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There  is growing  appreciation  for the  fundamental  role  of  structural  dynamics  in the function  of macro-
molecules.  In  particular,  the  26S  proteasome,  responsible  for selective  protein  degradation  in an  ATP
dependent  manner,  exhibits  dynamic  conformational  changes  that  enable  substrate  processing.  Recent
cryo-electron  microscopy  (cryo-EM)  work  has  revealed  the conformational  dynamics  of  the  26S  protea-
some  and established  the  function  of  the  different  conformational  states.  Technological  advances  such
eywords:
6S proteasome
ryoelectron microscopy
ingle particle analysis
tructural biology

as  direct  electron  detectors  and  image  processing  algorithms  allowed  resolving  the  structure  of  the  pro-
teasome  at  atomic  resolution.  Here  we  will  review  those  studies  and  discuss  their  contribution  to  our
understanding  of  proteasome  function.

© 2016  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction

The ubiquitin-proteasome system (UPS) is involved in many cel-
ular processes through the maintenance of proteostasis, and the

alfunction of this system leads to a broad array of diseases, includ-
ng cancer, viral infection and neurodegeneration (Labbadia and

orimoto, 2015; Petroski, 2008; Schwartz and Ciechanover, 2009).
he UPS regulates protein levels in eukaryotic cells by hydrolyz-
ng specific targeted proteins into small peptides (Finley, 2009).
election of degradation targets is made by ubiquitin conjuga-
ion, utilizing the small protein ubiquitin as destruction marker
Hershko and Ciechanover, 1998). The length and type of linkage
f the ubiquitin chain influence the recognition and degradation

The 26S proteasome is a cylinder-shaped particle that consists of
33 canonical subunits arranged into two  complexes: the 20S core
particle (CP) and one or two  19S regulatory particle (RP) at each
end of the CP (Voges et al., 1999). Proteolytic cleavage of substrates
takes place in the central CP cavity, which harbors the active sites.
The 20S CP is made up by duplicating seven � subunits and seven �
subunits, which form four axially stacked heteroheptameric rings
(Groll et al., 1997). The 19S RP is a ∼900 kDa protein complex
containing at least 19 subunits and biochemically further divided
into the base and the lid subcomplexes (Glickman et al., 1998).
The base consists of six AAA+ ATPases (Rpt1–6) forming a hex-
americ ring, two  scaffold proteins (Rpn1 and Rpn2) together with
y the proteasome, and generally chains of at least four K48-linked
biquitin moieties are necessary for delivery to the proteasome
Haglund and Dikic, 2005; Thrower et al., 2000).

∗ Corresponding author.
E-mail address: sakata@biochem.mpg.de (E. Sakata).

ttp://dx.doi.org/10.1016/j.biocel.2016.08.008
357-2725/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article 

/).
two ubiquitin receptors (Rpn10 and Rpn13). In addition to these
intrinsic ubiquitin receptors, Rpn1 and Sem1 were found to rec-
ognize ubiquitinated substrates (Paraskevopoulos et al., 2014; Shi

et al., 2016). The lid consists of six proteasome-COP9/signalosome-
eIF3 (PCI)-containing subunits (Rpn3, 5, 6, 7, 9 and 12), two
Mpr1–Pad1–N-terminal (MPN) subunits (Rpn8 and Rpn11) and
the small adhesive protein Sem1. Among the lid subunits, only
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pn11 harbors catalytic activity as a Zn2+ dependent deubiquity-
ating enzyme (DUB) (Verma et al., 2002; Yao and Cohen, 2002).
o penetrate the narrow axial channel from the ATPase to the
0S CP, substrates need to be unfolded and deubiquitylated prior
o translocation. Thus, the proteasome cleaves polypeptides via a

ultistep sequential process that involves substrate recognition,
nfolding, translocation and deubiquitylation (Finley, 2009). The
6S proteasome also often harbors several proteasome interacting
roteins (PIPs) that interact transiently, including deubiquitylating
nzymes, ubiquitin receptors, ubiquitin ligases as well as chaper-
nes required for assembly (Finley, 2009).

The first insights into 26S proteasome structure were pro-
ided by negative stain electron micrographs in the early 90s,
howing that one or two electron densities were attached to
he ends of the 20S CP (Peters et al., 1993). Later, the structural
etermination of the 26S proteasome by cryo-EM single particle
nalysis was hindered by the instability of the holocomplex and
ts compositional and conformational heterogeneity. In addition,
he 26S proteasome often exhibited unequal orientations in the
ce because of its rather elongated structure, thereby preventing
igh resolution single particle 3D reconstruction. However, sev-
ral intriguing findings were made by early structural studies with
edium resolution. For example, it was clear that the central axis

f the ATPase modules were not aligned to the one of the CP in
rosophila and yeast proteasomes; both ATP modules were shifted
y ∼20 Å and respectively tilted by ∼10◦ or ∼4◦ with respect to
he axis of the CP (Bohn et al., 2010; Nickell et al., 2009). Based
n protein–protein interaction data and conformational require-
ents of cis prolines of Rpt2, Rpt3 and Rpt6, the arrangement of

he Rpt subunits was computationally analyzed and proposed in
he order of Rpt1/Rpt2/Rpt6/Rpt3/Rpt4/Rpt5 (Forster et al., 2009),
hich was later confirmed experimentally (Bohn et al., 2010;

omko et al., 2010). Recently, a series of higher resolution cryo-EM
tudies allowed to assign each electron density to the proteasome
ubunits and thereby revealed a detailed view of the mechanisms
y which the 26S proteasome accurately process polypeptides for
egradation. In this review, we will provide an overview of those
tructural studies on the 26S proteasome.

. Structural dynamics of the 26S proteasome

The assignment of all subunits to the electron density of the
6S complex was  done by a combination of mutagenesis, protein-

abeling, homology modeling, X-ray crystallography, crosslinking-
S and computational analysis (Fig. 1) (Beck et al., 2012; da Fonseca

t al., 2012; He et al., 2012; Lander et al., 2012; Lasker et al., 2012;
athare et al., 2012; Sakata et al., 2012).

All approaches resulted in essentially the same subunit local-
zation. Although the base complex was hypothesized to serve as

 basal scaffold of the RP at the interface to the CP, and the lid to
over the central channel of the ATPase ring, the actual localiza-
ion of 19S subunits contradicted this notion. The base subunits,
pn2, 10 and 13 are distally located and not associated with the
0S CP. Both ubiquitin receptors (Rpn10 and 13) are positioned in
he apical part of the RP near the periphery, where they are well
uited as receivers of ubiquitylated substrates (Sakata et al., 2012).
nterestingly, the architecture of the lid complex is similar to that
f functionally diverse complexes such as the COP9 signalosome
nd elF3 (Lingaraju et al., 2014; Querol-Audi et al., 2013). The PCI
ubunits, Rpn3, 5, 6, 7, 9 and 12 assemble into a horseshoe-like
onfiguration through their conserved PCI domains to harbor the

pn8/11 heterodimer, connecting the base and 20S at the periph-
ry. The assignment of all these canonical subunits was completed
n the structure of the yeast 26S proteasome at 7.4 Å resolution
Beck et al., 2012). That structure resolved a density of a helix bun-
iochemistry & Cell Biology 79 (2016) 437–442

dle composed of the C-terminal helices of the lid subunits located
above the ‘mouth’ of the ATPases. This bundle was  later found to
self-assemble to scaffold the formation of the entire lid complex
(Estrin et al., 2013; Tomko and Hochstrasser, 2011; Tomko et al.,
2015).

Subsequent EM studies in the presence of ATP�S or a polyu-
biquitylated model substrate led to the discovery of a different
conformational state (Matyskiela et al., 2013; Sledz et al., 2013).
In addition, application of a novel image-classification strategy to
a very large dataset of more than 3 million individual particles led
to the deconvolution of further coexisting conformational states,
revealing three major conformations (s1, s2, s3) (Unverdorben
et al., 2014). The s1 state is the major conformation in ATP-
containing buffer, while the s3 conformation is predominantly
found in the presence of ATP�S or a polyubiquitylated model sub-
strate. The central channel of the ATPase ring and the CP are not
axially aligned in the s1 state, whereas they are aligned in the
s3 state as a result of the dynamic rearrangement of the ATPase
ring and lid subcomplex, presumably allowing substrates to access
the catalytic chamber (Matyskiela et al., 2013; Sledz et al., 2013;
Unverdorben et al., 2014). In the s3 state, the Rpn8/11 heterodimer
is shifted by 25 Å, positioning the DUB catalytic site of Rpn11 along
the central axis of the ATPase ring (Fig. 2, middle column). Rpn6
hinges Rpt6 of the RP and �2 of the CP in the s1 state. The N-
terminal �-solenoid domain of Rpn6 undergoes a conformational
rearrangement by rotating around its long axis, leading to its dis-
sociation from the ATPase ring and the CP in the s3 state (Fig. 2,
small inset). Interestingly, the relative configurations of the ubiq-
uitin receptors are also altered by the conformational changes from
s1 to s3. Rpn10 is in closer proximity to the mouth of the ATPase
ring in s3, while Rpn1 rotates anticlockwise to make room for PIPs
or the substrate binding. The overall s2 structure is more similar to
the s3 than the s1 including the coaxial alignment of Rpn11 with
the ATPase ring. The AAA module is slightly rotated and shifted,
resulting in more coaxial alignment with the CP but less than in the
s3 state. Based on this structural information, a functional model
was proposed: A ground state (s1) where the proteasome is ready to
accept substrates, an intermediate state (s2) where the substrate
becomes positioned above the mouth of the ATPase module and
a commitment state (s3) where substrate is translocated into the
core complex to be degraded (Unverdorben et al., 2014).

The conformational variability of the proteasome was also
observed in situ. A cryo-electron tomography study employing a
direct electron detector and a new phase plate succeeded to local-
ize individual 26S proteasomes within intact hippocampal neurons
and assessed the activity status of each complex: only 20% of ana-
lyzed 26S proteasomes were in the s3 state in neuronal processes
(Asano et al., 2015). Presumably, the activity of the proteasome is
spatially and temporally regulated and the population of the active
proteasomes might be affected by cellular conditions (e.g. cellular
stress, cell cycle, aging) and sub-cellular localization. Interestingly,
the in situ holocomplex in the s3 state showed an extra density
in the proximity of the mouth of the ATPase module, indicating
dynamic protein interactions in the active state. Thus, the combi-
nation of in vitro and in vivo studies revealed the fundamental role
of structural dynamics in proteasome function.

3. Mechanical insights into the proteasome

The conformational changes in the ATPase module play a key
role in substrate unfolding and translocation. The ATPase motor is

suggested to translocate the polypeptide by a paddling movement
of the aromatic hydrophobic (Ar-�) pore-1 loop that protrudes into
the central channel (Matyskiela et al., 2013; Nyquist and Martin,
2013; Schweitzer et al., 2016; Sledz et al., 2013; Unverdorben et al.,
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ig. 1. 4 Å structure of the human 26S proteasome (EMDB: 4002, PDB: 5l4k, 5l4g
pn1,2,10 (light blue), Rpn3,5,6,7,9,12 (green), Rpn8 (purple), Rpn11 (pink).

014). The pore-1 loops contain conserved aromatic hydropho-
ic residues and interact with hydrophobic patches of extended
olypeptides (Koga et al., 2009; Martin et al., 2008). The ATPase
ubunits are formed by a C-terminal AAA+ ATPase domain and an
-terminal OB ring connecting the coiled-coil motifs at their N-

ermini (Fig. 3A). Each ATPase domain is further divided into a
arge and a small ATPase domain, connected by a hinge region.
he interface between the large and the small domains of the
ounterclockwise adjacent subunit is preserved in a ‘rigid-body’
ashion, in which conserved nucleotide-binding pockets are posi-
ioned in a specific configuration (Fig. 3B). Homologous to the
ell-characterized bacterial homolog ClpX, the nucleotide-binding
ocket contains five defining conserved motifs, Walker A and
alker B, sensor 1, sensor 2 and arginine finger, at the interface

etween the large domain and the small domain (Erzberger and
erger, 2006; Nyquist and Martin, 2013; Wendler et al., 2012). The
roteasome has double ‘trans’ Arg residues in the arginine finger,
hich project out to the small domain of the adjacent subunit to
arbor a nucleotide in a ‘trans’ manner (Kim et al., 2015). In the
1 structure, which is characterized by off-axis positioning of the
TPase ring with respect to the CP, the large domain of Rpt3 and the
mall domain of Rpt6 break the rigid body configuration and form
n ‘open’ conformation, which resembles the structure of the ADP-
ound form of the proteasome-activating nucleotidase (PAN). The
ouble Arg residues in the arginine finger of Rpt3 are not deployed
owards Rpt6 (Fig. 3C). In contrast, the rest of the ATPase sub-
nits form a ‘closed’ rigid-body structure to arrange the double
rg residues in the ‘trans’ position (discussed below). The ‘open’
tructure is created by an arrangement of the ATPase subunits in
hich the Rpt subunits assemble as an asymmetrical ‘split washer’

n the hexamer (Fig. 3B) (Lander et al., 2012). A consequence of this
rganization is that the pore-1 loops arrange in a spiral staircase
Nyquist and Martin, 2013).

A dynamic structural change induces the interface between the
arge domain of Rpt1 and the small domain of Rpt5 to adopt the
open’ conformation (Matyskiela et al., 2013; Sledz et al., 2013).
he ‘open’ structure between Rpt1 and 5 is caused by rearrange-
ent of the spiral staircase in which each the rigid bodies are tilted

o different extents (Lander et al., 2012; Matyskiela et al., 2013).

he configuration of the ATPase ring in the s1 state is in a steep
taircase arrangement, whereas it forms a more planar staircase
rrangement in the s3 . Interestingly, those spiral staircase arrange-
ents were observed in several DNA helicases, which propel DNA
 EM density maps are colored: 20S core particle (orange), AAA + -ATPase (blue),

upon ATP hydrolysis (Enemark and Joshua-Tor, 2006; Thomsen
and Berger, 2009). Followed by the rearrangement of the stair-
case upon ATP hydrolysis, the six pore-1 loops are also rearranged,
which is translated to the mechanical force of translocation of the
polypeptide. Compared to ClpX or PAN, however, the dynamics of
the Rpt ATPase ring, which include the paddling movement of the
pore-1 loops, may  be suppressed because of the interaction with
surrounding subunits. Further structural and biophysical studies
will be required to better understand the mechanisms by which the
ATPases transforms the energy of ATP hydrolysis into mechanical
force and by which they grip the translocating polypeptide.

4. High resolution structure of the 26S proteasome

All hitherto published structures of the 26S proteasome were
based on data acquired by conventional CCD cameras. With the
advent of direct electron detectors it is now possible to attain higher
resolution with fewer individual particles (the ‘resolution revolu-
tion’) (Kuhlbrandt, 2014; Nogales and Scheres, 2015). Not only the
detective quantum efficiency of direct detectors is much improved,
but their fast readout allows data recording in movie mode to com-
pensate for beam-induced motions, a major resolution-limiting
factor (Bai et al., 2013; Li et al., 2013).

The high resolution structure of the isolated lid complex
revealed the activation mechanism of the DUB  Rpn11 (Dambacher
et al., 2016). The lid complex exhibits a large conformational change
upon integration into the 26S holocomplex (Fig. 2). The PCI horse-
shoe in the isolated lid complex is in an open conformation and the
spiral pitch is more tilted compared to the integrated complex. The
most prominent rearrangement is the rotation of the MPN dimer.
As the other MPN  DUBs, Rpn11 contains two  essential insertions,
Ins-1 and Ins-2 (Lingaraju et al., 2014; Sato et al., 2008). The ins-1
loop of Rpn11 is locked in the inactive ‘closed’ conformation via
an interaction with the adjacent subunit Rpn5 in the isolated lid
complex. The DUB activity of Rpn11 is significantly inhibited in
the isolated lid, whereas it is recovered in the holocomplex by a
conformational change of the Ins-1 loop upon ubiquitin binding
(Verma et al., 2002; Worden et al., 2014; Yao and Cohen, 2002).

Thus, the DUB activity of Rpn11 prior to the integration into the
holocomplex is regulated by Rpn5, presumably to prevent decou-
pling of deubiquitylation from degradation in cells. The ins-2 loop of
Rpn11, which is used for the recognition of Lys63 ubiquitin chains
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Fig. 2. Comparison of the lid configuration of the 26S proteasome in different states. The atomic models (pdb: 3jck, 4cr2, 4cr3, 4cr4) of the lid subunits (Rpn3,5,6,7,9,12) are
shown in green, Rpn8 purple and Rpn11 in pink. The corresponding EM densities were simulated with a resolution of 10 Å using UCSF Chimera. In case of the 26S proteasome,
the  densities of the core particle (light grey) and base (dark gray) are depicted as shadows in column two and three, arising from the corresponding EM densities shown
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n  column one (EMDB: 2594,2595,2596). The position of the substrate entry chan
he  second row the s1 state, the third row the s2 state and the last row the s3 state
ifferent states of the proteasome are highlighted in the black boxes.

n the associated molecule with the SH3 domain of STAM (AMSH)
UB, is rather used for interaction with Rpn2 in the RP (Sato et al.,
008). In addition, a lid assembly study revealed that the incorpo-
ation of Rpn12 triggers an allosteric conformational change of the
-terminal solenoid domain of Rpn6, leading to the incorporation
f the ATPase subunits to form the lid holocomplex (Tomko et al.,
015). EM analysis showed that the integration of the C-terminal
elix of Rpn12, which forms a helix bundle with other lid subunits,

nduces an allosteric conformational change to extend Rpn6 out-
ards. The N-terminal solenoid domain of Rpn6 exhibits a further

onformational change to be integrated into the holocomplex by
otating around its long axis. Interestingly, a similar movement of
pn6 was observed in the conformational change from s1 to s2/s3
tate (Fig. 2). The conformational change of Rpn6 may  be used to
inge the CP and the RP, and it may  loosen to align the central axis
f the ATPases with that of the 20S CP in the activated states.
Although a structure of the yeast 26S proteasome below 5 Å res-
lution was recently published (Luan et al., 2016), the structural
nformation obtained was similar to previous reports. In contrast,
wo structures of the human 26S proteasome below 4 Å resolu-
 the AAA-ATPase is shown as a yellow circle. The first row shows the isolated lid,
interactions of Rpn6 (green) with �2 (light grey) and Rpt6 (dark grey) in the three

tion provided further mechanical insights into the holocomplex
function (Huang et al., 2016; Schweitzer et al., 2016). A surpris-
ing finding was  that all six ATP binding pockets in the ATPase ring
incorporate either ATP or ADP, contrary to previous assumptions of
the maximum occupancy of four out of six nucleotide binding sites
(Smith et al., 2011) (Fig. 3C). Intriguingly the human proteasome
incorporates five ATPs and one ADP nucleotides in its ATPase ring
(Schweitzer et al., 2016). Rpt6, which is located at the bottom of the
‘split-washer’, adopts an ‘open-conformation’ and binds ADP in its
nucleotide binding pocket, while the other five Rpt subunits adopt a
‘closed’ rigid-body conformation and incorporate ATP (Schweitzer
et al., 2016). The conserved two  Arg residues of the arginine fin-
ger of Rpt3 point out from the ADP, while the rest of the arginine
fingers are in proper placement to hold nucleotides between the
small and large domains of the ATPase subunits (Fig. 3C). Fur-
ther structural and biophysical studies of different conformational

states are needed to elucidate the spatiotemporal dynamics of ATP
binding and hydrolysis in the ATPase ring. Other prominent struc-
tural features in the human proteasome include the protrusion of
the C-terminus of Rpn3 into the mouth of the ATPase ring, as well
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Fig. 3. (A) Domain architecture of the Rpt subunits of the human 26S proteasome (B) Schematic representation of the AAA-ATPase hexamer of the human 26S proteasome
in  the s1 state. Each large domain (L) of Rpt1,6,4 (light blue) and Rpt2,3,5 (blue) forms a rigid-body unit with the small domain (S) of the neighboring subunit. The nucleotide
is  bound within the rigid-body unit. The AAA-ATPase forms a spiral staircase interrupted between Rpt3/6. (C) Detailed view on the binding site of the nucleotides at the
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nterface  between the large and small domains of the Rpt subunits of the AAA-ATP
re  shown. The green box shows a close up view on the binding site of ATP and the
rginine fingers are depicted and colored by heteroatom. All representations were m

s an extended connection linking two scaffold subunits Rpn1 and
pn2 (Schweitzer et al., 2016). These linkages might be important to
oordinate proteasomal subunits in a specific configuration during
ubstrate processing.

. Concluding remarks

Recent high-resolution structures of the 26S proteasome visu-
lized not only some flexible and unstructured regions but also
he nucleotide-binding states, which provided mechanistic insights
nto proteasome function. However, there are several regions

hich are still not resolved because of their intrinsic structural
ynamics. For example, the overall structure of Rpn1 together with

ts associations with other subunits are poorly characterized. The
-terminal coiled coil helices of the Rpt subunits also exhibit flex-

bility, which might be key to substrate processing. In addition,
ittle is known about structural basis of ubiquitylated-substrate
ecognition. Among four ubiquitin receptors, the EM densities of
pn1 and the C-terminal UIM domain of Rpn10 were not well
esolved because of their structural flexibility. How multiple ubiq-

itin receptors are utilized for substrate recognition has to be
ddressed in future work. Further high resolution structures of the
6S proteasome in all conformational states will allow to (1) better
esolve those flexible regions and provide precise descriptions of
db:5l4g). The structure of the AAA-domain of the Rpt subunits and the nucleotides
ox of ADP. The walker A and B motifs are colored green and grey respectively. The
using UCSF Chimera.

their structure, (2) understand how ubiquitylated substrates are
processed and translocated into the CP, and (3) provide further
insights into the binding of polyubiquitin chains of different length
and the domain movements of the AAA+ ATPase module.
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