquitin, distal ubiquitin and UIM,
respectively. (B) Complex structure of Rpn13 with monoubiquitin (pdb code: 2Z59). Red
side chain is the ubiquitin K48 residue. Blue side chains on the opposite side of ubiquitin
represent the residues interacting with the Rpn2.
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Figure 5.
The catalytic mechanisms of deubiquitinating enzymes. (A) A structure model of UCH37 in
complex with a diubiquitin. Two lobes of the UCH37 (pdb code: 3IHR) are colored in
yellow and light blue, side chains of the catalytic residues are shown. The loop that links the
two lobes is disordered, and its speculated structure is drawn in red. The distal ubiquitin is
shown in cyan, which is derived by superimposing UCH37 with the complex structure of
UCH-L3 and UbVME (pdb code: 1XD3). The expected position of proximal ubiquitin is
drawn as a pink disk. (B) The catalytic mechanism of UCH37 predicted from similar
cysteine protease: Three residues Cys88, His164 and Asp179 form a catalytic triad in which
the His164 activates the thiol group of Cys88 to a nucleophile. While the main chain amide
of Cys88 and Gln82 form an oxyanion hole, the nucleophilic attack to the carbonyl carbon
of the ubiquitin cleaves off the proximal ubiquitin. (C) Crystal structure of the AMSH-LP
and K64-ubiquitin complex (pdb code: 2ZNV). In this atomic structure Glu292 was mutated
to alanine and the zinc-binding site was not occupied. The side chain of the conserved
catalytic residue and zinc molecule are taken from another crystal structure of apo AMSH-
LP (pdb code: 2ZNR). (D) The catalytic mechanism of AMSH-LP: A water molecule is
polarized by Glu292 and Zn2+ in the catalytic site. It acts as a nucleophile to attack the
carbonyl carbon of Gly76 in the distal ubiquitin. The proton from the 292Glu is transferred
to the nitrogen of K49 ε-amine. The tetrahedral intermediate is then generated, where zinc is
penta-coordinated, while Ser357 involves the stabilization of this intermediate by the
hydrogen bond with carbonyl oxygen. Finally, the isopeptide bond is cleaved and the
proximal ubiquitin is released from the distal ubiquitin [130].

Kim et al. Page 27

Biochim Biophys Acta. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Crystal structures of the PCI domains. (A) The eIF3 (left, pdb code: 1RZ4) and CSN7 (right,
pdb code: 3CHM) have a similar architecture. Blue and red ribbons represent N-terminal
helix bundle and C-terminal WH domain. Glu44 and His71, shown as stick in the N-
terminal helical bundle of CNS7, are critical for the binding of CSN8. (B) Partial
interactions between CSN subunits.
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