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Summary

The 26S proteasome is responsible for the degradation of proteins that are marked

for destruction by ubiquitin chains into smaller polypeptides. It is composed of

the central core particle (CP), harbouring the catalytic sites, and one or two regula-

tory particles (RP) regulating the access to the CP. An RP contains six RP triple-A-

ATPase (Rpt) subunits forming an AAA-ATPase module and thirteen non-ATPase

(Rpn) subunits. In order to understand the molecular mechanisms of this molecular

machine, its detailed structure is required.

Single-particle cryo-electron microscopy (SP cryo-EM) is an excelling method for

the structural characterisation of large and heterogeneous complexes, such as the

26S proteasome. Three-dimensional (3D) densities of the purified complex of inter-

est are computed from the cryo-EM projections and classification methods allow to

distinguish different conformations present in the dataset.

The aim of this thesis is to further the mechanistic understanding of the 26S pro-

teasome. Towards this aim, two aspects were studied by SP cryo-EM. Firstly, the

structural basis of the reciprocal regulation of the 26S proteasome and the most

abundant proteasome interacting protein (PIP), the deubiquitylating enzyme Ubp6,

was investigated in the presence and absence of the Ubp6 inhibitor ubiquitin alde-

hyde (UbAld), which mimics substrate binding. Ubp6 binds to the RP subunit

Rpn1 via its ubiquitin-like domain. In the absence of UbAld the catalytic domain of

Ubp6 is located variably, whereas the addition of UbAld stabilises this domain in

a position where it binds to the ATPase subunit Rpt1, suitable for acting on a sub-

strate already engaged by the ATPase module. Binding of Ubp6, and in particular

Ubp6–UbAld, changes the conformational space of the 26S proteasome holocom-

plex, which may explain effects of Ubp6 on the kinetics of proteasomal degrada-

tion.

The second project aimed to improve the resolution of 26S proteasome recon-

structions. A workflow was implemented that is tailored to the peculiarities of

the 26S proteasome and makes use of movies, acquired by modern detectors. The

workflow was applied to a dataset of the human 26S proteasome yielding a 3.9 Å

resolution structure, which served as a basis for atomic model building. The high

resolution structure allowed the detection of nucleotides bound to all six Rpt sub-

units and revealed previously unidentified features of several Rpn subunits, most

likely involved in coordinating the RP subunits during the degradation process.

Taken together, this thesis provides first insights into the reciprocal regulation of

the 26S proteasome and PIPs, as well as the most detailed structure of the substrate-

accepting 26S proteasome conformation to date.



Zusammenfassung

Das 26S Proteasom zerlegt Proteine, die durch Polyubiquitinketten für den Abbau

markiert sind, in kleinere Polypeptide. Es besteht aus einem zentralen, proteoly-

tisch aktiven 20S Kernkomplex (CP) und ein oder zwei regulatorischen 19S Kom-

plexen (RPs), die den Zugang zum CP regulieren. Die RPs sind aus einer ATPase

mit sechs RP Tripel-A-ATPase (Rpt) Untereinheiten, sowie dreizehn Nicht-ATPase

(Rpn) Untereinheiten aufgebaut. Um die Wirkungsweise dieser molekularen Ma-

schine zu verstehen sind detaillierte strukturelle Untersuchungen notwendig.

Kryo-Elektronenmikroskopie (cryo-EM) in Kombination mit Einzelpartikelana-

lyse (SPA) ermöglicht die strukturelle Untersuchung von großen und heterogenen

Proteinkomplexen, wie z.B. dem 26S Proteasom. Diese Methode erlaubt es, drei-

dimensionale (3D) Strukturen von Proteinen und Proteinkomplexen zu berechnen

und konformelle Unterschiede mit Hilfe von Klassifikation zu unterscheiden.

Das Ziel dieser Arbeit ist es, zu einem besseren mechanistische Verständnis des

26S Proteasoms beizutragen. Dafür wurden zwei Aspekte mit Hilfe der SPA un-

tersucht. Als erstes wurde die gegenseitige Regulierung des 26S Proteasoms und

des deubiquitylierenden Enzyms Ubp6 in Gegenwart und Abwesenheit des Ubp6-

Inhibitors Ubiquitin Aldehyd (UbAld) analysiert. Ubp6 bindet mit einer Ubiquitin-

ähnlichen Domäne an die RP Untereinheit Rpn1. Die zweite, katalytisch aktive

Domäne kann viele verschiedenen Positionen einnehmen und wird erst unter Bin-

dung von UbAld so stabilisiert, dass sie an Rpt1 bindet und dadurch nahe der zen-

tralen Öffnung des ATPase-Rings gebundene Substrate prozessieren kann. Ubp6

und insbesondere Ubp6–UbAld verändern den Raum der eingenommenen Kon-

formationen des 26S Proteasoms. Dies bietet eine Erklärung für Änderungen in der

Proteinabbau-Kinetik in der Gegenwart von Ubp6.

Der zweite Teil der Arbeit zielte darauf ab, die Auflösung von SPA Rekonstruk-

tionen des 26S Proteasoms zu verbessern. Dafür wurde ein Bildverarbeitungspro-

tokoll implementiert, das auf die Besonderheiten von 26S Proteasom-Datensätzen

zugeschnitten ist und das die Vorteile der von modernen Kameras aufgezeichneten

Einzelbilderstapel nutzt. Die Anwendung des Protokolls auf einen Datensatz des

humanen 26S Proteasoms resultierte in einer durchschnittlich zu 3.9 Å aufgelösten

Dichte, die es ermöglichte ein atomares Model zu erstellen. In der Dichte sind Nu-

kleotide an allen sechs Rpt Untereinheiten sichtbar. Außerdem geben einige bislang

unentdeckte Einzelheiten von Rpn Untereinheiten Hinweise auf die Koordination

der Untereinheiten während des Proteinabbaus.

Damit erzielte diese Arbeit die bislang detailierteste Struktur des 26S Proteasoms

und erste strukturelle Erkenntnisse über die Wechselwirkung mit PIPs.



1 Introduction

The 26S proteasome, a 2.5 MDa large protein complex, is responsible for regulated

disassembly of proteins into smaller polypeptides in the cytosol and nucleus of

eukaryotic cells. The 26S proteasome is part of the ubiquitin proteasome system,

described in section 1.1. The subunits of the 26S proteasome and their arrangement

within the complex are introduced in section 1.2. Whereas the overall architecture

of the 26S proteasome has been elucidated, the interaction with transiently-binding

partners remains to be explored. In this context, proteins which interact with the

26S proteasome are discussed in section 1.3, with emphasis on the deubiquitylat-

ing enzyme Ubp6 (subsection 1.3.1). A method that is highly suitable for 3D struc-

tural characterisation of the 26S proteasome complex is single particle cryo-electron

microscopy (SP cryo-EM), as described in section 1.4. Finally, the aims of this work

are formulated in section 1.5.

1.1 The Ubiquitin Proteasome System

In all cells the abundance of proteins is highly regulated. Many proteins must be

degraded to avoid cellular stress and apoptosis. For example, specific proteins must

not be present in specific states of the cell cycle and others have defects that may

cause toxic aggregates. In eukaryotic cells, the ubiquitin-proteasome-system (UPS)

is responsible for inter-cellular protein degradation [Hershko and Ciechanover,

1998; Finley, 2009; Finley et al., 2012]. Protein degradation by the UPS is highly spe-

cific, which is achieved by attachment of polyubiquitin chains to substrates through

a cascade of E1/E2/E3 enzymes (Figure 1.1.1). In a first step, ubiquitin (Ub) binds

to an ubiquitin-activating enzyme (E1) in an ATP-dependent manner. In the second

step, E1 enzymes facilitate the transfer of Ub to the ubiquitin-conjugating enzymes

(E2). This transfer is followed by binding of the E2 enzyme to an ubiquitin ligase

(E3), which also binds the substrate protein. Depending on the type of E3 ligase,

Ub is either transferred directly from the E2 enzyme to the substrate or it binds

transiently to the E3 ligase during this process [Glickman and Ciechanover, 2002;

Berndsen and Wolberger, 2014]. There is a large variety of E3 ligases, which is the

1



1 Introduction

Figure 1.1.1: The ubiquitin-
proteasome-system: An ubiquitin
activating enzyme (E1) binds an
ubiquitin molecule in order to trans-
fer it to an ubiquitin conjugating
enzyme (E2). The E2 enzyme then
interacts with an E3-ligase, by which
the ubiquitin is transferred to the
substrate to be marked. Whereas
E3-RING ligases (Really Interesting
New Gene) mediate a direct transfer of
ubiquitin from the E2 enzyme to the
substrate, HECT ligases (Homology to
E6AP C Terminus) bind the ubiquitin
moiety in an intermediate step.
Subsequently, the ubiquitylated
substrate is recognised and degraded
by the 26S proteasome, releasing the
ubiquitin chain. Figure taken from
[Unverdorben, 2014]

main means to achieve specificity in protein degradation via the UPS [Berndsen and

Wolberger, 2014]. Proteins, which have been Ub-marked for degradation by the E1-

E2-E3 cascade, are recognised by the 26S proteasome, a large protease of 2.5 MDa

molecular weight.

Polyubiquitin chains are formed through bonds between one of the seven lysine

residues of one Ub (most commonly K11, K48 or K63) and the C-terminal residue

(G76) of the ligated Ub. The chains can be linear or branched and of different size

in order to cause proteasomal degradation of the substrate, with K48-linked chains

being the most common degradation signal [Kravtsova-Ivantsiv and Ciechanover,

2012; Finley et al., 2012]. For a long time, a minimum length of 4 Ub moieties was

believed to be required for efficient recognition by the 26S proteasome [Thrower

et al., 2000]. A recent study showed that for substrates ubiquitylated at multi-

ple sites 2 diubiquitin chains lead to better recognition [Lu et al., 2015]. In some

cases of small proteins even monoubiquitin is sufficient [Kravtsova-Ivantsiv and

2



1.2 The 26S proteasome

Ciechanover, 2012]. For longer chains, Meyer and colleagues demonstrated that

branching can increase the efficiency of recognition by the 26S proteasome [Meyer

and Rape, 2014].

In addition to polyubiquitylated substrates, the 26S proteasome can further de-

grade a small number of proteins without prior ubiquitylation [Kravtsova-Ivantsiv

and Ciechanover, 2012]. Most of these proteins have large unfolded regions and

can also be directly degraded by the 20S core particle [Takeuchi et al., 2007].

Unstructured regions are also required for the degradation of ubiquitylated sub-

strates and serve as initiation sites for degradation [Prakash et al., 2004]. Their

specific position, amino acid composition and distance to the ubiquitylation site

influences the degradation efficiency [Sharipo et al., 1998; Inobe et al., 2011] and di-

rectionality [Berko et al., 2012] (reviewed in [Aufderheide et al., 2015b]). Degrada-

tion of many substrates of the UPS is assisted by the AAA-ATPase Cdc48 [Beskow

et al., 2009; Richly et al., 2005]. Such assistance is particularly required for substrates

without unstructured regions that can serve as initiation sites [Beskow et al., 2009].

The UPS and in particular the 26S proteasome are key players in fundamen-

tal processes in the cell, such as cell-cycle regulation, protein-quality controle and

apoptosis [Finley et al., 2012; Jung and Catalgol, 2009]. Defects in the UPS path-

way have been associated with pathologies including neurodegenerative diseases

[Hershko and Ciechanover, 1998; Glickman and Ciechanover, 2002].

1.2 The 26S proteasome

The 26S proteasome constitutes the executive arm of the UPS. The 2.5 kDa large

protein complex consists of a barrel-shaped 20S core particle (CP), which harbours

the catalytically active sites, and one or two 19S regulatory particles (RPs), which

flank the CP on either end and regulate the entrance to the CP (Figure 1.2.1) [Peters

et al., 1993]. If two RPs attach, a so-called double-capped 26S proteasome forms,

which measures ∼48 nm in length and ∼20 nm in width [Voges et al., 1999]. The

following sections will describe the 26S proteasome architecture in more detail.

1.2.1 The 20S core particle

The 20S core particle assembles from 28 subunits, which arrange in four stacked

heptameric rings (see Figure 1.2.1). The two outer rings are each formed by seven

related α-subunits (α-rings). The two inner rings contain the same amount of β-

subunits (β-rings), which belong to the class of N-terminal nucleophilic (Ntn) hy-

3



1 Introduction

Figure 1.2.1: Overall architecture and dimensions of the 26S proteasome with two RPs at-
tached to the CP. Figure taken from [Unverdorben, 2014]

drolases [Borissenko and Groll, 2007]. The overall architecture of the CP is evolu-

tionary highly conserved, whereas the composition of the heptameric rings differs.

In archea, 14 identical copies of α and β subunits form a D7-symmetrical complex

[Löwe et al., 1995]. In bacteria, the 20S is only present in actinomycetes and in-

cludes one or two types of α and β subunits [Aoyama et al., 1996; Nagy et al., 1998].

In eukaryotic cells, the heptameric rings are formed by 7 different α or β subunits

(Figure 1.2.2 A), which assemble in a C2-symmetrical CP [Groll et al., 1997].

In eukaryotes, only three of the seven β subunits, β1,β2 and β5, possess catalyt-

ically active sites with caspase-like, trypsin-like, and chymotrypsin-like activity,

respectively [Borissenko and Groll, 2007; Finley, 2009; Tomko and Hochstrasser,

2013]. These active sites are positioned in an inner cavity, formed by the two β-

rings (Figure 1.2.2 B). The β-rings are sandwiched between the α-rings giving rise

to two ’antechambers’, which are responsible for maintaining the substrate in an

unfolded state until it is degraded in the inner cavity [Ruschak et al., 2010].

The enzymatic activity of the 20S is fairly unspecific. To confer selectivity, the ac-

cess to the 20S chambers has to be controlled, which is facilitated by the N-terminal

tails of the α-subunits, in particular those of α2, α3 and α4 (Figure 1.2.2 C). These

tails form gates at the ends of the CP and restrict the entry to unfolded substrates

[Wenzel and Baumeister, 1995; Groll et al., 2000; Jung and Grune, 2013].

Throughout the different types of organisms, there is a variety of so-called ac-

tivators, which bind to the ends of the CP and regulate the access of substrates

4



1.2 The 26S proteasome

Figure 1.2.2: The eukaryotic 20S core particle. (A) Seven distinct subunits for the α- and
β- rings, which form the C2-symmetrical CP. (B) Cut-open and rotated view of the CP.
The three active sites are rendered in red. The brackets indicate the position of the CP
gates in the α-rings. (C) Close up on the CP gate. The N-terminal tails of α2, α3 and α4,
which control access to the CP are depicted in yellow, green and blue, respectively. The
arrow indicates a suggested movement of the tails upon gate opening. Figure adapted
from [Finley et al., 2012]

(reviewed in [Stadtmueller and Hill, 2011]). These activators can be divided into

three major subclasses: 11S activators, Blm10 activators (both ATP-independent)

and ATP-dependent activators. ATP-dependent activators are ring-shaped com-

plexes formed by AAA-ATPases and exist in bacteria, arcea and eukaryotes (re-

viewed in [Förster et al., 2013]).

In eukaryotic cells, the ATP-dependent activator is the 19S RP. Among other sub-

units the RP includes an AAA-ATPase module, which interacts with the CP-α sub-

units via its C-terminal ends [Tian et al., 2011].

1.2.2 The 19S regulartory particle

The 19S RP of S. cerevisiae consists of 19 stoichometric subunits, divided into 6 RP

TripleA-ATPases (Rpt1-6) and 13 RP NonATPases (Rpn1-3,5-13,15) [Glickman et al.,

1998b; Voges et al., 1999]. Some of them are orthologs with similar structures. A

proteasome, cOP9 Signalosome, eIF3 Translation initiation factor (PCI)-domain is

found in 6 Rpns (Rpn3,5,6,7,9,12). Two Rpn subunits include a Mpr1/ Pad1 N-

terminal (MPN)-domain (Rpn8,11). Finally, Rpn1 and Rpn2 have a proteasome/

cyclosome (PC)-Repeat in common (reviewed in [Förster et al., 2010]).

These subunits form two subcomplexes, which are referred to as the ’lid’ and the

’base’ for historical reasons. The base subunits are Rpt1-6, Rpn1, Rpn2 and Rpn13

[Glickman et al., 1998a; Schreiner et al., 2008; Husnjak et al., 2008; Sakata et al.,

2012]. The lid contains the remaining subunits Rpn3,6-9,11,12 [Glickman et al.,
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1998a] and Rpn15 (referred to as Sem1 in yeast) [Funakoshi et al., 2004; Sone et al.,

2004; Bohn et al., 2013] with the exception of Rpn10, which is neither part of the

base nor the lid but attaches to the lid subunits Rpn8,9 [Sakata et al., 2012; Beck

et al., 2012].

While the structure of the 20S was solved about two decades ago [Voges et al.,

1999], the structure of the 19S remained largely elusive until two recent studies un-

raveled the subunit arrangement through different approaches [Lasker et al., 2012;

Lander et al., 2012]. Both studies concluded essentially the same arrangement of

the RP subunits in S. cerevisiae, depicted in Figure 1.2.3. Additionally, a pseudo-

atomic model was obtained from an integrative modelling approach based on a

CEM density at subnanometer resolution [Beck et al., 2012].

Figure 1.2.3: Structural arrangement of the RP subunits. The reconstruction from S. cerevisiae
particles (EMDB entry 2592) is shown from 3 different views, coloured according to the
subunits extracted from PDB entry 4cr2. The names of the subunits are indicated in the
respective colours.

The AAA-ATPase, assembled by Rpt1-6, is placed on top of the CP. The six Rpt

subunits form two stacked rings with a channel leading to the gate of the CP. This

AAA-ATPase module constitutes the central part of the base and binds the PC-

domain containing subunits Rpn1 and Rpn2. Rpn1 is bound by the coiled-coil

of Rpt1/2 and positioned next to the ATPase subunits Rpt1,2,6. Rpn2 interacts

with the coiled-coil of Rpt6/3, is positioned on top of the ATPase ring and binds

Rpn13. The PCI subunits of the lid (Rpn3,5,6,7,9,12) form a horseshoe-shaped scaf-

fold, which stretches over the full height of the RP. The subunits Rpn3,12 bind to

Rpn2, forming connections between lid and base, Rpn3,7 are tethered by the small

subunit Rpn15, Rpn5,6 reach down to the CP and Rpn9 binds Rpn10. The MPN-

domain subunits Rpn8/11 are positioned in the center of the RP, above the channel

formed by the AAA-ATPase ring.

Proteins marked for degradation by ubiquitin are recognised by the Ub-receptors,

Rpn10 and Rpn13, where they bind with low affinity. During an ATP-dependent

step the substrate is engaged with higher affinity (’commitment’, [Peth et al., 2010]).
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1.2 The 26S proteasome

In a subsequent step the marked protein is unfolded by the AAA-ATPase module

of the 26S proteasome and translocated into the 20S core particle for degradation.

During this process, Rpn11 cleaves off the polyubiquitin-chain and the Ub-moieties

can be reused.

The following paragraphs give further details on the RP subunits grouped corre-

sponding to their structural and functional roles.

The AAA-ATPases

The six S. cerevisiae AAA-ATPase (ATPase associated with diverse cellular activities)

subunits Rpt1-6 arrange in a circle and form two stacked rings. The bigger ring

contains the AAA-domains of the Rpt subunits and resides on the CP α-ring. The

smaller ring, stacked on top, consists of the oligosaccharide-binding (OB) domains.

The N-termini of the Rpts lead from the OB-ring into coiled coils formed by pairs

of two neighbouring Rpts (Rpt1-Rpt2,Rpt6-Rpt3,Rpt4-Rpt5) [Förster et al., 2009;

Tomko et al., 2010].

Each Rpt contributes one N-terminal α-helix to a coiled-coil. The two helices

from an Rpt-pair twist around each other caused by an interaction mediated by

specific residues, which repeatedly occurs every 7 residues. Normally, the number

of residues per α-turn is 3.6. Therefore, the helices of coiled-coils are distorted to

enable the interaction after 7 residues, i.e. after two α-turns [Lupas and Gruber,

2005]. Coiled-coil regions have been identified in many functionally important ar-

eas of proteins [Lupas et al., 1991]. In the 26S proteasome, the coiled-coil of Rpt1/2

binds to Rpn1 and that of Rpt6/3 interacts with Rpn2 as well as with several lid

subunits (Figure 1.2.3, [Beck et al., 2012]).

The C-terminal tails of Rpt2,3,5 exhibit a conserved motif of a hydrophobic (Hb)

residue, followed by a tyrosine and a residue of any kind (HbYX). These residues

can bind to groves between the α-subunits. Thereby, the ATPase associates with

the CP [Smith et al., 2011; Tian et al., 2011]. In the S. cerevisiae 26S proteasome the

HbYX motifs of Rpt2 and Rpt3 were identified to tightly bind in the pockets of the

α-ring, whereas Rpt5 binds more flexibly [Beck et al., 2012; Tian et al., 2011].

During proteasomal degradation, the ATPase engages the substrate, unfolds it

and translocates it into the CP [Peth et al., 2010; Zhang et al., 2009b] in an ATP-

dependent manner. Therefore, each Rpt harbours a nucleotide binding site in its

AAA subdomain formed by a Walker A and a Walker B motif. The bound nu-

cleotide is further stabilised by two arginine (Arg) fingers from the neighbouring

Rpt subunit, which reach towards the Walker A motif (reviewed in [Wendler et al.,
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2012]). The Rpt subunits are arranged in a lockwasher-like topology [Sledz et al.,

2013]. Therefore, the interaction between the Arg-fingers and the nucleotide bind-

ing site of the neighbouring subunit is always interrupted at one interface. De-

pending on the conformational state of the RP (subsection 1.2.3), this interruption

is found at the interface of Rpt3 and Rpt6 or that of Rpt5 and Rpt1 [Sledz et al., 2013;

Unverdorben et al., 2014]. In order to translocate substrates, each Rpt subunit has

a so-called pore loop, which is a hydrophobic aromatic (Ar-Φ) loop positioned in

the AAA-domain and which protrudes into the channel formed by the ring of the 6

Rpts. The lockwasher-like topology of the ATPase induces a staircase arrangement

of these pore loops [Lander et al., 2012, 2013].

Substrate translocation was found to be coordinated over the pore loops of the

Rpt subunits [Iosefson et al., 2015]. Recent studies show that also the binding and

hydrolysis of ATP is coordinated over the ATPase ring [Kim et al., 2015; Iosefson

et al., 2015]. However, it is less clear to which degree [Olivares et al., 2016].

Rpn1 and Rpn2

Rpn1 and Rpn2 are the largest of the RP subunits and part of the base subcomplex,

binding to the ATPase via the coiled coils of Rpt1-Rpt2 and Rpt6-Rpt3, respectively.

The overall structures of Rpn1 and Rpn2 are highly similar. They share a large

domain, containing PC repeats, which arrange in an α-helical toroid [Kajava, 2002;

He et al., 2012], whereas the N-terminal domains are positioned differently [He

et al., 2012; Beck et al., 2012].

Rpn1 and Rpn2 both serve as binding platforms for integral subunits of the 26S

proteasome as well as proteasome interacting proteins (PIPs) [Rosenzweig et al.,

2012]. However, their functions within the 26S proteasome holocomplex appear to

differ. Rpn2 binds the ubiquitin receptor Rpn13 and tightly interacts with the lid

subunits Rpn3,12,11 at its N- and C-terminal parts [Chen et al., 2010; Beck et al.,

2012; Lander et al., 2013], whereas Rpn1 itself has been identified as a ubiquitin

receptor and a major hub for PIP binding [Leggett et al., 2002; Elsasser et al., 2002;

Gomez et al., 2011; Shi et al., 2016]. These different roles of Rpn1 and Rpn2 within

the 26S holocomplex, despite their similar structure, might be due to their different

positioning. Whereas Rpn2 is tightly incorporated into the RP, Rpn1 is in a very

exposed position (Figure 1.2.3), ideal for the interaction with PIPs.
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1.2 The 26S proteasome

The ubiquitin receptors

Rpn10 and Rpn13, the two integral Ub-receptors [van Nocker et al., 1996; Schreiner

et al., 2008; Husnjak et al., 2008], are located in the periphery of the RP [Sakata et al.,

2012]. Rpn13 binds to Rpn2 [Husnjak et al., 2008; Chen et al., 2010] and Rpn10

to Rpn8 and Rpn9 [Beck et al., 2012; Lander et al., 2013]. These locations expose

them (compare Figure 1.2.3), which serves their function of recruiting polyubiqui-

tylated substrates. The two Ub-receptors bind Ub in different ways. Rpn13 has a

Pleckstrin-like receptor for ubiquitin (PRU) domain, which interacts with Rpn2 and

simultaneously with Ub or ubiquitin-like (UBL) domains through loops [Husnjak

et al., 2008]. In contrast, Rpn10 interacts with Ub via ubiquitin interacting motifs

(UIMs), which are helices connected by flexible domains. The number of UIMs

varies depending on the organism (reviewed in [Tomko and Hochstrasser, 2013]).

Rpn13, which is a stoichiometic subunit in S. cerevisiae, is only present in substo-

ichiometric amounts in S. pombe as well as in human 26S proteasomes [Bohn et al.,

2010; Chen et al., 2010; Schweitzer, 2016]. Interestingly, Rpn13 as well as Rpn10 are

not essential [Sakata et al., 2012; Husnjak et al., 2008], which hints that their function

can be compensated by shuttling Ub-receptors (sUbR), a group of PIPs discussed

in more detail in section 1.3.

The PCI-domain containing subunits and Rpn15

The subunits Rpn3,5,6,7,9 and 12 arrange in a horseshoe manner through assembly

of their PCI-domains in the order Rpn9/5/6/7/3/12 (Figure 1.2.3 middle) [Lasker

et al., 2012; Lander et al., 2012]. They are located on the side of the base subunits

and reach over the full hight of the RP. Rpn3,12 interact with Rpn2 , while the N-

terminal parts of Rpn5,6 contact the CP and, therefore, have been suggested to func-

tion as a clamp connecting the RP and the CP [Pathare et al., 2012]. Towards the

C-terminal end, the PCI subunits form helices that assemble into a helical bundle,

which also engages C-terminal helices of Rpn8,11 and, thereby, ties the lid subunits

together [Beck et al., 2012; Estrin et al., 2013; Dambacher et al., 2016].

The small subunit Rpn15, is also part of the horseshoe, although it does not have

a PCI domain. It contains a small helix and a large region without any secondary

structure elements. In the 26S holocomplex, the helix of Rpn15 is located between

Rpn7 and Rpn3, stabilising the interaction of the two subunits [Bohn et al., 2013] as

well as the overall 26S proteasome [Funakoshi et al., 2004; Sone et al., 2004]. Rpn15

has been found to bind Ub and, therefore, might act as an additional Ub-receptor

[Paraskevopoulos et al., 2014].
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The MPN-domain containing subunits

The MPN subunits Rpn8 and Rpn11 belong to the class of deubiquitinating en-

zymes (DUBs). However, only Rpn11 is catalytically active, as the Zn2+-dependent

JAB1/MPN/Mov34 metaloenzyme (JAMM) domain is missing in Rpn8 [Pathare

et al., 2014; Worden et al., 2014]. Rpn8,11 form a heterodimer, which is positioned

on the inside of the horseshoe, between the Ub-receptors Rpn10,13 and the entrance

of the ATPase ring (Figure 1.2.3). As described above, the C-terminal helices of

Rpn8,11 interact with the PCI subunits through the helical bundle, forming the lid

subcomplex.

In the isolated lid, Rpn11 is inhibited through an interaction with Rpn5. Dur-

ing integration into the 26S holocomplex, the lid undergoes a significant rearrange-

ment, activating Rpn11 [Dambacher et al., 2016]. Additionally, the DUB activity of

Rpn11 is coupled to ATP-hydrolysis [Verma et al., 2002; Yao and Cohen, 2002], i.e.

substrate processing. This can be explained by conformational changes of the RP

during the degradation process (see subsection 1.2.3), as the active site of Rpn11 is

only accessible in states associated with substrate processing by the ATPase. Once

active, Rpn11 cleaves off the entire polyubiquitin chain in one step [Verma et al.,

2002; Yao and Cohen, 2002].

1.2.3 Different conformational states of the RPs

To date three different conformational states of the 26S proteasome are known [Un-

verdorben et al., 2014]. They were determined from isolated 26S proteasomes in

the presence of ATP or ATP-γS and are referred to as the s1, s2 and s3 states (Fig-

ure 1.2.4 A). The s1 state is predominant in the presence of ATP [Bohn et al., 2010;

Lander et al., 2012; Beck et al., 2012; Unverdorben et al., 2014], whereas the s3 state

is induced by ATP-γS [Sledz et al., 2013]. The s2 conformation is present in low

amounts in both conditions [Unverdorben et al., 2014] (Figure 1.2.4 B).

A comparison of the three states reveals s2 as an intermediate conformation.

From the s1 to the s2 state the ATPase shifts, improving the alignment of the ATPase

pore with the CP gate. Additionally, the lid subunits and Rpn2 undergo a 25° rota-

tion (Figure 1.2.4 C&D left). This rotation places Rpn5 and Rpn6 further apart and

locates Rpn11 directly above the entrance to the pore of the ATPase (Figure 1.2.4 A).

This motion of Rpn11 renders its active site accessible for substrates. A switch from

the s2 to the s3 state is accomplished by a shift and rotation of the ATPase and a

shift of the outer lid subunits (Figure 1.2.4 C&D right). Most significantly, the Rpt

subunits undergo a rearrangement, which aligns the ATPase pores with the gate
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1.2 The 26S proteasome

Figure 1.2.4: The three conformational states of the 26S proteasome. (A) 3D reconstructions
coloured with respect to the subunits as in Figure 1.2.3, Rpn15/Sem1 (orange). The main
structural differences seen in these two views are marked with grey arrows and circles. (B)
occupancy of the states in the different datasets. (C&D) Top view onto different parts of the
RP with respect to the 20S (red in background) (C) The AAA-ring of the ATPase shifts and
rotated between the three states. (D) Rpn2 visualises the lid movements between the states.
Figure adapted from [Unverdorben et al., 2014].

and, thereby, enables substrate translocation [Sledz et al., 2013; Unverdorben et al.,

2014]. Interestingly, this rearrangement changes the staircase formed by the pore

loops. In the s1 and s2 state the staircase spans from Rpt2 (lowest) to Rpt3 (high-

est). In comparison, in the s3 state the staircase has a lower pitch with Rpt1 in the

highest and Rpt5 in the lowest position [Sledz et al., 2013; Matyskiela et al., 2013].

The s3 state was not only found in the presence of ATP-γS but also in 26S protea-

somes bound to ubiquitylated substrates [Matyskiela et al., 2013]. Taken together,

the results from the different studies lead to hypothesise a functional model of the

three states [Unverdorben et al., 2014]. This model suggests, that ubiquitylated sub-

strates are recognised in the s1 state (’substrate accepting state’). The s2 state consti-

tutes a ’commitment state’, during which the substrate is engaged by the ATPase.

This step is followed by translocation and degradation of the substrate in the s3

state (’translocating state’).

In an in-situ study by cryo-electron tomography (CET) on neuronal cells, 26S pro-

teasomes were identified in the s1 and s3 state [Asano et al., 2015], suggesting that
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the s2 state may constitute a rather short-lived state in the cell environment that

eludes detection at this point due to limited resolution and sensitivity. Interest-

ingly, the subtomogram average of s3-like particles showed a large extra density

most likely caused by PIPs assisting the degradation procedure [Asano et al., 2015].

1.3 Proteasome interacting proteins

There is a variety of proteasome interacting proteins (PIPs) in the cell. They bind

to the 26S proteasome transiently [Wang and Huang, 2008] and typically disso-

ciate during the purification procedures applied to the 26S proteasome [Sakata

et al., 2011]. There are three major functional groups of proteins among the most

abundant PIPs (reviewed in [Schmidt et al., 2005; Finley, 2009; Finley et al., 2012;

Förster et al., 2014]). Firstly, the shuttling Ub receptors (sUbR), such as Rad23,

Figure 1.3.1: Proteasome interacting proteins. (A) Schematic representation of the domains
of the most abundant PIPs. Yellow: domains with an Ub-related fold; purple: domains that
bind to Ub and Ub-related domains (UBD); pink: DUB domains; orange: ubiquitin ligase
domains; gray: established domains with different or unknown functions. (B) The major
PIPs bind to Rpn1 and Rpn2. In higher eukaryotes UCH37 binds to the Ub-receptor Rpn13.
Figure adapted from [Förster et al., 2014]

Dsk2 or Ddi1, function as dynamic Ub receptors additional to the integral receptors

Rpn10,13 [Leggett et al., 2002; Gomez et al., 2011]. Secondly, DUBs, such as Ubp6

(Usp14 in mammals) and hUCH37 (not present in yeast), trim Ub chains. Thirdly, a

group of Ub ligases extends Ub chains of substrates bound to the 26S proteasome,

with Hul5 the most abundant among PIPs [Leggett et al., 2002].

PIPs mainly bind to the subunit Rpn1 and in some cases also to Rpn2 [Elsasser

et al., 2002; Saeki et al., 2002; Rosenzweig et al., 2012; Shi et al., 2016]. However,
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in higher eukaryotes some PIPs with a Ub-like (UBL) domain have been shown to

bind to the Ub receptors Rpn10 and Rpn13 [Hamazaki et al., 2006; Hiyama et al.,

1999; Walters et al., 2002]. Figure 1.3.1 summarises the domains and proteasomal

interaction partners of the major PIPs.

All major PIPs include a large number of domains, which are predicted to be

disordered and presumably render them structurally highly flexible (reviewed in

[Aufderheide et al., 2015b]). In particular the UBL domains (Figure 1.3.1), respon-

sible for docking to the 26S proteasome, are connected to the functional regions

through unstructured domains, presumably supporting the complex formation pro-

cess, as suggested for human Rad23 [Walters et al., 2003]. These unstructured con-

nections in PIPs may additionally allow the functional domains to adopt various

positions, when bound to the 26S proteasome.

1.3.1 Ubp6 - a major proteasome interacting protein

The ubiquitin specific protease 6 (Ubp6, Usp14 in mammals) is a 57 kDa large DUB

and the most abundant PIP in 26S proteasome purifications [Sakata et al., 2011;

Lander et al., 2012]. It consists of a UBL domain, followed by a flexible linker of

∼25 amino acids and an ubiquitin- specific- protease (USP) domain containing the

catalytically active site (Figure 1.3.1 A) for hydrolysing linkages of Ub moieties.

Due to its USP domain, Ubp6 belongs to the DUB family of ubiquitin specific

proteases. In total, there are five different DUB families, which can be divided into

two main groups depending on their mechanism of deubiquitylation (reviewed in

[Komander et al., 2009; Komander, 2010]). The DUBs from the JAMM/MPN+ fam-

ily, which includes Rpn11, cleave Ub linkages with the help of coordinated zinc

ions. In contrast, the DUBs from all other families, which include the PIPs Ubp6

and UCH37, act through a catalytic cystein residue.

The UBL domain of Ubp6 has been shown to interact with the 26S proteasome by

binding to Rpn1 [Elsasser et al., 2002; Rosenzweig et al., 2012]. The activity of Ubp6

is low in isolation but increases significantly when Ubp6 interacts with the 26S pro-

teasome [Borodovsky et al., 2001; Leggett et al., 2002; Hu et al., 2005]. In contrast

to the integral DUB Rpn11, which removes polyubiquitin chains en-bloc while the

substrate is already translocated to the CP [Verma et al., 2002; Yao and Cohen, 2002]

(section 1.2.2), Ubp6 has been reported to trim ubiquitin chains successively and

may, thereby, free bound substrates from degradation [Lee et al., 2011]. However, a

recent study showed that for cyclin B ubiquitylated at multiple sites, proteasome-

bound Ubp6 removes chains en-bloc until a single chain remains [Lee et al., 2016].
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The differing results illustrate that the mechanisms of deubiquitylation by Ubp6 are

not fully understood yet.

Ubp6 was reported to delay the degradation of folded, polyubiquitylated sub-

strates [Hanna et al., 2006; Lee et al., 2010]. Interestingly, the catalytic activity is not

required for this inhibitory effect [Hanna et al., 2006]. In contrast to the delay of

the degradation of folded substrates, binding of Ub-conjugates or the USP inhibitor

ubiquitin aldehyde (UbAld) to proteasome-bound Ubp6 enhances the degradation

of short unfolded peptides by the CP [Peth et al., 2009] and activates the proteaso-

mal ATPases [Peth et al., 2013].

The structures of the USP domains of Ubp6 and Usp14 were solved by X-ray

crystallography [Hu et al., 2005]. However, the structure of Ubp6 in complex with

the 26S proteasome remains unknown. Structural insights into the 26S–Ubp6 com-

plex would be valuable to understand the mechanisms of proteasomal regulation

by Ubp6.

1.4 3D electron-cryo microscopy

Electron microscopy (EM) is a suitable method for high-resolution imaging of pro-

teins and protein complexes such as the 26S proteasome. The resolution is generally

limited by the wavelength used for imaging (see section 1.4.3). High-energy elec-

trons have a much smaller wavelength than visible light or X-rays [Förster et al.,

2012], making them ideal for high-resolution structure determination.

1.4.1 Electron - specimen interaction

High energy electrons passing through matter undergo electrostatic Coulomb inter-

actions with the atoms therein, resulting in elastic and inelastic scattering [Reimer

and Kohl, 2008].

Elastic scattering is mostly due to the electrostatic interaction between the inci-

dent electron and the nucleus of an atom, in which the energy transfer from the

electron to the specimen is negligible. The higher the atomic number of a specimen

atom and the closer the electron passes by the nucleus the larger is the resulting an-

gular deviation from the incoming direction, which may also lead to back-scattering

(see Figure 1.4.1).

Inelastic scattering results from an interaction of the incoming electron with

specimen electrons and results in an energy deposition in the specimen. There are

two types of interaction of inelastic scattering most relevant for EM : (1) Intra- and
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Figure 1.4.1: Examples for
electron - specimen inter-
action. Elastic scattering
with the electrostatic poti-
ential of the nucleus (blue)
of an atom leads to a scat-
tering angle, which depends
on the nucleus-electron dis-
tance (left). If the dis-
tance is too large, no interac-
tion occurs (middle). Inelas-
tic scattering results in en-
ergy deposition in the speci-
men, which can result in sec-
ondary electrons (right).

interband excitation as well as collective oscillations (plasmons) and (2) ionisation

of electrons in the inner electronic shells. Ionisation leads to so-called ’secondary

electrons’ [Reimer and Kohl, 2008], which are emitted in a random direction.

The cross-section σ reflects the probability for scattering of an incoming particle,

here the electron of a certain energy, by a scattering potential. In the case of several

scattering potentials, e.g. the atoms in a specimen, the average distance between

two scattering events , the ’mean-free path’ Λ, can be calculated from the cross-

section as Λ = 1/σ. If elastic and inelastic scattering occurs, the respective cross-

sections σel and σinel add up to the total cross-section σtot. Therefore, the mean-free-

path of the electrons in the specimen can be calculated as [Williams and Carter,

2009]:

Λtot =
1

σtot

=
1

σel + σinel

= (
1

Λel

+
1

Λinel

)−1 (1.1)

The ratio between inelastic and elastic scattering was estimated to be 3:1 for cryo-

EM on biological samples [Dubochet et al., 1988; Henderson, 1992]. Consequently,

the thickness of an EM sample is limited by the inelastic mean-free path Λinel. For

typical cryo-EM conditions Λinel is approximately 200 nm [Grimm et al., 1996]. For

samples of purified protein complexes in solution (section 1.4.2) the sample thick-

ness is normally well below this value.
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1.4.2 Electron microscopy

There are two different types of EM methods. In a scanning electron microscope

(SEM) the surface of objects is studied by detecting backscattered and secondary

electrons [Goldstein et al., 2003]. In a transmission electron microscope (TEM) elec-

trons, which have passed through the object, are detected [Frank, 2006]. In com-

parison to SEM, the resolution that can be achieved by TEM is approximately one

order of magnitude higher [Reimer and Kohl, 2008].

TEM imaging of biological samples requires fixation. Rapid freezing (described

below) embeds the sample in non-crystalline ice in its hydrated state and is there-

fore the preferred method of fixation. TEM measurements of these samples are

referred to as cryo-electron microscopy (cryo-EM). Among TEM methods, there are

three that allow the determination of three-dimensional (3D) structures of the sam-

ple under investigation: electron crystallography, tomography and single particle

analysis (SPA) [Baumeister and Steven, 2000; Engelhard, 2006].

In electron crystallography, electrons are scattered by two-dimensional (2D) crys-

tals formed by a layer of periodically arranged proteins. Scattering patterns at

different tilt angles of the crystal can be used for 3D structure determination (see

[Glaeser, 1999; Engelhard, 2006] for details).

In tomography, TEM images of the sample are acquired at multiple tilt angles.

From these images and the tilt angle information, the corresponding 3D volume

can be computed. Under cryo conditions (cryo-electron tomography, CET), a 3D

structure of the sample, e.g. vesicles or entire cells, can be obtained under native

conditions (reviewed in [Baumeister et al., 1999; Förster et al., 2012]).

For the single-particle approach, a purified sample in solution is visualised in

TEM images at a tilt angle of 0°. These images include projections of different copies

of the molecule of interest from different angles. From the projections a 3D structure

can be computed [Frank, 2006] (subsection 1.4.4). In this work, cryo-EM data were

used for SPA, referred to as single particle cryo-EM (SP cryo-EM).

Sample preparation for cryo-electron microscopy

In order to use the TEM technology for studies of biological samples, several chal-

lenges have to be met. In contrast to inorganic samples studied in material science,

biological samples are sensitive to damage by the electron beam through inelastic

scattering (radiation- or beam damage). Additionally, due to their soft nature and

to avoid evaporation in the vacuum of the microscope column, they have to be fixed

on a grid, which is used as a microscope slide. Therefore, TEM imaging requires
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careful preparation of the biological sample [Engelhard, 2006; Frank, 2006].

Cryogenic (’cryo’) sample preparation preserves the sample in a close-to-native

state and meets the challenges mentioned above. In the first step of this method,

the sample is pipetted onto the grid, typically a copper grid covered by a carbon

film with holes. This grid is then rapidly frozen by plunging it into a cryogen, such

as liquid ethane, cooled by liquid nitrogen to a temperature of ∼ −180 °C (’plunge

freezing’). The high cooling rate of ∼ 100, 000 °Cs−1 during plunging transforms the

water molecules into a vitreous ice state, preventing the formation of crystalline ice.

Thereby, the density of the water remains constant, leaving the sample components

intact and in a close-to-native state. The frozen sample on the grid is then trans-

ferred into a TEM (see next paragraph), where it is cooled to ∼ −180 °C throughout

the cryo-EM data acquisition (see [Engelhard, 2006]).

Plunge freezing is applicable to thin samples, such as purified proteins in solu-

tion, used in this work. For thicker samples, the cooling-rate of this method is too

low, but vitrification can be achieved by high-pressure freezing [Müller-Reichert

et al., 2003; O’Toole, 2010]. As the mean-free path of electrons in matter (Equa-

tion 1.1) limits the sample thickness suitable for TEM measurements to ∼200 nm

(see subsection 1.4.1), thinning of the thicker vitrified samples might be required

for cryo-EM data acquisition, e.g. by focused ion beam (FIB) milling [Rigort et al.,

2012].

In the vitreous state, the sample is fixed on the grid and prevented from evapo-

ration inside the microscope. However, beam damage does occur, accumulates and

becomes significant for total dose values above ∼ 20 eÅ
−2

[Baker and Rubinstein,

2010], limiting the signal-to-noise ratio (SNR) and thereby the resolution. The beam

damage most significantly affects the high-resolution signal. With increasing dose,

the degradation of signal progresses towards the lower-resolution regime, while the

contrast for the unaffected spatial frequencies increases. Therefore, the total dose

used for imaging has to be chosen depending on the required resolution.

The transmission electron microscope

The overall composition of a TEM (Figure 1.4.2) is similar to that of a light micro-

scope. However, electrons probe the sample instead of photons. The source of

the electron beam used for high-resolution imaging is a field emission gun (FEG),

providing a beam of highly coherent electrons [Förster et al., 2012]. To avoid in-

teractions of the electron beam with gas atoms, which would lead to noise in the

image, the whole microscope column is kept in high vacuum conditions (usually
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Figure 1.4.2: Composition of a transmission electron microscope. Figure taken from [Asano,
2015].

∼ 10−10 bar) [Williams and Carter, 2009].

Electromagnetic lenses and apertures allow manipulation of the beam. The con-

denser lenses C1 and C2 (in the Titan Krios (FEI), used for this work, there is an

additional lens C3) and the corresponding apertures ideally provide parallel illu-

mination of the sample on the grid stage. Traversing the sample, the illuminating

electrons either pass through without any interaction or get scattered (see subsec-

tion 1.4.1). The beam of scattered and unscattered electrons then passes the objec-

tive lens, which creates the first projection image. The objective aperture filters out

electrons scattered at high angles, which do not contribute to the signal of the sam-

ple, followed by two additional lenses, which enlarge the projection further, leading

to the final image ([Williams and Carter, 2009; Reimer and Kohl, 2008]).
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With increasing sample thickness the percentage of inelastically scattered elec-

trons increases (see subsection 1.4.1). Due to the strong chromatic aberration of

the electromagnetic lenses (see section 1.4.3), inelastically scattered electrons do not

add to the signal in the image. Therefore, energy filters can improve the image qual-

ity by removing electrons that have lost energy from the final projection (’Zero-loss

filtering’) [Krivanek et al., 1995]. However, for cryo-EM on purified proteins energy

filtering is not necessary and was not used in this study.

The final image is recorded by a photographic film or a digital detector. Until

recently, digital detectors were charge-coupled device (CCD) based cameras, which

first convert an incoming electron into a photon, subsequently detected. The novel

direct electron detectors (DEDs) can detect electrons directly through a semicon-

ductor membrane (reviewed in [Booth and Mooney, 2013]).

Direct electron detectors

The direct detection of electrons leads to an improved detective quantum efficiency

(DQE) in particular for the high spatial frequencies (high-resolution information)

[Ruskin et al., 2013; McMullan et al., 2014]. This results in a dramatically improved

SNR. An additional advantage of DEDs is their fast data readout, which allows to

record several subframes for each image. Alignment of these frames can correct for

drift and weighting them according to the dose accumulating over time can reduce

effects of beam damage. Both may improve the data quality further (reviewed in

[Bai et al., 2014]). The data for this work were acquired with the FalconII and Fal-

conIII DEDs [Kuijper et al., 2015]. The Gatan K2 detector, a different type of DED,

and the FalconIII detector can additionally operate in a ’counting mode’ to localise

incoming electrons more precisely and suppress electronic noise (as described in

[Booth and Mooney, 2013]).

1.4.3 Physical basics of the image formation process

Theoretical resolution

In microscopy, the resolving power of an instrument (d) is defined as the minimal

distance between two points, which can be visualised separately. Generally, the

resolving power is limited by diffraction and can be calculated according to the

Rayleigh-criterion as [Williams and Carter, 2009]:

d =
0.61 · λ

α
(1.2)

19



1 Introduction

from the angular aperture α of the instrument and the wavelength λ used for imag-

ing. Therefore, the resolution in microscopy is generally limited by the wavelength.

For particles with a mass m with a momentum p the wavelength is given through

the deBroglie equation (Equation 1.3). High-energy electrons used in TEM have an

energy of typically 100-300 keV and relativistic effects have to be taken into account,

leading to a wavelength as given in Equation 1.4 [Williams and Carter, 2009].

λ =
h

p
=

h

m · v (1.3)

λ = h · c 1√
2E0 · E + E2

(1.4)

with the Planck constant h, the velocity v, the speed of light c, the rest energy E0 =

m0c and the kinetic energy E. Electrons with a kinetic energy of 300 keV, used for

the imaging in this study, have a corresponding wavelength of ∼0.02 Å, which is

much smaller then that of visible light (400-700 nm) or X-rays used for structural

studies (∼1 Å) [Förster et al., 2012]. However, the resolution obtained in TEM is

further limited by several factors discussed in the following paragraphs.

Aberrations - resolution limitation by lenses

Aberrations are caused by imperfections of lenses. The most performance limiting

aberrations in TEM are spherical aberration, chromatic aberration and astigmatism

[Williams and Carter, 2009].

Spherical aberration is caused by differences in the refraction of a lens depend-

ing on the distance to the optical axis. Rays passing the electromagnetic lens to-

wards the outside are bent more strongly than those passing close to the optical

axis. Therefore, the rays are not focused in one point. In the image plane this leads

to a disk with a radius rsa, which depends on the spherical-aberration coefficient

Cs, specific for a lens/lens system (Cs ∼ 2.7 for the Titan Krios), and the angular

aperture α [Williams and Carter, 2009]:

rsa = Csα
3 (1.5)

The spherical aberration limits the resolution to rmin = 0.91 · (Csλ
3)

1

4 , which is

normally in the order of 2-3 Å for standard TEMs and between 0.7-1.5 Å for high-

resolution instruments [Williams and Carter, 2009].

Chromatic aberration also leads to different focus planes. However, this arte-

fact is caused by the dependence of the lens refraction on the wavelength of the
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electrons. Electrons with lower energy are refracted more strongly than those with

higher energy. Although a highly monochromatic electron source is used in TEM,

this effect is still important as electrons may lose energy through inelastic scattering

by the specimen (subsection 1.4.1). Due to chromatic aberration, a point of an ob-

ject is projected as a disk with a radius rca in the image plane [Williams and Carter,

2009]:

rca = Cc

∆E

E0

α (1.6)

with the chromatic-aberration coefficient Cc, the angular aperture α and the energy

loss ∆E with respect to the energy of the electrons in the initial beam E0. The res-

olution limitation caused by chromatic aberration strongly depends on the sample

thickness, as inelastic scattering and thereby ∆E increases with the thickness of the

specimen.

Astigmatism is caused by a non-symmetrical magnetic field in the electromag-

netic lenses of a TEM, leading to differences in refraction depending on the angle

between the electron beam and the optical axis (for details see [Reimer and Kohl,

2008]). This aberration can be compensated by so-called stigmators and does not

limit the resolution when corrected [Williams and Carter, 2009].

Comatic aberration (coma) results from asymmetric passage through a lens. In

EM this aberration appears if the rotation centre is not aligned correctly. When

aiming for high-resolution structural information coma may become a resolution

limiting aberration [Reimer and Kohl, 2008] and needs to be corrected by a coma-

free alignment prior to data acquisition [Williams and Carter, 2009].

Resolution limitation by digital cameras

Projection images are usually recorded using digital cameras with a finite pixel size.

In order to distinguish two features in an image, they have to be projected onto two

pixels that are separated by at least one pixel. Therefore, the accessible resolution

is limited to two times the image pixel size (’sampling theorem’, [Frank, 2006]).

The corresponding spatial frequency (after Fourier transformation of the image) is

commonly referred to as the ’Nyquist frequency’, beyond which no information

is accessible. The cryo-EM data for the studies of this thesis were taken with a

magnified pixel size of ∼1.4 Å (section 2.3), limiting the possible resolution to 2.8 Å.

By using higher magnifications the effective pixel size on the specimen level can be

decreased.

A second resolution-limiting property of the detector is the detective quantum

efficiency (DQE). It reflects how much noise is added to a detected signal by the
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camera itself [Ruskin et al., 2013]:

DQE(k) =
SSNR(k)out
SSNR(k)in

(1.7)

with the input and output spectral signal-to-noise ratios SSNR(k)in and SSNR(k)out,

respectively. The DQE depends on the spatial frequency k and decreases towards

high frequencies due to the interaction of the electrons with the detector material.

Therefore, with an increasing magnification the overall image quality improves,

as a broader frequency range is not dampened by the DQE. From the resulting

SSNR(k)out the resolution on the raw image can be determined [Unser et al., 1987,

1989]. DEDs offer a better DQE than CCD cameras in particular for high spatial

frequencies [Ruskin et al., 2013; McMullan et al., 2014], leading to higher SSNR(k)out

values and therefore a better resolution in the raw images.

Contrast formation in cryo-EM images

In TEM, the electrons from the incoming beam interact with the specimen through

elastic and inelastic scattering (subsection 1.4.1). The contrast in cryo-EM images

is mainly formed by elastically scattered electrons, whereas inelastically scattered

electrons mostly contribute to noise, in particular in the higher-resolution range

[Henderson, 1992]. Therefore, inelastic scattering is unwanted for high-resolution

structure determination. For purified protein complexes in solution the sample

thickness is normally below the mean free path of inelastic scattering (section 1.4.2

and subsection 1.4.1). Due to this small sample thickness it can also be assumed

that each electron is scattered no more than once (’kinematic approximation’).

Contrast C in an image can be defined as the difference in intensity ∆I between

two neighbouring areas showing the intensities I1 and I2 [Williams and Carter,

2009]:

C =
I2 − I1

I1
=

∆I

I1
(1.8)

There are two main contrast formation mechanisms in EM images: phase contrast

and amplitude contrast. Scattering as presented in subsection 1.4.1 treats electrons

as particles. In an alternative approach, an incoming electron is described by a

wave function, which undergoes a phase shift upon scattering. In order to under-

stand contrast formation by electron scattering in a biological specimen, the wave-

function approach is particularly useful as described in the following.

Phase contrast results from the interference of the elastically scattered and un-

scattered electron waves in the image plane. Scattering of an electron, travelling
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along the z axis, at the 3D Coulomb Potential V (x, y, z) of the specimen induces a

phase shift Φ(x, y) [Frank, 2006]:

Φ(x, y) = Φ(r) =

∫

V (x, y, z)dz (1.9)

which modifies the incoming wave Ψ0 = exp
(

i2π
λ
z
)

as [Frank, 2006]:

Ψsc(r) = Ψ0exp(iΦ(r)) (1.10)

Due to the low atomic numbers Z of the atoms in biological samples the phase shift

Φ will be small: Φ ≪ 1 (’weak phase approximation’, WPA). Therefore, we can

approximate the scattered wave Ψsc by the first two terms of a Taylor expansion of

Equation 1.10:

Ψsc(r) = Ψ0

[

1 + iΦ(r)
]

(1.11)

In this approximation the scattered wave can be considered as a sum of the incom-

ing wave and a scattered wave with a small amplitude Φ(r), with a phase shift of
π
2

[Frank, 2006; Reimer and Kohl, 2008]. Figure 1.4.3 A illustrates that, in this sce-

nario, the resulting intensity I = |Ψsc|2 is dominated by the incoming wave Ψ0.

Therefore, the small Φ(r) of weak phase objects is not sufficient for contrast forma-

Figure 1.4.3: Phase contrast for weak
phase objects. (A) Without any additional
phase shift, no contrast is formed by the
scattered wave. (B&C) If an additional
phase shift of ±π

2
is induced, a positive

(B) or negative (C) phase contrast occurs.
Figure adapted from [Reimer and Kohl,
2008].

tion. However, in TEM the lens aberrations and defocusing of the image induce an

additional phase shift γ. Neglecting effects of astigmatism, γ can be determined by

the so-called Scherzer formula [Frank, 2006; Reimer and Kohl, 2008]:

γ(k) =
π

2

(

Csλ
3k4 − 2∆zλk2

)

(1.12)

Therefore, γ is influenced by the spherical aberration constant Cs (Equation 1.5), the

defocus ∆z and the wave length λ and is a function of the spatial frequency of the
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wave after scattering k = |k| = |(kx, ky)| = θ/λ, with the scattering angle θ. The

contrast is maximal for an additional phase shift γ of ±π
2

[Reimer and Kohl, 2008],

leading to positive or negative phase contrast (see Figure 1.4.3 B&C).

In the back-focal plane the wave function is then described by the Fourier trans-

form of Ψsc and the additionally induced phase shift γ [Frank, 2006]:

Ψbf (k) = F{Ψsc(r)}exp(iγ(k)) (1.13)

To obtain the wave function in the image plane Ψi(r), an inverse Fourier transform

(F−1) is applied under consideration of the aperture A(k) (see Figure 1.4.2), which

limits the spatial frequencies that can pass to kmax [Frank, 2006].

Ψi(r) =F−1{F{Ψsc(r)}A(k)exp(iγ(k))} (1.14)

A(k) =







1 if |k| ≤ kmax

0 if |k| > kmax

(1.15)

The image detected is the intensity I resulting from Ψi(r) and it can be shown that

within the WPA the intensity, i.e. the contrast, is linearly related to the object’s

Coulomb potential [Frank, 2006]:

I(r) =|Ψi(r)|2 (1.16)

I(r) ∝V (r) (1.17)

Amplitude contrast results from electron absorption by either the aperture, after

elastic scattering to large angles (also referred to as ’scattering contrast’ [Reimer and

Kohl, 2008]) or the specimen during an inelastic scattering event [Frank, 2006]. This

leads to darker areas in the image, i.e. lower intensity. The amplitude contrast can

be integrated into the wave function of the scattered wave (Equation 1.10) by an

imaginary component of the scattering potential Φ [Frank, 2006; Reimer and Kohl,

2008].

The influence of this contrast forming mechanism increases with specimen thick-

ness (increasing inelastic scattering) and the atomic number of the specimen’s atoms

(larger elastic scattering angles) (see subsection 1.4.1). In cryo-EM, the amplitude

contrast contributes to ∼7% of the contrast in the image [Toyoshima and Unwin,

1988] and therefore constitutes a minor influence on the contrast formation domi-

nated by the phase contrast.
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Contrast transfer function

As already seen in Equation 1.12 and Equation 1.14 the image is influenced by the

microscope parameters. In real space the imaging properties of the microscope are

described by the point spread function (PSF). The image is a convolution of the ideal

projection of the object and the PSF. In Fourier space this transforms to a multipli-

cation with the contrast transfer function (CTF), which is the Fourier transform of

the PSF [Frank, 2006]. In general, the CTF has three contributing factors: the aper-

ture function A(k), the envelope function E(k) and the aberration function B(k)

[Williams and Carter, 2009]:

CTF(k) = A(k) · E(k) · B(k) (1.18)

The aperture function A(k) is given by Equation 1.15. The envelope term E(k) is

caused by partial spatial and temporal incoherence of the electrons and leads to

damping of the CTF towards higher spatial frequencies [Frank, 2006; Williams and

Carter, 2009; Förster et al., 2012]. Finally, the aberration function B(k) depends

on the spherical aberration, the astigmatism and the defocus, as given by γ (Equa-

tion 1.12 for negligible astigmatism). Under the approximation that the ratio of

amplitude and phase contrast Q(k) is identical for all atoms in the specimen and

that it is constant over the spatial frequency range of interest Q0, B(k) is given by

[Frank, 2006]:

B(k) = sin(γ(k))−Q0cos(γ(k)) (1.19)

Thus, the CTF induces an oscillating function of the Fourier transform of the image

and dampens it towards higher frequencies [Frank, 2006; Förster et al., 2012]. If the

defocus and the parameters of the microscope, such as Cs and A(k), are known,

current image processing procedures can correct for the CTF (as done for this work,

see section 2.4).

Modulation transfer function

An additional modulation of the detected signal is due to the camera itself, de-

scribed by the modulation transfer function (MTF). In contrast to the CTF, the MTF

can be measured directly using a sharp edge as an object [de Ruijter and Weiss,

1992]. The improvements of the DEDs involve a higher MTF [Ruskin et al., 2013;

McMullan et al., 2014].
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1.4.4 Single-particle analysis

For SPA, the protein or protein complex of interest is purified. After vitrification,

multiple copies of this structure are fixed on the grid in varying orientations. Their

projections (’particles’) can be extracted from cryo-EM images (micrographs) and

used to reconstruct the 3D structure of the protein of interest (reviewed in [Frank,

2009; Orlova and Saibil, 2011; Förster et al., 2012; Nogales and Scheres, 2015]). The

electron dose, which can be used for imaging, is restricted due to the beam dam-

age (section 1.4.2) leading to a very low SNR of the individual particles. There-

fore, the projections of many (∼ 50, 000 − 500, 000) ’single’ particles are used for

the reconstruction to increase the signal and thereby the resolution of the result-

ing 3D structure. The name ’single-particle analysis’ was chosen to distinguish

this method from crystallography, where millions of particles contribute to one

diffraction pattern used for structure determination. It should not be confused

with ’single-molecule imaging’, which denotes measurements on a single molecule

[Förster et al., 2012].

3D reconstruction in SPA

The basis of 3D reconstruction from projection is the projection-slice theorem, illus-

trated in Figure 1.4.4. According to this theorem, the projection of an object in real

Figure 1.4.4: Illustration
of the projection-slice
theorem. The Fourier
transform of the pro-
jection of a 3D vol-
ume in real space is
identical with a central
slice of the 3D Fourier
transform of the vol-
ume. Figure adaped
from [Asano, 2015].

space corresponds to a central slice in the corresponding direction in Fourier space

(reviewed in [Förster et al., 2012; van Heel et al., 2000]. Assuming that projections

are taken from all possible directions, the corresponding slices sample the Fourier

space and give the structure factors of the investigated structure, from which the

3D volume can be reconstructed.

Therefore, to reconstruct a 3D volume, the projection directions and particle posi-

tions have to be determined for each projection. This alignment is an optimisation
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problem. Five ’hidden parameters’ have to be optimised for each particle: the three

Euler angles, Φ, Ψ and Θ, describing the projection direction and in-plane rotation,

as well as the x- and y-shifts [Frank, 2006; Sorzano et al., 2006; Sigworth et al., 2010].

There are several approaches to determine the orientation parameters [Orlova and

Saibil, 2011], in SPA the most commonly used one is ’projection matching’.

Projection matching employs ’quasi expectation maximisation’ or ’expectation

maximisation’ optimisation algorithms. Quasi expectation maximisation consti-

tutes a least-square optimisation of, e.g., the cross correlation values for scoring

the projection angles [Frank, 2006; Orlova and Saibil, 2011], whereas the classical

expectation maximisation optimises a maximum likelihood (ML) or maximum a

posteriori (MAP) function [Sigworth, 1998; Sigworth et al., 2010; Scheres, 2012b].

Both approaches iterate over two steps. In a first step, each experimental pro-

jection is compared with the projections of a reference at known angles, determin-

ing the maximum cross correlation values or the ML or MAP function (’angular-

assignment’ or ’expectation’ step). Therefore, for the first iteration a priori knowl-

edge of a volume, which can be used as an initial structure, is required. Possibilities

for obtaining such an initial reference are reviewed in [Förster et al., 2012]. In the

studies presented here, previously obtained structures of the 26S proteasome fil-

tered to low resolution (∼50 nm) serve as initial references.

In the second step of the procedure, a 3D volume is reconstructed from the ex-

perimental projections using the parameters determined in the first step (’maximi-

sation’ step). There is a variety of real-space and Fourier-space reconstruction al-

gorithms (reviewed in [Sorzano et al., 2006; Frank, 2006; Orlova and Saibil, 2011;

Förster et al., 2012]). All methods first average over the projections assigned to

the same angular class, which gives one average for each angular view with an

increased SNR. These angular class averages are than used for the respective recon-

struction procedure leading to a 3D volume. The reconstruction resulting from the

maximisation step is then used as the reference for the expectation step of the next

iteration. Thereby, the steps are repeated until the optimisation converges, i.e. no

significant change in the alignment parameters occurs [Frank, 2006; Förster et al.,

2012].

All these implementations constitute a local optimisation around the initial vol-

ume and may converge to a local minimum. Therefore, the outcome may be biased

by the input structure (’reference bias’). While the standard projection matching

implementations (quasi expectation maximisation) converge faster, the statistical

approaches (ML and MAP) are less prone to reference bias and overfitting [Sig-

worth, 1998; Scheres, 2012b].
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Resolution of single-particle 3D reconstructions

As discussed in subsection 1.4.3, cryo-EM images do not reach the theoretically

possible resolution. Among the limiting factors are the lens aberration, the electron

detection mechanisms of cameras, drift during data acquisition and most signifi-

cantly the low SNR (for more details see [Frank, 2006; Penczek, 2010]). Two aspects

lead to the low SNR. Firstly, the beam-damage limits the applicable electron dose

and thereby the SNR (section 1.4.2). The second limitation on the SNR is the low

contrast of vitrified protein specimen due to the small difference in specific density

between proteins and water, 1.3 g/cm3 versus 1.0 g/cm3, respectively [Engelhard,

2006]. The SNR can be improved by averaging aligned particles of the same angu-

lar class, as it is done in SPA. Therefore, the reconstructions yield a much higher

SNR than a single-particle projection from a raw image, making the determination

of high-resolution 3D structures possible [Engelhard, 2006; Orlova and Saibil, 2011].

The resolution of SPA reconstructions is commonly assessed by the Fourier shell

correlation (FSC) [Van Heel, 1987; Penczek, 2010]:

FSC12(qi) =

∑

q∈qi
F1(q) · F2(q)

∗

√

∑

q∈qi
F 2
1 (q) ·

∑

q∈qi
F 2
2 (q)

(1.20)

F1 and F2 are the Fourier transforms of two volumes, with the spatial frequency q.

F1 and F2 are compared within shells qi and the resolution is then determined by

an FSC cutoff criterion. There are different rationals for choosing a cutoff criterion,

also depending on the method of choosing the volumes for the FSC calculation

(appendix of [Rosenthal and Henderson, 2003; Unser et al., 2005]).

One approach is to estimate the resolution qr as the spatial frequency where the

spectral SNR (SSNR) is 1 [Unser et al., 1987; Rosenthal and Henderson, 2003]. This

corresponds to FSC(qr) = 0.5 for a ’pairwise FSC’, for which reconstructions of two

random half sets of aligned particles are subjected to the FSC analysis. However,

when comparing the reconstruction under investigation with a simulated density

from an available atomic model (’Fourier cross resolution’, FCR) the SNR = 1 crite-

rion corresponds to FCR(qr) = 0.71 [Penczek, 2010].

Rosenthal and Henderson suggested that the SNR = 1 criterion underestimates

the resolution and showed that a cutoff at FSC(qr) = 0.14 can be an appropriate

measure for the resolution [Rosenthal and Henderson, 2003]. This criterion is com-

monly applied, if the two volumes used for the FSC calculation have been obtained

through the so-called ’gold-standard’ procedure; i.e. the data is separated in two

random half sets and is processed independently, resulting in two reconstructions,
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which can be used for FSC calculation and are combined for the final result [Scheres,

2012a].

The improved DQE and MTF of DEDs (section 1.4.2) leads to significant improve-

ments of the SNR in cryo-EM images, enabling the determination of 3D cryo-EM

structures at atomic resolution, with 1.8 Å the highest resolution obtained so far

[Bai et al., 2014; Merk et al., 2016].

However, such high resolution can only be obtained for very stable complexes. If

a complex is present in multiple conformational states, as it is the case for the 26S

proteasome (subsection 1.2.3), the resolution of 3D reconstructions is additionally

limited by the flexibility, as different conformations may increase alignment errors

and averaging over the different conformations during the reconstruction proce-

dure leads to smearing out of the resulting density. 3D classification procedures

may facilitate the separation of particles into different states, as discussed in the

following.

Conformational heterogeneity and 3D classification

SPA is based on the assumption that the particles in the sample are structurally

identical. This assumption is violated, if multiple conformations are present. How-

ever, it is generally possible to group particles in-silico with respect to their confor-

mation, referred to as classification. Different algorithms are available for this task

(reviewed in [Spahn and Penczek, 2009; Bai et al., 2014]).

Approaches to classify particles on the two dimensional (2D) image level have

the shortcoming that different 2D classes might either reflect different conforma-

tions or different angular views [Spahn and Penczek, 2009]. Therefore, multiple

conformations present in SP cryo-EM data are most commonly revealed by so-

called 3D classification methods. The two main approaches for 3D classification

employed by different software packages are the 3D principle component analysis

(PCA) [Penczek et al., 2011] and the so-called ’multi-reference alignment’ [Spahn

and Penczek, 2009]. The latter was used for the data analysis in this thesis.

Multi-reference alignment can be seen as an extended version of projection match-

ing, which compares the particles to more than one 3D volume [Spahn and Penczek,

2009; Scheres, 2010]. If the different conformations are known, these can be given

as starting models (’supervised classification’). However, this is prone to reference

bias. Therefore, ’unsupervised classification’ gives more objective results [Spahn

and Penczek, 2009]. For this procedure, the particles are aligned using one initial

reference. Random subsets of the aligned particles are subsequently reconstructed
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to serve as seeds for the multi-reference alignment. Like for projection matching

procedures, particles can either be assigned by maximising the cross-correlation or

by optimising the ML or MAP function [Scheres et al., 2007; Scheres, 2012b].

Multi-reference approaches are computationally costly, as the sampling space

grows exponentially with the number of classes [Förster et al., 2012]. However, ef-

forts have been made to reduce computational costs of multi-reference approaches

and computational resources generally increase. In this context, the MAP multi-

reference alignment implemented in RELION has become the state-of-the-art tool

for 3D classification [Scheres, 2012a].
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1.5 Aims of this work

The isolated 26S proteasome from yeast has been resolved in three distinct confor-

mations to intermediate resolution (subsection 1.2.3). This work aims to decipher

the structure of the 26S proteasome at a higher level of detail in two respects. Firstly,

I studied the structural basis for the reciprocal regulation of the 26S proteasome and

Ubp6, one of the major PIPs involved in the degradation process (subsection 1.3.1).

Secondly, I aimed to improve the resolution of the 26S proteasome in the s1 state,

allowing for accurate atomic model building. For both parts of the project my main

focus was to develop and apply appropriate SPA image processing protocols that

allow approaching these aims.

Towards a structural understanding of the 26S–Ubp6 complex, I asked the follow-

ing questions: What is the overall structure of the holocomplex? Does the binding

of Ubp6 and subsequent Ub-binding to Ubp6 induce conformational changes in

the integral subunits of the 26S proteasome? To answer these questions different

3D classification approaches had to be combined and applied.

In the second part of this thesis, I contributed my expertise in image processing to

a collaborative effort, aiming at high-resolution structure determination of the hu-

man 26S proteasome. The two main questions addressed in this project were: Can

we obtain an SP cryo-EM reconstruction from heterogeneous, pseudo-symmetrical

particles that is resolved to at least 4 Å, sufficient for atomic model building? What

can we learn about proteasomal function from such a high-resolution structure?

In this context, I established an image processing workflow based on the RELION

software, tailored to the particularities of the 26S proteasome.

Along the lines of these aims the chapters of this thesis cover the following:

• chapter 2 describes the methods used for the sample preparation, characteri-

sation, cryo-EM data acquisition and in particular the developed and applied

processing workflows.

• chapter 3 presents the results on the 26S–Ubp6 complex and discusses them

in the context of current literature.

• chapter 4 summarises and discusses the developed workflow and presents the

insights obtained from the resulting high-resolution structure of the human

26S proteasome.

• chapter 5 contains overarching conclusions of this work and provides future

perspectives.
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2 Materials and methods

2.1 Protein expression and purification

2.1.1 Purification of the yeast 26S proteasome

Table 2.1.1: Materials for the purification of S. cerevisiae 26S proteasomes
Abbreviations: ATP: adenosinetriphosphate, DTT: dithiothreitol, CPh: creatine phosphate,
CPK: creatine phosphatekinase, YPD: yeast extract peptone dextrose

strain
YYS40: MATa RPN11-3FLAG::HIS3

(in-house yeast strain library)

YPD medium
1% yeast extract (BD, New Jersey),

2% peptone (BD, New Jersey), 2% dextrose

lysis buffer
50 mM Tris-HCl pH 7.1, 100 mM NaCl, 10 mM MgCl2,

4 mM ATP, 10% glycerol

sucrose collumn buffer
20 mM HEPES/ KOH pH 7.1, 40 mM NaCl, 10 mM MgCl2,

5mM DTT, 4 mM ATP, 1 mM CPh, 3 units/ml CPK

Saccharomyces cerevisiae (S. cerevisiae) 26S proteasomes were purified using an es-

tablished protocol [Sakata et al., 2011]. The yeast strain YYS40 was cultured in YPD

medium for 5 days at 30 °C. After the cells had reached the stationary phase, they

were harvested by centrifugation (4,000xg) and frozen at -80 °C for storage or im-

mediately lysed. For lysis the cells were resuspended in 20 ml lysis buffer per 10

grams of cells and placed in a cell mill with 1 mm glass beads at 4 °C (milling

2 times for 3 min). After separation of the glass beads from the crude cell ex-

tract by centrifugation and washing of the glass beads with lysis buffer, the lysate

was cleared by 2 centrifugation steps (SS34, 20 min, 20,000 rpm; Ti50.2, 45 min,

33,200 rpm). The affinity purification of 26S proteasomes via Rpn11-3FLAG from

the cell lysate included an incubation with anti-FLAG M2 agarose beads (Sigma-

Aldrich) for 2 hours at 4 °C, washing the agarose three times with lysis buffer in

an gravity flow column and elution of 26S proteasomes three times with 1 column
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volume of 400 µg/ml 3XFLAG peptide (Sigma-Aldrich). The eluted sample was

concentrated in a 5 ml Amicon Ultra MWCO 10000 concentrator at 4 °C 4,000 g in

10 min intervals and subjected to a 15%- 40% sucrose gradient (buffer as given in

subsection 2.1.1) for further isolation. Gradient fractions were analysed by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) for the typical 26S

proteasome band pattern and by an activity assay (as described in subsection 2.2.2

but using Suc-Leu-Leu-Val-Tyr-AMC as a substrate).

2.1.2 Purification of yeast Ubp6

Table 2.1.2: Materials for the purification of yeast GST-Ubp6

strain BL21Star (DE3) (Invitrogen, Carlsbad)
GST binding buffer 10 mM PBS pH 7.4, 1 mM DTT
GST elution buffer 50 mM Tris-HCl pH 8.0, 20 mM reduced gluthation
MonoQ wash buffer 20 mM Tris-HCl pH 7.5
MonoQ elution buffer 20 mM Tris-HCl pH 7.5, 1 M NaCl

Yeast GST-Ubp6 (plasmid: pDL74 from Finley Lab, Harvard) was expressed in

Escherichia coli (E.coli) and purified based on a protocol from [Leggett et al., 2002].

Cells were harvested by centrifugation and resuspended with GST binding buffer

(6 ml buffer per 1 g cells). The cell suspension was incubated for 1 hour on ice

with 1 mg/ml lysozyme, protease inhibitor without EDTA (Roche) and 0.5 mg/ml

DNAse I (Roche), before the cells were finally lysed by sonication (30 s, 50%, Bran-

son Sonifier 250). The crude cell extract was centrifuged (SS34, 20000 rpm, 30 min)

and the resulting cleared cell extract was then incubated with 7 ml 4% Gluthation

Agarose (Jens Bioscience) at 4 °C for 1 hour in batch mode. The cell-extract-agarose

mix was poured in an empty gravity flow column, the flowthrough was collected

and the Gluthation Agarose beads were washed 10 times with one column volume

cold GST binding buffer. GST-Ubp6 was eluted with 5 times half the column vol-

ume cold GST elution buffer. The eluted protein was diluted with MonoQ wash

buffer to a final volume of 45 ml for further purification by a 1 ml MonoQ column

(GE Healthcare) using a standard purification protocol. Fractions were analysed by

SDS-PAGE.
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2.1.3 Purification of the human 26S proteasome

For purification of human 26S proteasomes, Andreas Schweitzer adapted an exist-

ing protocol [Liu et al., 2006]. The procedure is described in detail in [Schweitzer,

2016; Schweitzer et al., 2016]. In brief, 26S proteasomes were purified from erythro-

cytes by osmotic shock, ammonium sulfate precipitation, ultracentrifugation, and

a sucrose gradient centrifugation. Gradient fractions were analysed by SDS-PAGE

for the typical 26S proteasome band pattern and by an activity assay (as described

in subsection 2.2.2 but using Suc-Leu- Leu-Val-Tyr-AMC as a substrate).

2.2 Sample characterisation

2.2.1 Pull-down experiments

To confirm the interaction between GST-Ubp6 (subsection 2.1.2) and the 26S protea-

some (subsection 2.1.1) as well as GST-Ubp6 and ubiquitin aldehyde (UbAld, pur-

chased from Boston Biochem), a pulldown assay was performed using the Rpn11-

3XFlag tag and anti-FLAG M2 agarose beads (Sigma-Aldrich). 2.5 µM GST-Ubp6

were mixed with 110 nM 26S proteasomes in the absence and presence of 11 µM

UbAld. All samples were incubated on ice for 30 min, before 20 µl of the 50%

slurry of anti-FLAG M2 beads were added to the mixture, followed by another

incubation of 30 min at 4 °C while being inverted on a rotating wheel. The M2

beads were washed three times with the lysis buffer (see Table 2.1.1) and eluted

with 400 µg/ml FLAG peptide (Sigma-Aldrich). The resulting samples were sub-

jected to SDS-PAGE analysis and the gels were analysed by Coomassie staining or

immunoblotting.

2.2.2 Fluorogenic hydrolysis assays

Table 2.2.1: Materials for the fluorogenic hydrolysis assays

hydrolysis assay buffer
25mM HEPES/ KOH pH 8.0, 0.5 mM ATP,

125 mM K-acetate, 2.5 mM MgCl2, 0.025% Triton X-100,
0.5 mM DTT, 0.1 mg/ml BSA

To verify the catalytic activity of the 26S proteasome-bound Ubp6 and the ef-

fects of UbAld [Peth et al., 2009], hydrolysis assays using fluorescent substrates
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were carried out. The deubiquitylating activity of Ubp6 was monitored using Ub-

AMC (ubiquitin-7-amido-4-methylcoumarin, Boston Biochem). Additionally, in

separate samples the chymotrypsin-like activity of the CP of the 26S proteasome

was assessed by GGL-AMC (glycine-glycine-leucine-7-amido-4-methylcoumarin,

Bachem). The covalently attached ubiquitin or short peptide (GGL) quenches the

fluorescence of the fluorophor AMC. Through the enymatic activity of Ubp6 or the

CP, this quenching part of the substrate is cleaved off and free AMC starts to fluo-

resce. Hydrolysis of Ub-AMC or GGL-AMC by Ubp6 or the 20S, respectively, was

measured at 360 nm excitation/465 nm light emission. Over time, free AMC accu-

mulates. At the used concentrations, the substrates are cleaved at a constant rate,

leading to a linearly increasing fluorescence intensity over time until the hydrol-

ysis is hampered by e.g. the decreasing amount of substrate. The activity of the

hydrolysing enzyme can be assessed as the intensity increase in the linear regime.

The experiments were carried out on a 384-well plate (Bachem). Up to 50 samples

with differing compositions were prepared. For sample preparation, 3 µM GST-

Ubp6 were added to 10 nM 26S proteasomes in the presence of the hydrolysis assay

buffer, followed by an incubation for 15 min on ice. Then UbAld was added at

different concentrations (0-15 µM) to the mixture, followed by further incubation

for 15 min on ice. The enzymatic reaction was started by addition of 40 nM Ub-

AMC or 40 nM GGL-AMC peptide. The fluorescence signal was taken for each

sample approximately every 20 s using a GENios Pro (TECAN) fluorometer. To

obtain the activity the linear regime of the fluorescence intensity IF over time was

determined by eye and fitted with a linear function IF = a · x + b, with a being the

activity.

2.3 Electron microscopy

For SP cryo-EM sample preparation, Quantifoil R 2/1 holey carbon (Cu 200 mesh)

grids (Quantifoil Micro Tools GmbH) were used. The human 26S proteasome sam-

ple was additionally prepared on Quantifoil Lacey Carbon grids (Cu 200 mesh). To

obtain a vitrified sample, 4 µl of the sample (human 26S, or one of the samples listed

in Table 3.1.2) were pipetted onto a glow-discharged grid and incubated for 20 s.

The incubation was followed by manual blotting with filter paper and two wash-

ing steps with 4 µl of water to minimise the sucrose content. The sample was then

vitrified by an in-house built ’plunger’, which drops the sample into liquid ethane

in a guillotine-like manner. The vitrified grids were stored in liquid nitrogen until
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data acquisition.

All datasets analysed in this thesis were acquired on a Titan Krios transmission

electron microscope (FEI) equipped with a DED. Images were recorded with the

EPU software (FEI). Acquisition parameters and further information on the equip-

ment are summarised in Table 2.3.1.

Table 2.3.1: Parameters and equipment used for data acquisitions

Parameter
datasets for project:
26S–Ubp6–UbAld

datasets for project:
human 26S

microscope Titan Krios (FEI) Titan Krios (FEI)
detector Falcon2 (FEI) FEI Falcon3 (FEI)
energy of electron beam 300 keV 300 keV
pixelsize at specimen level 1.4 Å 1.35 Å
total dose 45 electrons/Å2 45 electrons/Å2

number of frames per image 7 ∼60
nominal defocus (underfocus) 2 to 3 µm 0.8 to 3 µm

2.4 Image processing

For all datasets, each image was acquired as a stack of frames (see Table 2.3.1),

which were aligned with an in-house program based on the algorithm in reference

[Li et al., 2013]. The aligned frame stacks as well as the summed images were saved

for further use. Due to the different aims of the two projects included in this work,

the SPA performed differs in many respects and will be discussed separately in the

following two subsections.

Previous analysis has revealed that the conformational states of the two RPs of

double-capped 26S proteasomes are not correlated [Beck et al., 2012; Matyskiela

et al., 2013; Unverdorben et al., 2014]. Therefore, both data processing workflows

include an in-silico separation of the RPs as described in [Unverdorben et al., 2014]

as a key element, i.e., the two RPs of the double-capped 26S proteasomes were

treated as separate virtual particles.

2.4.1 Data processing pipeline for the 26S–Ubp6–UbAld structure

For the 26S–Ubp6–UbAld project only the summed images of the aligned frame

stacks were used. The CTF of each image was estimated and double-capped 26S
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proteasome (dc26S) particles were automatically localised by cross-correlation ana-

lysis of template projections with the images as described in [Beck et al., 2012]. Both

steps are implemented in the TOM toolbox [Nickell et al., 2005]. The localised par-

ticles were extracted with and without CTF-correction. For further processing in

XMIPP, extraction with CTF correction was performed using the TOM toolbox. Ad-

ditionally, particles were also extracted in RELION [Scheres, 2012a] without CTF-

correction, because the algorithms used for alignment and classification in RELION

correct for the CTF on-the-fly. Low-quality particles were identified using RELION

2D classification [Scheres, 2012a] and deleted from the dataset.

The remaining particles (Figure 2.4.1 A, setA) were subjected to 3D alignment and

reconstruction (in XMIPP [Scheres et al., 2008]) with a full angular search imposing

C2 symmetry. The obtained angles were then used for an in-silico separation of the

RPs (Figure 2.4.1 A, setB). The idea of this in-silico separation is to duplicate each

particle and to change the Euler angles of the copied particle from (rot,tilt,psi)

to (rot+180°,tilt,psi).

Figure 2.4.1: A: Workflow applied to all three datasets of the Ubp6 project, which aims to
separate particles in different overall RP states. B: Focused classification with a mask on
the region of the larger extra density observed for 26S–Ubp6–UbAld was applied to all
datasets using tom.foc. C: Workflow applied to obtain a higher resolution structure of the
26S–Ubp6–UbAld complex.

These separated RPs were classified using an in-house modified version of XMIPP,

which allows restricting the in-plane rotation and to focus the analysis on one of the

RPs [Unverdorben et al., 2014]. For a comparison of the state occupancy, subsets of

equal size (∼180,000 particles) were classified into six classes. The resulting den-
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sities were grouped by comparing them with the known conformations s1, s2 and

s3 by cross-correlation (Figure 2.4.1 A, setC&D). For analysing the region of extra

density the same classification approach was applied to all RPs of a dataset. The

resulting s2-like particles (Figure 2.4.1 A, setD) were subjected to additional clas-

sification (Figure 2.4.1 B) as described in [Bohn et al., 2010] and implemented in

the TOM toolbox with a small mask focused on the area between Rpn1 and Rpn10,

where the larger part of the extra density in the reconstruction of 26S–Ubp6–UbAld

is located. This analysis revealed small populations of classes showing the extra

density in the 26S–Ubp6 and 26S–UbAld datasets (Figure 2.4.1 B, setE).

For a more detailed analysis of proteasome bound Ubp6–UbAld, the s2-like 26S–

Ubp6–UbAld RPs (setD) were cleaned to achieve higher homogeneity by an addi-

tional round of classification employing the modified XMIPP version (Figure 2.4.1

C). Only particles from classes in an s2-like state with a clear extra density were

kept. The resulting cleaned set of particles (setG) was subjected to a refinement of

the alignment parameters in two independent halves (’gold-standard’) as described

in [Unverdorben et al., 2014]. The overall resolution of the final structure was calcu-

lated according to [Scheres, 2012a]. Additionally, the local resolution was assessed

using Bsoft [Cardone et al., 2013] and the map was filtered accordingly.

2.4.2 Data processing pipeline for a high-resolution 26S structure

For processing of the human 26S proteasome dataset, the summed images of the

aligned frame stacks were used for CTF estimation in CTFFIND4 [Rohou and Grig-

orieff, 2015]. From the fitted values, the image quality was assessed and images

with a CTF fit score below 0.05 and a defocus outside the range of 0.8-3.5 µm were

deleted. The remaining 40,211 images were subjected to automated particle locali-

sation. The particle localisation and subsequent cleaning was done in the same way

as for the datasets of the 26S–Ubp6 project described above (subsection 2.4.1). 2D

classification in RELION was also used to divide the particles into single-capped

and double-capped 26S proteasomes (sc26S and dc26S, respectively). Both subsets

were extracted at full size (box size: 384x384 pixels, pixel size: 1.35 Å) and at a re-

duced size (box size: 256x256 pixels, pixel size: 2.03 Å). The size-reduced particles

were preferably used for further processing steps except for the particle polishing

and refinement (Figure 2.4.2). As mentioned above (subsection 2.4.1), no CTF cor-

rection was performed during particle extraction, as the RELION algorithms, used

for subsequent steps of alignment and classification, correct for the CTF on-the-fly.

The dc26S and sc26S particles were processed separately until the final refine-
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ment (for an overview on the processing see Figure 2.4.2). In the first step of pro-

cessing the dc26S particles, an alignment and 3D reconstruction with imposed C2

symmetry was performed in RELION [Scheres, 2012a]. The result indicated an un-

even angular distribution (Figure 4.1.1). This unbalanced distribution was used to

decrease the size of the dataset. Angular classes with an above-average occupancy

were reduced to the mean occupancy by discarding particles that score worst in

terms of the ’rlnMaxValueProbDistribution’ value, as calculated by RELION, which

is a measure for the unambiguity of the (angular) class assignment of a particle. An

evaluation did not show any significant decrease in resolution upon data reduc-

tion by this method (subsection 4.1.1). The alignment parameters of the remaining

particles were refined imposing C2 symmetry using the gold-standard refinement

procedure in RELION. Applying the refined parameters, the particles were pol-

ished in RELION, which includes a per frame shift alignment for each particle and

a frequency-dependent dose weighting of the frames. The resulting summed parti-

cles are referred to as ’polished’ or ’shiny’ particles.

In the next step, the broken C2 symmetry was addressed by an in-silico separa-

tion of the RPs. To this end, the method used for the 26S–Ubp6 project (see sub-

section 2.4.1) and described in [Unverdorben et al., 2014] was implemented for the

RELION data format. To maintain the separation of the RPs throughout the fol-

lowing steps, a mask has to be applied to one half of the 26S proteasome and any

angular alignment has to be restricted to a local search around the angles used for

the in-silico separation, this will be referred to as ’restricted alignment’ in the fol-

lowing. The initial local search range for the restricted alignment was chosen as

7.5° and RELION decreases this range automatically depending on the resolution.

The separated and shiny RPs were subjected to classification in RELION, focused

on one RP using a soft-edged spherical mask. As RELION applies this mask only

to the 3D volume but not on the 2D particle level, particles may be misaligned

to increase the density inside the masked area, leading to so-called ’moving tar-

get’ artefacts, which include the classification according to different misalignments.

Therefore, the alignment parameters were kept constant throughout the classifica-

tion. The particles were classified in two rounds, keeping only those classes in a

well-defined s1-like state. The resulting ’cleaned’ RPs were then subjected to a re-

finement of the alignment parameters in RELION (gold-standard approach), with

a restricted alignment and a soft-edged mask on one half of the 26S protesome.

For processing of the sc26S particles, C1- symmetry was imposed throughout all

steps (Figure 2.4.2). After the initial alignment, the dataset was reduced as done for

the dc26S particles, followed by refinement and particle polishing. The shiny par-
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ticles were subjected to classification with a mask on the entire sc26S and a global

angular search. The sc26S particles from s1-like classes were selected and refined

onto the the final reconstruction of the dc26S RPs with a full angular search.

The classification of the sc26S particles also identified wrongly classified dc26S

particles (dc26S*). These particles were reprocessed to obtain the high-quality RPs.

A refinement imposing C2 symmetry was followed by a separation of the RPs, as

done for the dc26S particles. A subsequent step of classification under the same

conditions as done for the dc26S particles identified s1-like RPs, which were then re-

fined with restricted alignment conditions onto the final reconstruction of the dc26S

particles using a soft-edged mask on one half of the 26S protesome. These refined

dc26S* RPs were then added to the dc26S RPs.

In the final step, the dc26S RPs and sc26S particles were merged and refined (Fig-

ure 2.4.2) under restricted alignment conditions using a soft-edged mask on one

RP and the CP. The resolution of the resulting final reconstruction was assessed by

Fourier shell correlation of the two gold-standard halfs in RELION [Scheres, 2012a].

This method includes an assessment and correction of a possible over-estimation of

the resolution due to noise reinforcement and masking [Chen et al., 2013]. The local

resolution of the map was computed using B-soft [Cardone et al., 2013].

2.5 Modelling of the high-resolution 26S structure

Based on the high-resolution density of the human 26S proteasome an atomic model

was built. The procedure is described in detail in [Schweitzer et al., 2016] and fol-

lows the integrative modelling approach from [Goh et al., 2016]. In brief, an initial

model was built from an existing crystal structure of the 20S and comparative mod-

els of the RP subunits using Modeller [Šali and Blundell, 1993] in combination with

de novo prediction for missing or low-homology parts in Rosetta [Kaufmann et al.,

2010; Leaver-Fay et al., 2011]. VMD [Humphrey et al., 1996; Stone et al., 2014] was

employed to analyse the predicted models and select the best model, which was

then fitted into the density using MDFF [Trabuco et al., 2008]. Segments of the

model that deviated from the density were corrected through an interactive com-

bination of a Monte Carlo backbone and side chain rotamer search algorithm (im-

plemented in Rosetta) and MDFF (following an optimised strategy from [Lindert

and McCammon, 2015]). The model was further refined in reciprocal space using

PHENIX [Adams et al., 2002; Greber et al., 2014] and the result was analysed in

COOT [Emsley et al., 2010].
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Figure 2.4.2: Workflow applied to double- and single-capped 26S proteasome particles to
obtain a high resolution structure of the RP. Boxes in yellow represent steps conducted in
RELION, boxes in grey stand for steps done outside of RELION using own tools.
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the presence of Ubp6 and ubiquitin

aldehyde

Motivated by the results from Peth and colleagues [Peth et al., 2009] described in

subsection 1.3.1, the structure of the 26S–Ubp6 complex was studied by cryo-EM

in presence and absence of ubiquitin aldehyde. The work aimed to explore the

arrangement of the complex as well as the effects of ubiquitin binding to it on a

structural level. The results were published in the peer-reviewed article [Aufder-

heide et al., 2015a] and this chapter is based on this publication. The co-authors

contributed as stated in the publication. In particular, some of the results presented

below were obtained in cooperation with Eri Sakata, who carried out the pull-down

experiments, Florian Beck, who supported me during fitting a crystal structure of

Ubp6 into the obtained density and Florian Stengel, a collaborator, who performed

the cross-linking mass spectrometry (XL-MS) experiments.

3.1 Results

3.1.1 Biochemical characterisation

Ubp6 has been shown to be present in substoichometric amounts in wild type (WT)

26S proteasome purifications from yeast [Sakata et al., 2011]. According to label-

free mass spectrometry quantification the amount of Ubp6 in our samples is ap-

proximately 30% of the canonical RP subunits (Table 3.1.1). In order to achieve a

higher occupancy of Ubp6, we added recombinant Ubp6 in excess amounts to pu-

rified 26S proteasomes (‘26S–Ubp6‘). In a second step, UbAld was added to the

complex to study the effects of ubiquitin-binding (‘26S–Ubp6–UbAld‘).
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Table 3.1.1: iBAC values determined by label-free mass spectrometry of the WT 26S sample.
Comparison of the values obtained for major PIPs with the average iBAC value of the sto-
ichiometric 26S subunits. The stoichiometry is calculated by the ratio of the respective PIP
iBAC value and the averaged iBAC value of the stoichiometric subunits.

iBAC
approximated

stoichiometry [%]

average over all
stoichiometric subunits

1.86 · 1010 100

Rpn13 1.28 · 1010 69
Ubp6 5.74 · 109 31
Dsk2 5.95 · 107 < 1

Rad23 5.80 · 107 < 1

Characterisation of the binding of Ubp6 to the 26S and UbAld to 26S–Ubp6

Due to the activation of Ubp6 upon binding to the 26S proteasome(subsection 1.3.1),

it is possible to study the binding kinetics through fluorogenic hydrolysis assays

(subsection 2.2.2) using Ub-AMC as a substrate, which is cleaved by Ubp6. Using

these assays we verified the catalytic activity of the recombinant Ubp6 in the pres-

ence of purified 26S proteasomes and determined a concentration of Ubp6 in the

saturated binding regime suitable for further experiments to be 3 µM. Addition-

ally, we confirmed that the catalytic activity of proteasome bound Ubp6 was fully

inhibited by UbAld at a concentration of 12 µM indicating a near-stoichiometric

binding of UbAld to Ubp6 (Figure 3.1.1 A). This concentration of UbAld was used

for further experiments on the 26S–Ubp6–UbAld complex.

The binding of Ubp6 to the 26S proteasome in the presence and absence of UbAld

was further confirmed by a pulldown analysis (Figure 3.1.2), carried out by Eri

Sakata. The pulldown assay was performed against the Rpn11-3XFlag analysing

the occupancy of Ubp6 by coomassie staining and immunoblotting (for details see

subsection 2.2.1). Interestingly, the band of Ubp6 is slightly intensified under ad-

dition of UbAld, indicating a more stable binding of Ubp6 to the 26S proteasome

under this condition.

Increased proteasomal activity of the 26S–Ubp6 complex in the presence of

UbAld

Using the fluorogenic substrate GGL-AMC, which is hydrolysed by the 20S, we

were able to qualitatively reproduce the increase of proteasomal activity upon bind-
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Figure 3.1.1: Catalytic activity of
Ubp6 and the 20S: (A) Ub-AMC
hydrolysis decreases with increasing
concentration of UbAld. The activity
of Ubp6 (3 µM) in the presence
of WT 26S (10 nM) is completely
inhibited by UbAld at concentrations
above 9 µM. (B) Ubp6 (3 µM), WT
26S (10 nM), and WT 26S–Ubp6
(10 nM and 3 µM, respectively)
were tested for the activity of the
20S CP in the absence (gray) and
presence (red) of UbAld (15 µM). The
GGL-AMC hydrolysis rates indicate
an activation of WT 26S proteasomes
in the presence of Ubp6 as well as
UbAld and qualitatively reproduce
the results from [Peth et al., 2009].
Figure adapted from [Aufderheide
et al., 2015a].

ing of UbAld to 26S–Ubp6 reported by the Goldberg lab [Peth et al., 2009]. Interest-

ingly, the detected GGL-AMC hydrolysis rates indicate an activation of 26S protea-

somes (10 nM) in two steps (Figure 3.1.1 B). The first increase in hydrolysis by the

20S is encountered in the presence of recombinant Ubp6 (3 µM) and a second more

significant increase is detected upon addition of UbAld (12 µM).

3.1.2 Single particle cryo-EM reconstructions

As discussed in subsection 3.1.1, Ubp6 is present in substoichometric amounts in

purified WT 26S. Therefore, Ubp6 was not localised in previous cryo-EM studies of

WT 26S. The biochemical characterisation of addition of recombinant Ubp6 (sub-

section 3.1.1) confirmed a higher occupancy of Ubp6 at the chosen concentrations

of Ubp6 and UbAld, 3 µM and 12 µM, respectively. Thereby, we anticipated the

localisation of Ubp6 in the holocomplex under these conditions. In order to obtain

a sufficiently large amount of particles per image, WT 26S was used at a concen-

tration of 300 nM for the cryo-EM experiments, implying that Ubp6 was added at

10-fold excess. The studied samples are summarised in Table 3.1.2.
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Figure 3.1.2: Purified GST-Ubp6 binds to the 26S proteasome: The pulldown assay was
performed in the presence and absence of UbAld. The presence of UbAld slightly increases
the interaction of Ubp6 with the 26S proteasome. Figure adapted from [Aufderheide et al.,
2015a]

Table 3.1.2: Samples studied by cryo-EM

26S–Ubp6 26S–Ubp6–UbAld 26S–UbAld

WT 26S [µM] 0.3 0.3 0.3
GST-Ubp6 [µM] 3 3 –

UbAld [µM] – 12 12

Cryo-EM was performed as described in section 2.3 and the single-particle ana-

lysis was carried out as summarised in subsection 2.4.1. The main feature of the

computational analysis is a separate treatment of the two RPs of the double-capped

26S proteasomes during the 3D alignment and classification procedures. Table 3.1.3

summarises the number of particles in each step of the analysis. The reconstruction

from ∼160,000 26S–Ubp6 particles (each corresponding to a 26S proteasome half)

yields a blurred RP density, which is typically observed for a mixture of multiple

conformational states. In particular, the horseshoe-shaped scaffold assembled from

the six PCI subunits is smeared out (Figure 3.1.3 B). Compared with the previously
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published density of WT 26S proteasomes alone (‘26S‘, Figure 3.1.3 A), no extra

density could be detected upon addition of Ubp6. Thus, the overall blurriness of

the RP in the 26S–Ubp6 reconstruction is the only detectable difference to the WT

26S dataset.

Table 3.1.3: Number of particles in the 26S–Ubp6 data analysis. The names Set A-G are as
given in Figure 2.4.1.

Datasets 26S–Ubp6 26S–Ubp6–UbAld 26S–UbAld

Picked double capped particles (Set A) 81,100 84,100 250,600
Separated RPs (Set B) 162,200 168,200 501,200
s1-like RPs (Set C) 81,000 32,500 321,000
s2-like RPs (Set D) 81,200 135,800 180,200
s2-like RPs with extra density (Set E) 10,200 135,800 20,000

cleaning for high resolution structure:
s2-like RPs with clear extra density (Set F) – 107,700 –
s2-like RPs with clear extra density
used for refinement (Set G)

– 52,900 –

In a second step, 15 uM of UbAld was added to study the structural consequences

of ubiquitin binding to Ubp6 (26S–Ubp6–UbAld sample). Although the number

of particles in the 26S–Ubp6–UbAld dataset (∼ 170,000) is comparable to that of

26S–Ubp6, the reconstruction is better defined (Figure 3.1.3 C), indicative of less

structural heterogeneity, and it differs notably from that of 26S alone. While the

latter predominantly adopts the s1 conformation [Beck et al., 2012; Unverdorben

et al., 2014], the overall structure of 26S–Ubp6–UbAld appears more similar to the

s2 conformation [Unverdorben et al., 2014]. Most importantly, two extra densities in

the direct vicinity of Rpn1 are clearly distinguishable. A smaller density is attached

to Rpn1, while a larger density is in contact with Rpn1 as well as the ATPase OB-

ring.

In the last step, the 26S–UbAld sample, we repeated the experiment without

added Ubp6, to verify that these effects are due to the interaction of UbAld with

Ubp6. The reconstruction from ∼500,000 particles also yielded a well-defined struc-

ture (Figure 3.1.3 D). In contrast to the 26S–Ubp6–UbAld map, it is highly similar

to the reconstruction from 26S alone (Figure 3.1.3 A). Notably, the extra density of

the 26S–Ubp6–UbAld reconstruction is not found in this reconstruction.

Taken together, these data strongly suggest that the extra density observed for

26S–Ubp6–UbAld can be attributed to Ubp6–UbAld. To further support this in-
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Figure 3.1.3: 26S proteasome re-
constructions for different condi-
tions. Reconstructions from data-
sets of (A) 26S, (B) 26S–Ubp6, (C)
26S–Ubp6–UbAld and (D) 26S–
UbAld. All reconstructions were
filtered to 15-Å resolution. While
the reconstruction in A was taken
from [Beck et al., 2012], data-
sets for B-D were acquired in this
study. The black arrow in B
indicates the blurred PCI horse-
shoe. The dotted orange ellipse
and the orange arrow in C mark
the extra density seen for the 26S–
Ubp6–UbAld reconstruction. Fig-
ure adapted from [Aufderheide
et al., 2015a].

terpretation, Florian Stengel, a collaborator from the University of Konstanz, per-

formed XL-MS of 26S–Ubp6–UbAld. Overall, roughly 100 high-confidence cross-

links between different subunits of the 26S proteasome were identified, among

them six involving Ubp6. Of those, three links were found between the ubiquitin-

specific protease (USP) domain and the unstructured N-terminal region of Rpt2 as

well as two links to the C-terminal part of Rpt1 (Table 3.1.4, [Aufderheide et al.,

2015a]). Thus, essentially all detected crosslinks involving Ubp6 are in the imme-

diate vicinity of the extra density, corroborating the findings from the cryo-EM re-

constructions.

3.1.3 Analysis of conformational ensembles by classification

For a comparative analysis of the three datasets, subsets of equal size (∼ 160,000

RPs) were subjected to 3D classification and divided into 6 classes (see subsec-

tion 2.4.1 for details). The class reconstructions were assigned to the known confor-

mations s1, s2 and s3 [Unverdorben et al., 2014]. Different distributions of classes

in the s1- and s2 states were observed in the datasets, whereas no classes were as-

signed to the s3 state (Figure 3.1.4). While the s1/s2 ratio of 26S–UbAld particles is

comparable to that in 26S datasets (S1/S2=4:1) [Unverdorben et al., 2014], the other
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Table 3.1.4: XL-MS intersubunit crosslinks involving Ubp6: AbsPos1 and AbsPos2 are the
absolute positions of the cross-linked lysine residues within the UniProt (used uniprot se-
quences given in brackets) or construct sequence of Protein1 and Protein2, respectively.
deltaS is a measure for how close the best assigned hit was scored with regard to the second
best, Id is a weighted sum of different scores used to assess the quality of the composite MS2
spectrum as calculated by xQuest and FDR denotes the false-discovery rate as calculated
by xProphet. All residues part of unstructured regions are coloured in light grey. Note: The
residue numbers of GST Ubp6 were chosen to have the first residue of Ubp6 numbered as
1 and residues of the GST-tag have negative values. Data published in [Aufderheide et al.,
2015a].

Protein1 Protein2 AbsPos1 AbsPos2 deltaS ld-Score FDR

GST Ubp6 Rpt2 (P40327) 177 20 0.6 31.57 0.045
GST Ubp6 Rpt2 (P40327) 177 30 0.41 30.29 0.059
GST Ubp6 Beta5 (P30656) 378 71 0.57 29.27 0.084
GST Ubp6 Rpt1 (P33299) 375 394 0.63 28.52 0.112
GST Ubp6 Rpt1 (P33299) 370 394 0.73 28.14 0.112
GST Ubp6 Rpt1 (P33299) 378 394 0.38 27.07 0.126

two datasets with supplemented Ubp6 exhibit different state occupancies. For the

26S–Ubp6 dataset approximately equal amounts of particles are assigned to s1 and

s2 (s1/s2=1:1). In contrast, the majority of proteasomes in the 26S–Ubp6–UbAld

dataset are in an s2-like conformation (s1/s2=1:5). Overall, the different state occu-

pancies of the three datasets are consistent with the respective reconstructions prior

to classification (Figure 3.1.3). Thus, the binding of Ubp6 and additional UbAld to

the 26S proteasome strongly increases the occupancy of the s2 state.

A striking property of the reconstructions from the s1 and s2-like particles is that

the extra density (marked by orange ellipses and arrows in Figure 3.1.4), which

is observed in the overall 26S–Ubp6–UbAld reconstruction, is exclusively present

in the s2-like conformations. This feature is most clearly discernible in the recon-

struction from the s2-like 26S–Ubp6–UbAld particles. In addition, the s2-like class

reconstructions from the 26S–Ubp6 and 26S–UbAld datasets show indications of

this extra density in the respective areas, whereas none of the s1-like groups exhibit

any sign of it.

3.1.4 Focused classification results

To further investigate the relatively weak extra density in the s2-like states of the

26S–Ubp6 and 26S–UbAld datasets, the s2-like particles were classified out of the

full datasets and subjected to a second round of classification focused on the region

49



3 Structure of the 26S proteasome in the presence of Ubp6 and ubiquitin aldehyde

Figure 3.1.4: Classification of datasets into s1 and s2 states. The bars indicate the relative
frequencies of s1 and s2 states. (A) The s1 and s2 reconstructions obtained from 26S protea-
somes alone ([Unverdorben et al., 2014]. The different subunits of the regulatory particles
are indicated for the s1 state. (B-D) As in A, for the 26S–Ubp6 (B), 26S–Ubp6–UbAld (C),
and 26S–UbAld (D) datasets. The dotted orange ellipses and the orange arrows mark the
extra density seen for the 26S–Ubp6–UbAld reconstruction shown in Figure 3.1.3 C. Figure
adapted from [Aufderheide et al., 2015a].

between Rpn1 and Rpn10 as described in subsection 2.4.1 (Figure 2.4.1 B). As all

classes from dataset 26S–Ubp6–UbAld from the first round of classification (Fig-

ure 2.4.1 A) showed extra density, no focused classification was needed for this

dataset to extract the particles showing the extra density.

In contrast to previous classification results on the 26S alone [Unverdorben et al.,

2014], for the 26S–Ubp6 dataset, 6% of all particles show an extra density, which

is located at the same position as the one identified in the 26S–Ubp6–UbAld re-

construction, but which appears to be slightly smaller (Figure 3.1.5). Thus, Ubp6

alone can induce a similar conformation as seen with the 26S–Ubp6–UbAld dataset.

However, as the population of this conformation is relatively small, it is most likely
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Figure 3.1.5: Focused classification result: Reconstructions of particles showing extra den-
sity in the s2-like state of the 26S–Ubp6 (A), 26S–Ubp6–UbAld (B), and 26S–UbAld (C)
datasets and according RP numbers (see Table 3.1.3). Orange ellipses and arrows mark the
extra densities in the final reconstructions of the classification results. Note the difference in
the shape of the extra density in the 26S–Ubp6 reconstruction as compared with the other
two. Figure adapted from [Aufderheide et al., 2015a].

one of many conformations adopted by the 26S–Ubp6 complex.

The analysis of the 26S–UbAld dataset also reveals an extra density for ∼ 4%

of the particles. In contrast to 26S–Ubp6, this extra density has approximately the

same size as seen for 26S–Ubp6–UbAld (Figure 3.1.5). The most likely explanation

for this population is the binding of UbAld to the sub-stoichiometric amounts of

endogenous Ubp6 present in purified 26S proteasome samples (Table 3.1.1). Due to

the small percentage of particles exhibiting the extra density, it is likely that some

of these particles are erroneously grouped during the multi-step classification pro-

cedure. Therefore, the given percentages of particles with this feature, most likely

constitutes a lower boundary value.

The extra density-containing reconstructions from the 26S–Ubp6–UbAld and 26S–

UbAld data are nearly identical, in particular there is no difference in the extra den-

sity, indicating that the N-terminal GST tag of the recombinant Ubp6 is not resolved

in the 26S–Ubp6–UbAld reconstruction because it is flexibly linked to the UBL do-

main by an 8-residue linker.

3.1.5 Positioning of Ubp6

In order to analyse the structure of proteasome bound Ubp6–UbAld in more de-

tail, the full 26S–Ubp6–UbAld dataset was ‘cleaned‘ and refined as described in

subsection 2.4.1. This procedure lead to a map of an overall resolution of 9.5 Å (Fig-

ure 3.1.6 A). Determination of the local resolution showed that while many parts

of the 26S proteasome are resolved at sub-nanometer level, the extra density is less
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well-defined (Figure 3.1.6 B). This locally reduced resolution is most likely caused

by structural heterogeneity of Ubp6, which is consistent with differences in the ex-

tra density of the individual classes found in the initial classification (Figure S4 in

[Aufderheide et al., 2015a]).

Figure 3.1.6: The 26S–Ubp6–UbAld complex at a global resolution of 9.5 Å: (A) Refined
density filtered to its local resolution. (B) Same map as in (A) coloured according to the
determined local resolution. (C) Comparison of the atomic model of the s2 state and the
density. The difference between the two is rendered as an isosurface. The orange density
is specific for the 26S–Ubp6–UbAld data, and the gray area corresponds to the disordered
N termini of the coiled-coils of Rpt4/5, which are also present in the EM density from 26S
alone but are not included in the model. Figure adapted from [Aufderheide et al., 2015a].

The refined density is clearly in an s2-like state. Therefore, the available s2 pseudo-

atomic model (PDB code 4CR3) was rigid-body-fitted into the map. This allowed

us to isolate computationally the segments not accounted for by the model (Fig-

ure 3.1.6 C). In addition to the extra density, the difference between the map and

model includes a small density at the tips of the coiled-coils of Rpt4/5. However,

this density is also present in the s2 26S cryo-EM maps (Figure 3.1.4 A), although

it is not explained by the s2 atomic model and, therefore, does not correlate with

Ubp6. The extra density attributed to Ubp6 consists of two segments. The smaller

one is attached to Rpn1 and its volume approximately matches that of the UBL

domain of Ubp6. It contacts Rpn1 in proximity to the helices H2–H5 of its toroid
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domain. The larger segment is highly similar in size, shape and volume to the

atomic structure for the catalytic USP domain of Ubp6 (PDB code 1VJV) and Usp14

bound to UbAld (PDB code 2AYO) [Hu et al., 2005].

3.1.6 A pseudo-atomic model for the 26S–Ubp6–UbAld complex

Figure 3.1.7: Fit of the Ubp6 USP domain in the refined 26S–Ubp6–UbAld density. (A)
Assessment of orientation specificity of fitting. The Z-scores of the correlation are plotted
against the angular distance to the best-fitting result, which is more than six standard de-
viations above the mean value. The coordinates are coloured according to the distance of
the cross-linked residues of the USP domain and Rpt1 (Table 3.1.4). (B) Visualisation of
the crosslink for the three best-scoring solutions in A (orange: Ubp6; purple: UbAld; blue:
Rpt1; brown: Rpt1; cyan: Rpt5; red: CP). Figure adapted from [Aufderheide et al., 2015a].

In contrast to the small segment of the extra density, which is too small for fitting

the UBL domain of Ubp6 accurately at the achieved resolution, the larger segment

could be used to position an atomic model of USP domain (Ubp6USP, residues 104-

499) bound to UbAld. The model of Ubp6USP–UbAld was created by superposing

the Ubp6USP crystal structure (PDB code 1VJV) onto the Usp14–UbAld structure

(PDB code 2AYO). In order to fit this model into the large segment of the extra

density, my colleague Florian Beck supplied me with a six-dimensional (exhaus-

tive translation and orientation) correlation search procedure, which was applied

to the Ubp6USP–UbAld template against the area of the extra density. To assess the

53



3 Structure of the 26S proteasome in the presence of Ubp6 and ubiquitin aldehyde

specificity of the orientations, the respective correlation values were transformed

to Z-scores in a two-step procedure. Firstly, a Fisher transformation was applied

to the correlation values and secondly, the results were normalised by subtracting

the mean and dividing by the standard deviation. The Z-scores reveal that the best-

fitting orientation scores significantly better than all other solutions (Figure 3.1.7 A).

The scores decreased slightly when Ubp6USP alone was used as a search template,

but the angular positioning remained the same (Figure S8 in [Aufderheide et al.,

2015a]).

In the best-fitting result (Figure 3.1.7 B, I) UbAld is positioned in the part of the

extra density, which is closest to Rpn10 and Rpn11, facing the OB-ring of the ATP-

ase. Interestingly, the extra density in the classified subset of the 26S–Ubp6 dataset

lacks density in precisely the area assigned to UbAld (Figure 3.1.8 A), whereas the

subsets from the 26S–UbAld and 26S–Ubp6–UbAld datasets exhibit the complete

extra density (Figure 3.1.8 B-C). Taken together, the findings indicate that this part

of the extra density represents UbAld.

Figure 3.1.8: Comparison of the best-fitting Ubp6-UbAld model with extra-density in clas-
sified subsets of (A) 26S–Ubp6, (B) 26S–Ubp6–UbAld, (C) 26S–UbAld. Strikingly, UbAld is
positioned precisely in the area, where the 26S–Ubp6 reconstruction is lacking density in
comparison with the reconstructions from the two datasets containing UbAld.

The positioning of Ubp6 is further supported by the XL-MS data (Table 3.1.4). De-

spite crosslinks which involve residues within unstructured domains, one crosslink

was identified between lysines of Ubp6 and Rpt1 that are covered by the available

atomic models (PDB codes 1VJV and 4CR3, respectively). For the best fit result of

Ubp6, the distance of the respective Cα -atoms is ∼28 Å, which is below the cut-

off of 30 Å previously applied for intersubunit crosslinks of the 26S proteasome

[Walzthoeni et al., 2012]. For the majority of alternative solutions the distances are

much larger (Figure 3.1.7). Thus, the analysis of the XL-MS data of 26S–Ubp6–

UbAld constitutes orthogonal evidence for the suggested placement of the catalytic

domain of Ubp6 bound to the 26S proteasome.

The determined 26S–Ubp6USP–UbAld model, shows the N-terminal end of the
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Figure 3.1.9: The model of proteasome-bound Ubp6–UbAld: (Upper row) Atomic model of
the 26S–Ubp6–UbAld complex seen in two different views. (Lower row) The boxed region
is enlarged for better visualisation of Ubp6USP (Ubp6104−499 in the image) and UbAld. In
the enlarged top view (Lower Right) Rpn13, Rpn2, Rpn8, and the PCI horseshoe have been
removed for clarity. The stars mark the active sites if Ubp6 and Rpn11. Figure adapted from
[Aufderheide et al., 2015a].

Ubp6USP domain (residue 104) in direct proximity to Rpn1. This finding agrees

well with the proposed positioning of the UBL domain also at Rpn1. An additional

contact with Rpn1 is established by helices H8 and H9 that protrude from the palm

domain of Ubp6 towards Rpn1 (Figure 3.1.9). This segment is specific for Ubp6 and

is not present in related USP enzymes, such as herpes virus-associated ubiquitin-

specific protease [Hu et al., 2005]. The N terminus of H9 is most proximal to the

very N-terminal helix of the toroid domain of Rpn1. H8 and H9 are connected by

an unstructured linker, which might also play a role in the interaction. The largest

interaction area of Ubp6USP with the 26S proteasome is formed by a patch consti-

tuted by Ubp6 residues K316–V333 and E473–S488, which contacts the OB domain

of Rpt1. Interestingly, the K316–V333 loop and an adjacent loop block the binding

groove for the C terminus of ubiquitin in the crystal structure of free Usp14 [Hu

et al., 2005]. The interaction area in Rpt1 includes residue from the structured re-

gions G158–E169 and Y181–R190. Intriguingly, an extended unstructured region
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(residues G110–D140) is located in immediate proximity to this area. This seg-

ment is specific for Rpt1. Therefore, it is conceivable that it has evolved to interact

with Ubp6. The catalytic triad of Ubp6 faces the Rpt1/2 coiled-coil (Figure 3.1.9),

whereas the UbAld moiety is positioned between the coiled-coils of Rpt1/2 and

Rpt4/5. Therefore, in the complex UbAld, i.e. Ubp6 bound ubiquitin, is found in

immediate proximity of the pore of the ATPase OB-ring, in direct vicinity of the

integral DUB Rpn11 and close to the ubiqutin receptor Rpn10.

3.2 Discussion

3.2.1 Flexibility of Ubp6 and the 26S–Ubp6 complex and

stabilisation by UbAld

The overall reconstruction as well as the classification of the 26S–Ubp6 dataset (Fig-

ure 3.1.3 and Figure 3.1.4 B) both underline the conformational heterogeneity of the

26S proteasome in presence of Ubp6. This heterogeneity hinders the detection of

Ubp6 related density. In particular, density arising from the bound UBL domain av-

erages out in the overall reconstruction as the positioning of the interacting subunit

Rpn1 differs significantly between the s1 and s2 state. Although the UBL domain

becomes visible after classification in the reconstruction of s2-like particles, only a

very small fraction of particles (6%) identified by focused classification shows a de-

fined extra density, which can be assigned to the USP domain of Ubp6. The two

domains are connected by a flexible linker, which allows the USP domain to adopt

various conformations, as a consequence the density averages out in the reconstruc-

tion of s2-like particles.

The presence of UbAld stabilises the conformation, in which both domains of

Ubp6 are visible, which manifests itself in the predominance of the extra densi-

ties and the s2-like particles of the 26S–Ubp6–UbAld dataset (Figure 3.1.3 and Fig-

ure 3.1.4 C). The refinement of the reconstruction from these particles allowed us to

derive a pseudo-atomic model of the 26S–Ubp6–UbAld complex (subsection 3.1.6)

and, thereby, to study the stabilisation effect on a molecular level. The patch of

residues in Ubp6 which form the connection with Rpt1 (K316-V333 and E473-S488)

are in close proximity to residues that block the active side of Ubp6 in the unbound

state (loops BL1 and BL2). A recently published higher-resolution structure of the

human 26S proteasome in complex with Ubp6–UbAld even stated a direct inter-

action between the BL1 and BL2 loops and the OB-ring of the ATPAse for this or-

ganism [Huang et al., 2016]. Interestingly, binding of ubiquitin or UbAld to Ubp6
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causes a conformational change in the BL1 and BL2 loops [Hu et al., 2005]. There-

fore, the stabilisation of the 26S–Ubp6 complex is most likely caused through struc-

tural changes in the patch of Ubp6 residues interacting with Rpt1 upon binding

of UbAld to Ubp6. Assuming, the changes in this patch indeed stabilise the inter-

action with Rpt1, a conformational change to the s1-like state would be sterically

hindered, due to an interference of Rpn1 with the USP domain of Ubp6 upon the

conformational change. This is in line with the predominance of s2-like particles.

In a structural study, similar the one presented here, Ubp6 bound to ubiquitin

vinyl sulfone (UbVS), which inhibits Ubp6 in a similar manner than UbAld, was

added to the 26S proteasome [Bashore et al., 2015]. Different from our study, the

authors added ATP-γS to their sample to get a well defined extra density in their

map calculated from negative stain electron microscopy data. ATP-γS induces the

s3-like conformation. This suggests that the proteasome has to be in an s3- (or s2-)

like state to form a complex with Ub-bound Ubp6 (study of [Bashore et al., 2015]),

whereas ubiquitin (UbAld) can bind to the 26S–Ubp6 complex without an external

condition inducing the s2 or s3 state (data presented here). This comparison leads

to the speculation that binding of ubiquitin (or UbVS/UbAld) might cause a change

of the conformation of free Ubp6 or of its flexible properties.

3.2.2 Structure of the 26S–Ubp6 Complex

The model determined based on the refined structure of the 26S–Ubp6–UbAld com-

plex (subsection 3.1.6) gives insights into the structural arrangements of the sub-

units within the complex. In this conformation of the complex, both domains of

Ubp6 contact the 26S proteasome. The UBL domain binds to Rpn1 close to helices

H2–H5 of its toroid domain and seems to function as an anchor. A recent biochem-

ical study located the binding site of the Ubp6UBL domain on Rpn1 to the residues

419-436 within the toroid helix H5, which is in excellent agreement with our struc-

tural data [Shi et al., 2016]. The USP domain interacts with the ATPase OB-ring

through Rpt1, which puts it in close proximity to Rpn10, Rpn11 and the entry to

the ATPase pore and, therefore, in an ideal position to act on a bound substrate.

Interestingly, a recent study has pointed out that in this position cleaving of dis-

tal Ub moieties is sterically occluded [Lee et al., 2016]. Therefore, the position of

Ubp6USP obtained from our density is rather in line with the en-bloc removal identi-

fied for cyclin B substrates in the recent study [Lee et al., 2016], than with previous

biochemical evidence, indicating that Ubp6 shortens polyubiquitin chains from the

distal end [Hu et al., 2005; Lee et al., 2011].
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Comparison with other structural studies

The positioning of Ubp6USP in the 26S–Ubp6–UbAld complex determined in this

work (Figure 3.2.1 A) has recently been confirmed by a corresponding study on

the human homologs, Usp14 and the human 26S proteasome [Huang et al., 2016].

Surprisingly, although the authors claim an overall resolution of 4.4 Å, they did

Figure 3.2.1: Density obtained for human 26S–Usp14–UbAld from [Huang et al., 2016]
(EMDB: 9511) compared with different models. (A) Model from [Huang et al., 2016] (left
and middle, DPB: 5gjq). The region of Usp14USP is enlarged (middle) and a comparison
with the location obtained for Ubp6USP (right, PDB: 5a5b) shows that the positioning of
the USP domain is identical, although some secondary structure elements differ between
yeast and human. (B) The density is displayed in a top view and compared with the s1
model (middle, PDB: 4cr2) and the s2 model (right, PDB: 5a5b). Areas that differ signifi-
cantly between the two states coincide with those poorly resolved in the map (left panel,
red arrows).

not observe any density that can be attributed to the UBL domain of Usp14. Ad-

ditionally, the reconstruction seems to be in an overall s1-like state and the authors

claim that Rpn1, which appears to be flexible, is the only notable difference to the

s1 arrangement of the RP subunits. However, all regions that significantly differ

between the s1 and s2 state, such as Rpn1,5,9,10,12 as well as the helical bundle,

are poorly resolved or average out completely in the reconstruction filtered to the

claimed resolution (Figure 3.2.1 B). Strikingly, the classification was not focused on
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one RP and the resulting classes seem to reflect the particle quality rather than dif-

ferent conformational states (compare [Huang et al., 2016] Supplementary Figure

9). The resulting mix of s1- and s2-like particles explains the lower resolution in

the areas mentioned above. In particular, the weak density for Rpn1 is most likely

caused by averaging over its significantly different positions in the s1 and s2 states,

rather than flexibility within a states as claimed. This prohibits the detection of the

UBL domain and also effects Ubp6 due to the overlap of bound Ubp6 in the s2 state

and Rpn1 in the s1 state, which offers an explanation, why the resolution of this

area was not good enough for accurate fitting as stated in [Huang et al., 2016].

In a negative-stain EM study [Bashore et al., 2015], the 26S–Ubp6–UbVS complex

was visualised in the presence of ATP-γS. Therefore, the 26S proteasome is in an

overall s3-like state, which differs from the s2-like conformation found for the 26S–

Ubp6–UbAld complex. Although the overall localisation of Ubp6USP remains the

same, the position of Ubp6USP in the 26S–Ubp6–UbVS–ATP-γS reconstruction (s3-

like state) is slightly shifted towards the 20S in comparison with the density in the

26S–Ubp6–UbAld complex (s2-like state) (see Figure 3.2.2 B). Interestingly, Rpt1

Figure 3.2.2: (A) top: Positioning of Ubp6 in the 26S–Ubp6–UbAld complex, the box marks
the orientation used for the bottom panel; bottom: Comparison of the conformations of
Rpt1 in the s2 (blue) and the s3 (red) state. On the left, Ubp6USP in complex with UbAld is
positioned as determined from the 26S-Ubp6-UbAld complex (s2 state). On the right, the
movement of the Rpt1OB domain between the s2 and s3 state has been applied to Ubp6USP.
(B) Comparison of the Ubp6 positions displayed in A with the density of 26S–Ubp6–UbVS–
ATPγS from [Bashore et al., 2015] (EMDB: 2995). (C) Comparison of the Ubp6 positions
displayed in A with the subtomogram average of in-situ 26S proteasomes from neuronal
cells in an activated state from [Asano et al., 2015] (EMDB: 2831).

undergoes a significant rotation between the s2 and s3 state, moving away from

the 20S. The movement is particularly pronounced for the OB domain (Rpt1OB), to
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which Ubp6 binds. This transformation places the Ubp6USP–UbAld model in the

extra density observed in presence of UbVS (see Figure 3.2.2 A&B). Thus, the two

structural results agree in the positioning of Ubp6USP.

Similarly, the determined position of Ubp6USP–UbAld is compared with a subto-

mogram average of 26S proteasomes from hypocampal neurons identified to be in a

substrate processing (s3-like) state (see Figure 3.2.2 C). This reconstruction exhibits

an extra density, which could not be assigned to any of the integral subunits of the

26S proteasome and was suggested to be caused by several PIPs acting in concert

on a processed substrate. Also here, the Ubp6USP–UbAld model fits well into the

lower parts of the extra density after the s2-s3 movement of Rpt1OB is applied. It is

likely that Ubp6USP causes parts of the extra density, as the shape of this part of the

density nicely agrees with the Ubp6USP model and the density of Rpn1 is turned

outwards at the position, where the UBL domain was identified to bind. Further

experiments are required to prove this hypothesis.

Correlation of Ubp6 binding with substrate processing

In all three structures discussed above, the appearance of an extra density assigned

to Ubp6 coexists with an s2- or s3-like state of the 26S proteasome. Both states have

been linked to substrate processing [Unverdorben et al., 2014; Matyskiela et al.,

2013]. In contrast to these two states the s1-state is believed to constitute a lower

energy state responsible for the initial binding of substrates [Unverdorben et al.,

2014]. Interestingly, in the s1-state the binding of Ubp6USP to Rpt1 as shown by our

model is sterically inhibited. This is consistent with the absence of a corresponding

density in the s1-like classes (see Figure 3.1.4). Taken together, the findings suggest

a correlation of a stable binding of Ubp6 with substrate processing.

Interplay of Ubp6 with other subunits of the 26S proteasome

A notable difference of the s2 and s3 state compared with the s1 state is a reposition-

ing of Rpn10 into the direct neighbourhood of the Ubp6USP-domain in the complex.

This placement into proximity of Ubp6 implies that Rpn10 has a cooperative role in

transferring substrate to Ubp6.

Another subunit found in direct vicinity of Ubp6 is the integral DUB subunit

Rpn11. Although both proteins are DUBs, they belong to different DUB families.

Ubp6 is part of the family of ubiquitin-specific proteases (USPs) and Rpn11 is a

metalloprotease (subsection 1.3.1). Interestingly, Ubp6 and Rpn11 appear to have

complementary roles during substrate degradation. The activity of Rpn11 is ATP-
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dependent and enhances substrate degradation [Verma et al., 2002; Yao and Cohen,

2002; Pathare et al., 2014; Worden et al., 2014], whereas the removal of Ub by Ubp6

may suppress the degradation of substrates [Leggett et al., 2002; Lee et al., 2010;

Crosas et al., 2006; Lee et al., 2016].

The model of the 26S–Ubp6–UbAld complex reveals that the active sites of Ubp6

and Rpn11 are positioned in vicinity of to the mouth of the OB-ring (~50 Å and

~30 Å, respectively) and of each other (~40 Å). In the presence of ATP-γS, Ubp6

and Rpn11 were reported to come even closer together (~30 Å [Bashore et al., 2015])

due to the movement demonstrated in Figure 3.2.2. The proximity of the two ac-

tive sites may allow simultaneous processing of substrates by the two DUBs, possi-

bly causing an increased efficiency of proteasomal degradation for specific types of

ubiquitylation patterns [Lu et al., 2015]. However, the small distance between Ubp6

and Rpn11, especially in the presence of ATP-γS, might also sterically restrict the

access of other substrates to Rpn11 and thereby inhibit deubiquitylation by Rpn11

(see subsection 3.2.4 for further discussion).

3.2.3 Activation of Ubp6

Biochemical studies have indicated that Ubp6 is activated upon binding to the 26S

proteasome [Leggett et al., 2002; Lee et al., 2010]. Crystal structures of free Ubp6USP

and Usp14USP suggested that two loops (BL1 and BL2) block its active site in the

unbound state. These loops adopt a different conformation in the crystal structure

of Usp14USP bound to UbAld [Hu et al., 2005]. The conformational change of these

loops provides the C-terminal end of UbAld access to the catalytic site of Usp14.

Intriguingly, BL1 and BL2 are located in the area involved in the binding of Ubp6 to

Rpt1. Therefore, our structural results support the notion that the physical interac-

tion with Rpt1 leads to a conformational change of BL1 and BL2 activating Ubp6.

In line with our structural results, Bashore and colleagues demonstrated that the

presence of Rpn1 is not sufficient to activate Ubp6, wheras the additional presence

of all other base subunits, which includes the ATPase, increases the hydrolysis of

Ub-AMC significantly [Bashore et al., 2015]. Interestingly, the addition of ATP-γS to

the 26S–Ubp6 complex further enhanced the activity of Ubp6. As ATP-γS induces

conformational switching into the s3 state, in which the interaction region in Rpt1 is

well exposed, this finding further supports that the activation of Ubp6 is stimulated

through the interaction with Rpt1.
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3.2.4 Effects of Ubp6 on the catalytic activity of the 20S

As described in section 3.1.1, we have confirmed the findings from [Peth et al., 2009]

that, independent of its own activity, Ubp6 modulates the activity of the CP espe-

cially in the presence of ubiquitin or UbAld (Figure 3.1.1). The observed increase in

degradation of small peptides by the 20S in the presence of Ubp6 and UbAld was

originally attributed to a hypothesised opening of the gate in the α-ring of the 20S.

However, the most notable difference in our results is the predominance of s2-like

particles (Figure 3.1.4). Therefore, the enhanced degradation is most likely caused

by the better alignment of the ATPase channel axis and the 20S, characteristic for

the s2 and in particular the s3 state. This improved spatial alignment could facili-

tate the access of small peptides to the gated pore of the 20S. Similarly, an increase

in degradation of small peptides by the 20S upon addition of ATP-γS to the 26S

proteasome could be explained by an overall conformational change from the s1 to

the s3 state [Sledz et al., 2013].

Ubiquitin-bound Ubp6 also increases ATP-hydrolysis by the ATPase [Peth et al.,

2013; Bashore et al., 2015]. Our observation of a change in the state occupancy upon

binding of Ubp6 to Rpt1 implies an alteration of the energy landscape, which might

lead to an increased ATP hydrolysis rate.

In contrast to the increase in small peptide degradation and ATP hydrolysis,

Ubp6 has been reported to delay degradation of folded and ubiquitylated sub-

strates in a catalytic and noncatalytic manner [Hanna et al., 2006; Leggett et al., 2002;

Lee et al., 2011]. From our structural results, we can derive two possible explana-

tions for this effect. Catalytically, Ubp6 is near the OB-cavity (section 3.2.2) of the

ATPase, well positioned to cleave Ub chains until substrates are released. Noncat-

alytically, ubiquitin-bound Ubp6 was found to inhibit deubiquitylation by Rpn11

[Hanna et al., 2006; Bashore et al., 2015], which can be explained by the small dis-

tance between the two DUBs in an arrangement that restricts access of substrates to

Rpn11, especially in the substrate-bound (s3-like) state (section 3.2.2), as suggested

in [Bashore et al., 2015].

Bashore and colleagues also studied single and multiple turnover of folded but

ubiquitin independent substrates [Bashore et al., 2015]. They found that Ubp6 on

its own neither influenced single nor multiple turnover. This is not surprising as

the degradation of ubiquitin-independent substrates neither depends on ubiquitin

receptors (Rpn10) nor DUBs (Rpn11 and Ubp6). However, in presence of ubiquitin-

bound Ubp6 multiple turnover was drastically decreased, while single turnover

was not affected. From this result the authors concluded that Ubp6 binds to Rpt1
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when the 26S proteasome is in a substrate-bound conformation. Furthermore, they

suggest that this conformation is then stabilised by Ubp6 as long as ubiquitin is

bound to Ubp6, in order to allow complete degradation, before a new substrate can

bind. If Ubp6 is stalled in the ubiquitin-bound conformation, as induced by UbAld,

UbVS or inactive Ubp6, the 26S proteasome is constantly trapped in the s2 or s3

conformation and cannot engage the next substrate.

Taken together, our structural data of the 26S–Ubp6 complex in presence and ab-

sence of UbAld can explain effects observed by biochemical assays. The structural

and biochemical results form a coherent picture of the influence of Ubp6 on the 26S

proteasome and advance the understanding of proteasomal substrate degradation.
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4 High-resolution structure of the

human 26S proteasome

The structure of the human 26S proteasome was studied, aiming at the highest res-

olution possible. The project included three distinct aspects, which were addressed

by different individuals. The human 26S proteasomes were purified by Andreas

Schweitzer and the protocol is discussed in his PhD thesis [Schweitzer, 2016]. My

main responsibility was to implement and apply an image processing pipeline suit-

able for the DED data of the 26S proteasome. The obtained high-resolution struc-

ture furthermore served as a basis for an atomic model built by our collaborator Till

Rudack (University of Illinois Urbana-Champaign). A refinement of the model as

well as the analysis and interpretation of the results was achieved in a close collab-

oration by the three of us. The combined efforts resulted in a shared first-author

publication [Schweitzer et al., 2016], which is the basis of this chapter.

4.1 Results

The results presented here comprise my main contribution to the project. Therefore,

the section includes a description of the intermediate results of the implemented

workflow and the structural insights obtained from the high-resolution structure

in conjunction with the density-based model. Details on the sample purification

and characterisation as well as the initial model building can be found elsewhere

[Schweitzer, 2016; Schweitzer et al., 2016].

4.1.1 The image processing workflow: improving the resolution

step-by-step

As described in subsection 2.4.2 the picked particles were sorted into 230,000 single-

and 458,000 double-capped (sc26S and dc26S) particles and processed separately

until they are merged for the final refinement. As sc26S particles do not have any

pseudo-symmetry axis, they can in principle be processed with standard tools and
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4 High-resolution structure of the human 26S proteasome

Figure 4.1.1: Uneven angular distribution enables data reduction. Angular distribution of
all dc26S particles before data reduction (A) and of the reduced set of dc26S particles af-
ter discarding particles from highly-populated classes (B). (C) The obtained resolution val-
ues from applying the method to a subset of particles show no significant impact of dis-
carding particles with low rlnMaxValueProbDistibution values (PD). Figure adapted from
[Schweitzer et al., 2016].

procedures. Unfortunately, only one third of the picked particles were sc26S. The

majority was categorised as dc26S. Therefore, a workflow for the dc26S particles

was implemented to adapt the processing in RELION to the peculiarities and chal-

lenges of dc26S data, such as C2 pseudosymmetry and conformational heterogene-

ity (subsection 2.4.2). In the following, the outcome of each step of the dc26S work-

flow is presented, illustrating how the challenges were met.

In order to achieve a high-resolution structure of the 26S proteasome, large data-

sets are required, due to the presence of multiple RP states (section 1.2), flexibility

of subunits of the 26S proteasome and preferred orientation of particles on the grid.

Processing of several hundred thousands of particles makes refinement and particle

polishing in RELION slow and challenging in terms of computer memory. During

the last iteration of the refinement and at the beginning of particle polishing, recon-

structions of unfiltered volumes are calculated using all spatial frequencies of all

angular classes, which is a major reason for the high amount of memory required.

Therefore, we had to reduce the number of particles without reducing the resolu-

tion, before further processing of the data.

In a first step, we aligned and reconstructed the dc26S particles imposing C2-

symmetry. Although the resulting angular distribution does not display completely

missing projection angles, the angular classes are very unevenly populated (Fig-

ure 4.1.1 A), reflecting the preferred orientation on the grid.

Searching for a route to reduce the size of our dataset, we reasoned that dis-

carding particles from highly-populated angular classes should only result in a

minor loss in resolution. On a subset of ∼180,000 particles, different criteria for

discarding particles were tested. This assessment demonstrated that the most ef-
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ficient way of data reduction is to decrease the occupancy of angular classes with

an above average particle-per-class number by discarding those particles with the

worst ’rlnMaxValueProbDistibution’ values. This value is determined by RELION

during the alignment and is an indicator of the particle quality because it is a mea-

sure of how unambiguously a particle can be assigned to the best matching angular

class. Applying this method to the test subset only led to a negligible reduction in

resolution (Figure 4.1.1 C). Therefore, we opted to decrease the size of the dc26S

data set from 460,000 to 270,000 particles according to the outlined protocol. As a

result, the particles in the reduced data set are more evenly distributed over the

angular classes (Figure 4.1.1 B). For all further steps, this reduced dc26S particle set

was used.

Table 4.1.1: Resolutions obtained from human 26S proteasome reconstructions at different
steps of the workflow. The steps refer to the processing of dc26S particles, in the last step
RPs from the cleaned sc26S were added as shown in Figure 2.4.2. For each refinement, the
resolution was measured with a soft mask around one half of the 26S proteasome. Please
note, ’combined*’ is the resolution determined from the FCS between the 2 data half sets
and ’cleaned’ refers to the particle sets after 3D classification, discarding bad classes.

Workflow Step
number of

particles or RPs
applied

symmetry
resolution [Å]

particles before polishing 135,000 C2 4.63
particles after polishing 135,000 C2 4.28
particles after polishing combined* 270,000 C2 4.11
RPs (after in-silico separation) 540,000 C1 4.08
cleaned RPs 360,000 C1 4.11
cleaned RPs dc26S and sc26S 460,000 C1 3.93

After reduction of the dataset, we subjected the particles to polishing. Due to

memory restrictions, we had to split the 270,000 particles into two subsets, which

were processed separately. The particle polishing (as described in subsection 2.4.2),

based on a C2 refinement, increased the resolution by ∼0.5 Å. Table 4.1.1 sum-

marises the obtained resolutions for this and all further steps. Visual inspection

of the reconstructions shows that the polishing procedure particularly improves

the side chains (Figure 4.1.2 A&B), which is in line with the increased signal in the

high-resolution range demonstrated by a comparison of the corresponding FSCs

(Figure 4.1.2 C).

Upon refinement of the polished, ’shiny’, particles (Figure 4.1.2 B), helices in the

CP and the ATPase significantly improved on the side chain level. However, the
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4 High-resolution structure of the human 26S proteasome

Figure 4.1.2: Particle polishing in RELION increases the high-resolution signal. (A) Map
reconstructed from one half of the dc26S particles before polishing. (B) Map reconstructed
from the same particles as in A after polishing. Note the better visible side chains of e.g.
the helix highlighted in red. (C) The FSCs calculated before (black) and after (red) particle
polishing further demonstrate the increase of signal in particular in the high-resolution
range.

outer parts of the RP remained ’hairy’, indicating heterogeneity of RP states. In

order to separate the different states, we had to address the broken C2 symmetry

first, done by the in-silico separation of the RPs as described in subsection 2.4.2.

After the in-silico separation of the RPs, 540,000 RPs were subjected to 3D classi-

fication using a mask on one of the RPs and keeping the assigned projection angles

constant. Since the reconstructions from previous steps were clearly in an s1-like

conformation (Figure S2 [Schweitzer et al., 2016]), we aimed for a high-resolution

structure of this conformation. Therefore, particles from badly aligned classes or

classes that showed conformations different from the s1 state were discarded, lead-

ing to a ’cleaned’ dataset of 360,000 RPs after two rounds of classification. A lo-

cal refinement of these particles showed no decrease in the overall resolution (Ta-

ble 4.1.1), whereas the signal of the outer parts of the lid relative to the 20S and the

ATPase improved, indicating a successful cleaning by 3D classification.

In the last step, the alignment parameters of dc26S RPs and sc26S particles (pro-

cessed as described in subsection 2.4.2) were refined together under restricted align-

ment conditions with a mask on one RP and the CP. The addition of 100,000 sc26S

RPs only caused a minor increase in the average resolution of ∼0.15 Å, which is

most likely within the error of precision, indicating that the limits of this dataset

were reached. The density resulting from this final refinement was resolved to

3.9 Å on average, which is about 2/3 of the Nyquist frequency. However, despite

the efforts to clean the dataset from different RP conformations, the local resolution

remained rather heterogenous, varying from ∼3.5 Å in the CP and parts of the ATP-

ase to ∼8 Å in the outer parts of the lid (Figure 4.1.3 A). Due to this heterogeneous
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Figure 4.1.3: The final human 26S proteasome structure. (A) Map filtered to the average
resolution of 3.9 Å, coloured according to its local resolution. (B) Map as in A but rendered
at a different threshold and coloured by subunits. (C) Map filtered to 7.7 Å and coloured
with respect to subunits as in B. Figure adapted from [Schweitzer et al., 2016].

local resolution, we analysed the final map filtered to two different resolutions, the

average resolution of 3.9 Å and a lower resolution of 7.7 Å (Figure 4.1.3 B and C).

4.1.2 Evolutionary conservation of the 26S proteasome from yeast

to humans

Fitting of the S. cerevisiae model of the s1 state (PDB: 4cr2, [Unverdorben et al.,

2014]) into the density of the human 26S proteasome shows an overall agreement

of the subunit arrangement, with the exception of the subunits Rpn1 and Rpn13

(Figure 4.1.4). Although the overall positioning of Rpn1 remains the same, the cor-

responding density in the human 26S proteasome is shifted towards Rpt1. Such a
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shift of Rpn1 with respect to its position in yeast was also found in a subtomogram

average of the mammalian 26S proteasomes from rat hypocampal neurones [Asano

et al., 2015]. Therefore, this shift appears to be a structural difference between the

yeast and the mammalian 26S proteasome. For Rpn13, no corresponding density

can be identified in the reconstruction. This finding is consistent with quantifica-

tion of subunit abundance by mass spectrometry data of the purified human 26S

proteasome, indicating a low stoichometry of 10% for Rpn13 [Schweitzer, 2016],

whereas in the 26S proteasome purified from yeast Rpn13 is present in nearly sto-

ichiometric amounts (Table 3.1.1). Previous studies also found Rpn13 to be essen-

tially absent in isolated human 26S proteasomes [Chen et al., 2010]. Most likely,

substoichiometrically-bound Rpn13 dissociates from the 26S proteasome during

the isolation procedure, because electron cryo-tomography studies of 26S protea-

somes in rat neurons indicated a substoichometric occupancy of Rpn13 in the cel-

lular environment [Asano et al., 2015].

Figure 4.1.4: Pseudo-atomic model of S. cerevisiae (PDB: 4cr2) 26S proteasome fitted to the
human reconstruction filtered to 7.7 Å resolution. Apart from the lack of Rpn13 in the
human structure and a previously reported shift of Rpn1 ([Asano et al., 2015]), the overall
architecture is well conserved. The subunits are coloured as given in Figure 4.1.3 B.

However, the structure and even most of the secondary structure elements of all

other subunits align perfectly. This indicates a high structural conservation from

yeast to human, which is consistent with the high sequence conservation of the RP

subunits (> 30% almost throughout). The conserved architecture does not con-

firm differences that have been suggested previously [da Fonseca et al., 2012]. In

particular, Rpn8 and Rpn12, which were claimed to be located differently, remain

largely invariant. The postulated differences between the human and the yeast RP

in [da Fonseca et al., 2012] are likely caused by an overestimation of the resolution

leading to a misinterpretation of the map, as suggested by [Lander et al., 2013].
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Figure 4.1.5: Model
derived from ho-
mology modelling
and the high-
resolution human
26S proteasome
map from two
different views
(A& B). Closeup
on a helix in the
CP (C) and the
helical bundle (D),
marked by black
boxes in A and
B, respectively.
The subunits are
coloured as given
in Figure 4.1.3 B.

4.1.3 The atomic model of the human 26S proteasome

The high-resolution of the obtained map as well as the overall improved quality in

comparison to previous studies [Unverdorben et al., 2014; da Fonseca et al., 2012]

allowed for accurate model building. The initial model was obtained from an estab-

lished comparative modelling strategy followed by fitting and refinement steps us-

ing the two maps filtered to 3.9 and 7.7 Å resolutions as depicted in Figure 4.1.3 (for

details see [Schweitzer et al., 2016]). Throughout the entire map secondary struc-

ture elements like α-helices can be detected for all subunits, although with varying

accuracy depending on the resolution. In the lower resolution areas, such as the

lid subunits, we identified segments missing in previous models. Within the better

resolved areas of the map (resolution <4 Å), such as the CP, the AAA-ATPase and

the helical bundle, we were able to position the residues within secondary struc-

ture elements with high accuracy, due to unambiguous fitting of the side chains.

An overview of the model is depicted in Figure 4.1.5 and the new insights therein

are described in the following section.
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4.1.4 Structural features of the human 26S proteasome revealed by

high- and low-resolution information

Features of the RP lid subcomplex

The RP consists of two independently assembling subcomplexes, the base and the

lid (see section 1.2 for details). The lid subcomplex is held together by a helical bun-

dle, which is formed by C-terminal helices from all lid subunits with the exception

of Sem1 [Beck et al., 2012; Estrin et al., 2013]. This small lid subunit was recently

suggested to act as a ubiquitin receptor [Paraskevopoulos et al., 2014] and is posi-

tioned between Rpn7 and Rpn3 [Dambacher et al., 2016; Bohn et al., 2013]. In our

reconstruction, we could trace a part of Sem1, which interacts with Rpn3 but has

hardly any secondary structure elements (Figure 4.1.6 A).

Figure 4.1.6: Previously unresolved features of the RP. The top row demonstrates the overall
arrangement of the RP from the views used for the segmented close-ups in the bottom row
depicting the interaction of Sem1 with Rpn3 (A), the connecting density between Rpn1 and
Rpn2 (B) and the obstruction of the OB ring by the C-terminus of Rpn3 (C). Figure adapted
from [Schweitzer et al., 2016].

As observed in a previous study of the isolated yeast lid [Dambacher et al., 2016],

the helical bundle is the best resolved part of the lid (Figure 4.1.3 and Figure 4.1.5

D) and hence the least flexible. In contrast to the other PCI subunits, Rpn3 has,

in addition to the helix entangled in the helical bundle, a segment at its very C-

Terminus that is predicted to be a helix but could not be resolved in the isolated
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yeast lid nor in the previous studies of the holocomplex [Unverdorben et al., 2014;

Dambacher et al., 2016]. In the structure of the human 26S proteasome filtered to 7.7

Å, we could assign this C-terminal end of Rpn3 to a helix density, that protrudes

parallel to the Rpt3/6 coiled coil into the mouth of the OB fold ring of the AAA

module (Figure 4.1.6 C).

Organisation of the RP base subcomplex

The base subcomplex comprises the ATPase heterohexamer and 2 non-ATPases:

Rpn1 and Rpn2 (section 1.2). The ATPase, which will be discussed in further detail

in the next section, binds Rpn1 and Rpn2 through coiled-coils formed by the N-

terminal helices of Rpt1/2 and Rpt3/6, respectively [Beck et al., 2012]. Rpn2 seems

to function mainly as a binding scaffold between the lid subunits and the ATPase.

In contrast, Rpn1 is positioned in a very exposed position and serves as a ubiqui-

tin receptor and a hub for PIP binding (for details see section 1.2). In all previous

reconstructions of the yeast 26S proteasome, the density of Rpn1 was completely

separate from all other Rpn subunits. The overall improved SNR in the map of the

human 26S proteasome reveals a connection between Rpn1 and Rpn2, which be-

comes particularly clear in the map filtered to 7.7 Å resolution (Figure 4.1.6 B). This

connection is most likely formed by a helix in Rpn2 ranging from approximately

Glu826 to Glu852, which would then attach to the interface between the N-terminal

helix of Rpt2 (Gln57-Pro87) and Rpn1.

Structure of the AAA-ATPase subunits

The Rpt subunits in the base part of the RP assemble in an asymmetric ’split washer’

within the heterohexamer [Lander et al., 2012]. All Rpts contain aromatic hydropho-

bic (Ar-Φ) ’pore loops’, which project into the pore of the heterohexamer and have

been suggested to pull the substrate into the CP [Nyquist and Martin, 2014]. The

split-washer positioning of the Rpt subunits causes an arrangement of the pore

loops in a spiral staircase. Whereas in previous intermediate-resolution studies the

positions of the Ar-Φ pore loops could only be inferred from the fitted structures

of Rpt homologs, the high-resolution structure reveals the Ar-Φ pore loops directly

(Figure 4.1.7 A). Five of the six Ar-Φ pore loops form a remarkably accurate spiral

staircase (Rpt3, -4, -5, -1 and -2, ordered by decreasing elevation). However, the

Ar-Φ pore loop of the sixth Rpt, Rpt6, is positioned in-between.

Interestingly, Rpt6 not only deviates from its neighbours in terms of the position-

ing of the Ar-Φ pore- loop but also in other structural aspects. A comparison of the
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Figure 4.1.7: Organisation of the ATPase. (A) Segmented densities of the Rpt subunits ro-
tated successively in 60° steps around the CP axis. The Ar-Φ pore loops are shown in red.
(B) Structural comparison of each AAA+ domain with Rpt1 (dark green: Walker A, dark
blue: Walker B, red: poor loop). The root mean square deviation of the respective AAA+ do-
main with that of Rpt1 is given below each panel. (C) Close-ups on the nucleotide binding
sites at the Walker A motives (green) showing the nucleotides, coordinated Mg2+ and Arg-
fingers of the neighbouring subunits. (D) Segmented densities of the nucleotides bound to
the respective Rpt subunit and the modelled nucleotides. The volume of the respective nu-
cleotide density, obtained from the difference map (Figure 4.1.8) is given below each panel.
Figure adapted from [Schweitzer et al., 2016].

large AAA+ subdomains of the Rpt-subunits shows that, whereas the other Rpts

share a highly similar structure of this domain, Rpt6 deviates significantly (Fig-

ure 4.1.7 B). Many secondary structure elements are displaced with respect to their

counterparts in the other Rpts. Most notably, the Ar-Φ pore loop orients differently

and adopts a partially helical fold. This helix forms pronounced hydrophobic con-

tacts to a small helix at the N terminus of the large AAA+ domain (Leu219-Val140,

Val220-Leu137, Phe223-Pro133). Due to its fold the Rpt6 pore loop does not pro-

trude into the pore, which is nicely in line with Rpt6 not being part of the staircase.

In comparison with the crystal structure of the archaeal homolog PAN [Zhang

et al., 2009a], none of the Rpts share the β-strand positioned at the N terminus of
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the PAN AAA+ domain. As clearly visible from the density of the human 26S

proteasome, the corresponding segments form short helices or a loop (Rpt3). A

possible explanation for the occurrence of the β-strand formation and its integration

in the adjacent β-sheet in PAN, is the truncation of the large AAA subunit in the

construct for the crystal structure.

Nucleotide loading of the AAA-ATPase

As described in section 1.2, the binding and hydrolysis of nucleotides is vital for the

functioning of AAA-ATPases. Each Rpt subunit in the 26S harbours a nucleotide

binding site formed by the Walker A and Walker B motive. The binding of ATP to

the Rpts is further stabilised by two arginine (Arg) fingers positioned in the AAA

chain of the neighbouring Rpt subunit. As a consequence to the overall split washer

arrangement of the Rpts, only five of the six Arg–finger motifs interact with bound

ATP. In the s1 state, the Arg–fingers of Rpt3 cannot reach into the binding site of

Rpt6 [Sledz et al., 2013].

The limited resolution of previous studies has prevented the detection of nu-

cleotides. Inspection of the cryo-EM map at 3.9 Å shows clear extra densities at all

nucleotide binding sites, which also become apparent in a difference map between

the experimental density and a density simulated from the model of the Rpts (Fig-

ure 4.1.8). All extra densities are clearly of the approximate size and shape of the

Figure 4.1.8: Visualisation of the bound nucleotides. Subtraction of the density simulated
from an atomic model without nucleotides (grey) from the cryo-EM reconstruction (blue)
yields the density of the nucleotides (red). Figure adapted from [Schweitzer et al., 2016].

binding nucleotides ATP and ADP (Figure 4.1.7 C). The nucleotide density bound

to Rpt6 is the smallest and can be assigned to ADP (Figure 4.1.7 C). The finding

of ADP binding at this site agrees well with the fact that in the s1 state the Arg–

fingers of Rpt3 cannot engage with the nucleotide binding site of Rpt6. The other

five nucleotide densities are significantly larger than the one bound to Rpt6 and the

binding of the two Arg–fingers can be clearly observed. Therefore, we tentatively
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4 High-resolution structure of the human 26S proteasome

assigned them to ATP. However, they could also arise from an ADP-Pi intermedi-

ate state or an overlay of ATP and ADP. An unambiguous assignment will require

a higher-resolution structure.

The AAA-CP interface and the CP

Three of the six AAA-ATPase subunits (Rpt2, Rpt3 and Rpt5) share a C-terminal

motif, formed by a hydrophobic residue (Hb), a tyrosine and a residue of any type

(HbYX). These HbYX motifs, which are absent in the other three Rpt subunits, can

bind to pockets in the α-ring of the CP [Smith et al., 2007] (for details see section 1.2).

In the high-resolution density of the human 26S proteasome the C-termini of Rpt3

and Rpt5 are clearly resolved. Bulky side chains can be discerned, allowing for

an accurate placement of the two HbYX motifs (Figure 4.1.9). In contrast, the C-

Figure 4.1.9: The HbXY motives of Rpt3 and Rpt5 bind to the respective binding pockets of
the α-ring. (A) Segmented HbXY motives of Rpt3 (yellow) and Rpt5 (orange). (B) Model
of the Rpt3 HbXY motif located in the pocket formed by α1 and α2. (C) Model of the Rpt5
HbXY motif located in the pocket formed by α5 and α6. Figure adapted from [Schweitzer
et al., 2016].

terminus of Rpt2 cannot be detected, indicating structural flexibility. For the yeast

26S proteasome, also one HbYX motif was found to be flexible, but it was the C-

terminus of Rpt5 [Tian et al., 2011; Beck et al., 2012].

It has been suggested that the binding of HbYX motifs to the pockets in the α-

ring causes opening of the CP gate [Smith et al., 2007]. However, comparing the

high-resolution reconstruction with the crystal structure of the isolated bovine CP

with a closed gate [Unno et al., 2002], they show no remarkable differences. Espe-
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cially, no indications of gate opening can be identified in the high-resolution recon-

struction. Although this stands in contrast to a low-resolution negative stain study

[Da Fonseca and Morris, 2008], it agrees with all intermediate-resolution cryo-EM

structures of the yeast 26S proteasome [Luan et al., 2016; Lander et al., 2012; Lasker

et al., 2012; Beck et al., 2012; Unverdorben et al., 2014] and was confirmed by a high-

resolution structure of the human 26S proteasome that appeared after our structure

was published [Huang et al., 2016].

4.2 Discussion

4.2.1 Advantages of the developed image processing workflow

The state-of-the-art software to process single-particle data from DED cameras is

RELION [Scheres, 2012a]. In order to make use of the methods implemented in

RELION for the 26S proteasome, a variety of challenges had to be met as outlined

in subsection 4.1.1.

The preferred orientation on the grid and conformational heterogeneity requires

acquisition of a high quantity of particles to achieve high-resolution. The relatively

large size of the complex (∼50 nm in length) combined with the need for a small

pixel size (1.35 Å) lead to a box size of nearly 400x400 pixels (see subsection 2.4.2).

The combination of these two requirements is very demanding in terms of mem-

ory for refinement and polishing in RELION. Therefore, it is necessary to reduce

the dataset to make the polishing computationally feasible in a reasonable amount

of time. Thorough evaluation showed that the protocol, developed for discarding

particles, did not significantly reduce the overall achieved resolution (Figure 4.1.1).

The other major challenge of the dataset is due to the uncorrelated nature of the

RP conformations, breaking the C2 symmetry of the 26S proteasome [Unverdorben

et al., 2014]. A cryo-EM study of the human 26S proteasome, published shorly af-

ter ours, did not take the broken symmetry into account and applied C2-symmetry

throughout classification and refinement [Huang et al., 2016]. Although the struc-

ture of this study was refined to an average resolution of 3.5 Å and confirmed our

findings on the ATPase and the CP, none of the insights we obtained for the Rpn

subunits were observed. This missing information can be explained by the fact

that a classification under applied C2-symmetry does not allow the separation of

s1- and s2-like RPs. Averaging over the conformational difference between the s1

and s2 state, a lever-like movement anchored at the ATPase, causes smeared out

densities for the distant Rpn subunits. Therefore, a seperate treatment of the RPs is

77



4 High-resolution structure of the human 26S proteasome

particularly useful for deciphering the structural arrangement of the Rpn subunits.

The in-silico separation of the RPs as described in [Beck et al., 2012] was imple-

mented for the RELION metadata format and the subsequent steps of refinement

and classification in RELION were adapted (subsection 2.4.2). The in-silico separa-

tion enables us to group the particles with respect to differences on the RP level by

classification with a mask on one half of the 26S proteasome. In RELION, given

masks are applied to the 3D volumes but not to the 2D particles, which may lead to

erroneous alignments, as the algorithm tries to include more density in the masked

area, known as ’moving target artefacts’. This can lead to classification according

to the artefacts rather than the conformational differences. Therefore, we had to

keep the alignment fixed, which limits the accuracy of the classification. However,

since the overall reconstruction before classification is clearly s1-like and does not

show indications of other states (Figure S2 in [Schweitzer et al., 2016]), it can be

assumed that most of the particles are in an s1-like conformation and that the an-

gular alignment is highly accurate for RP particles in this state. Thus, the performed

classification was anticipated to be suitable for the selection of well-aligning RPs in

the s1 state, which is confirmed by the improved reconstruction after classification

(subsection 4.1.1).

Although the overall quality of the reconstruction improves through classifica-

tion, the local resolution remains heterogeneous (Figure 4.1.3 A). This indicates that

the s1 state has small-scale variability within the RP, which can not be eliminated

by the developed classification method, limiting the resolution in these parts of the

RP to an intermediate level. In order to obtain a more homogeneous resolution

and a high-resolution structure of the outer parts of the RP, further improvements

will be needed. Either a classification method must be developed, which allows to

distinguish these small differences, or the RP needs to be stabilised by biochemical

means (see chapter 5).

4.2.2 Structural insights into the RP organisation

Although the lid and also the base subunits Rpn1 and Rpn2 are only resolved at in-

termediate resolution (Figure 4.1.3), the higher overall quality of the map provides

new insights into some details, which helped to complement the atomic model of

the 26S proteasome. The biggest improvements were achieved for Rpn3, Rpn2 and

Sem1 (section 4.1.4).

The C-terminal helix of Rpn3, missing in previous structures, was identified to

protrude into the mouth of the OB fold ring of the AAA module (Figure 4.1.6 C).
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This position is in an area, which has previously been suggested to be a composite

active site, where substrate deubiquitylation and unfolding occurs [Pathare et al.,

2014]. Therefore, the C-terminal helix of Rpn3 may be a sensor for a substrate en-

gaged by the OB mouth. Through its connection to the helical bundle, Rpn3 might

induce the conformational change of the lid subunits required for the activation of

Rpn11 and hence the composite active site [Matyskiela et al., 2013; Sledz et al., 2013].

Consistent with this hypothesis, the C-terminal helix of Rpn3 locates in close prox-

imity to the region in Rpn11 (Ile163 to His199) which has been proposed to function

as a trigger for substrate recognition [Pathare et al., 2014]. In the X-ray structures

of the isolated Rpn8/Rpn11 dimer [Pathare et al., 2014; Worden et al., 2014] this

region was not resolved, indicating flexibility of the respective residues in the iso-

lated context. In contrast, the region is resolved in the high-resolution structure of

the 26S holocomplex, most likely due to stabilisation by Rpn2 and Rpn3.

The connection between Rpn1 and Rpn2, identified from the map filtered to 7.7 Å,

was determined to result from an insertion in Rpn2 (section 4.1.4, Figure 4.1.6 B).

This insertion forms a connection with Rpn1 and the N-terminal helix of Rpt2 and

may, thereby, stabilise the base subcomplex and facilitate coordination of rotational

motions of Rpn1 and all other Rpn subunits during transition between the different

conformational states (s1, s2 and s3).

In conclusion, both previously unresolved helices in Rpn2 and Rpn3 most likely

have coordinating roles during the process of substrate degradation by the 26S pro-

teasome.

4.2.3 Nucleotide loading of the ATPase and the connection of the

ATPase to the CP

The high-resolution allowed us to identify nucleotides bound to all six ATPase sub-

units. This finding was confirmed by the study from [Huang et al., 2016]. Full oc-

cupancy of nucleotides has been observed in crystal structures of some prokaryotic

homologs of the Rpts [Trame and McKay, 2001; Sauer and Baker, 2011]. However,

this full nucleotide loading has been considered unphysiological and mechanistic

models of the ATPase functioning assume a maximal occupancy of four nucleotides

for the hexamer in solution [Sauer and Baker, 2011; Smith et al., 2011]. The full oc-

cupancy of nucleotides of the 26S proteasome in the presence of an excess of ATP

provides evidence that either these models must be revised or that the mechanisms

in the 26S proteasome differ from those in its simpler prokaryotic counterparts.

Only one Rpt was found to bind ADP, namely Rpt6. Interestingly, this difference
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in nucleotide binding correlates with a number of structural peculiarities of Rpt6,

the most pronounced being the Ar-Φ pore loop, which does not protrude into the

channel of the ATPase (section 4.1.4). The unique structure of Rpt6 might be caused

by the nucleotide binding state. However, from this study we cannot exclude that

structural differences also arise from its sequence. Further high-resolution struc-

tures of the 26S proteasome in the s3 state will be needed to address the reasons for

the unique structure of Rpt6.

When looking at the HbYX motifs of Rpt2, -3 and -5, which form the connection

between the ATPase and the CP, only Rpt3 and Rpt5 show densities corresponding

to this motif (Figure 4.1.9), indicating that the HbYX motif of Rpt2 remains flexible.

This finding, which is in line with the finding from [Huang et al., 2016], is rather

surprising, as Rpt2 is most proximal to the CP in the split-washer arrangement. The

unbound HbYX motif of Rpt2 might facilitate motions of the AAA module on the

CP α-ring during the conformational changes of the 26S proteasome. To validate

this hypothesis further studies including high-resolution structures of other states

are required.
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This work furthers the mechanistic understanding of the function and regulation

of the 26S proteasome through SP cryo-EM studies. The 3D maps of the 26S–Ubp6

complex in presence and absence of UbAld constitute the first structural investi-

gation of the complete 26S proteasome in complex with a PIP. Beyond the mode

of interaction of Ubp6 with the 26S holocomplex, it reveals the influence of Ubp6

on the conformational landscape of the 26S proteasome (subsection 3.1.3). In the

second part of this work, a workflow was implemented, which is tailored to the

peculiarities of the 26S proteasome and DED data. Applying this workflow to an

SP cryo-EM dataset of the human 26S proteasome resulted in a 3D structure at an

average resolution of 3.9 Å (subsection 4.1.1), which allowed building an atomic

model that is highly accurate for most parts of the complex (subsection 4.1.3).

Due to the heterogeneous resolution of the human 26S proteasome structure, the

atomic model is less reliable in the peripheral parts of the complex than in the CP,

the ATPase and the helical bundle. Improving the resolution in the lower-resolved

areas would allow building a model that is accurate on the side chain level for the

entire complex.

Additionally, structural studies of inhibitors binding to 26S proteasome enzymes

would further the understanding of their functioning on a molecular level. Exam-

ples of identified inhibitors are compounds that inhibit Ubp6 [Lee et al., 2010] and

β5 [Neilsen et al., 2013; Schrader et al., 2016]. Whereas structures of the 20S with

bound inhibitors have been reported [da Fonseca and Morris, 2015; Schrader et al.,

2016], the influence of inhibitors on the 26S proteasome holocomplex has not been

studied structurally. A detailed structural dissection of inhibitor-binding would

require higher resolution than obtained in this study.

Several measures could be employed to improve the resolution that was obtained

within the context of this thesis. Firstly, data can be acquired at higher magnifica-

tion [Merk et al., 2016], i.e. smaller pixel size on the specimen level, leading to a

higher Nyquist frequency. This results in an increase of the DQE value, i.e. the

signal, for a respective frequency compared to lower magnification. Secondly, a

low dose rate is critical for further optimisation of the DQE and thereby the SNR.
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Thirdly, in this resolution range, the optimisation of the coma-free alignment should

be carried our with even higher precision than done in this study, as coma induces

artefacts to high-resolution information. Finally, stabilisation of the RP by biochem-

ical means would help to overcome the locally varying resolution (Figure 4.1.3 A).

Additionally, in order to reduce the heterogeneity of the resolution, it would be

beneficial to have a classification method, which can accurately align the particles

during a focused classification (in contrast to keeping the alignment parameters

constant as done here, subsection 4.1.1). One possibility to accomplish the simul-

taneous alignment and focused classification is to subtract the density outside the

masked area from the particle images prior to classification. This approach has been

implemented in RELION [Bai et al., 2015]. However, when applied to the human

26S dataset, the subtraction led to substantial artefacts, prohibiting a successful clas-

sification. Therefore, in order to use this approach the subtraction protocol needs

to be improved.

The results on the 26S–Ubp6–UbAld complex suggest a route for stabilisation of

the RP and hence improving the homogeneity of the resolution. The data acquired

for this project in the presence of ATP indicate that the addition of UbAld improves

the overall sample quality: The number of intact particles on the cryo-EM grids in-

creased (data not shown). Additionally, purification of 26S proteasomes in the pres-

ence of ATP-γS or in particular AMP-PNP may stabilise the 26S–Ubp6–UbAld com-

plex further ([Bashore et al., 2015], personal communication with Marc Wehmer).

These non-hydrolysable ATP analogues induce the s3 conformation, which allows

the interaction of Ubp6 with Rpt1. Such a stabilisation in combination with DED

data acquisition, optimised for the highest amount of signal, will likely result in a

high-resolution structure of more homogeneous resolution.

In addition to reducing resolution heterogeneity of the 26S proteasome, higher

resolution information of the 26S proteasome in complex with Ubp6 are of interest,

as the in-situ structure of the substrate processing (s3-like) state includes an extra

density partially explained by Ubp6 (section 3.2.2, [Asano et al., 2015]). Such a high-

resolution structure would also provide more detailed information on the residues

mediating the interaction between Ubp6 and the 26S holocomplex.

Apart from Ubp6, there is a variety of PIPs, which interact with the 26S protea-

some during the degradation process (section 1.3). The extra density in the in-situ

structure of the substrate processing state of the 26S proteasome is not fully ex-

plained by Ubp6 and, therefore, suggests that several PIPs act in concert to assist

substrate processing at the RP ([Asano et al., 2015], Figure 3.2.2). Many PIPs are

predicted to be largely unstructured [Aufderheide et al., 2015b] and would there-
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fore average out in a cryo-EM reconstructions. Based on the analysis in [Aufder-

heide et al., 2015b], the most prominent candidates to cause the unexplained part

of the density are the substoichiometric subunit Rpn13, the PIP UCH37 and per-

haps parts of the PIPs Dsk2 and Hul5. SP cryo-EM studies of these PIPs and the

human or mammalian 26S proteasome, stabilised in the substrate processing state

(e.g. by using AMP-PNP), could identify this extra density completely and would

help to provide clues on how PIPs assist the degradation process.

Furthermore, a substrate could be added in-vitro to purified 26S proteasomes for

visualisation in the presence of different combinations of PIPs. The resulting recon-

structions would constitute snapshots of PIP-assisted substrate processing, which

could be compared to the results from the in-situ study [Asano et al., 2015] in or-

der to unravel the role of PIPs during the proteasomal degradation process under

physiological conditions.
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Abbreviations

2D = two-dimensional

3D = three-dimensional

AAA = ATPases associated with diverse cellular activities

ADP = adenosine diphosphate

Ar-Φ = hydrophobic aromatic

Arg = arginine

ATP = adenosine triphosphate

CCD = charge-coupled device

CET = cryo-electron tomography

CP = core particle (20S proteasome)

CPh = creatine phosphate

CPK = creatine phosphate kinase

cryo-EM = cryo-electron microscopy

CTF = contrast transfer function

dc26S = double-capped 26S proteasome

DED = direct electron detector

DQE = detective quantum efficiency

DTT = dithiothreitol

DUB = deubiquitylating enzyme

E1 = ubiquitin-activating enzyme

E2 = ubiquitin-conjugating enzyme

E3 = ubiquitin-ligase

E.coli = Escherichia coli

eIF3 = eukaryotic translation initiation factor 3

EM = electron microscopy

EMDB = Electron Microscopy Data Bank

FCR = Fourier cross resolution
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FEG = field emission gun

FIB = focused ion beam

FSC = Fourier shell correlation

GGL-AMC = glycine-glycine-leucine-7-amido-4-methylcoumarin

HbYX = hydrophobic-tyrosine-any amino acid tripeptide

HECT = Homology to E6AP C Terminus

JAMM = JAB1/MPN/Mov34 metalloenzyme

MAP = maximum a posteriori

MDFF = Molecular Dynamics Flexible Fitting, plugin for VMD

ML = maximum likelihood

MPN = Mpr1/Pad1 N-terminal

MTF = modulation transfer function

Ntn = N-terminal nucleophilic

OB = oligosaccharide binding

PC = proteasome/cyclosome

PCA = principle component analysis

PCI = proteasome, COP9 signalosome, eIF3 translation initiation complex

PDB = Protein Data Bank

PIP = proteasome interacting protein

PRU = pleckstrin-like receptor for ubiquitin

PSF = point spread function

RING = Really Interesting New Gene

RP = regulatory particle

Rpn = regulatory particle non-ATPase

Rpt = regulatory particle tripleA-ATPase

Rpt1OB = OB domain of Rpt1

S. cerevisiae = Saccharomyces cerevisiae

sc26S = single-capped 26S proteasome

SDS-PAGE = sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM = scanning electron microscope

SNR = signal-to-noise ratio

SP cryo-EM = single-particle cryo-electron microscopy

SPA = single-particle analysis

SSNR = spectral signal-to-noise ratio

sUbR = shuttling Ub-receptors

TEM = transmission electron microscope
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Ub = ubiquitin

Ub-AMC = ubiquitin-7-amido-4-methylcoumarin

UbAld = ubiquitin aldehyde

UBL = ubiquitin-like

Ubp6 = ubiquitin-specific protease 6 (Usp14 in human)

Ubp6USP = USP domain of Ubp6, residues 104-499

UbVS = ubiquitin vinyl sulfone

UCH = ubiquitin C-terminal hydrolase

UIM = ubiquitin-interacting motif

UPS = ubiquitin-proteasome-system

USP = ubiquitin-specific protease

Usp14 = ubiquitin-specific protease 14 (Ubp6 in yeast)

Usp14USP = USP domain of Usp14

VMD = Visual Molecular Dynamics, program for the visualisation of molec-
ular systems

WPA = weak phase approximation

WT = wild type

XL-MS = cross-linking mass spectrometry

YPD = yeast extract peptone dextrose

87



A Appendix

Constants and designations

Table A.1: Constants and units

Constants and units

speed of light c = 2.9979 · 108m s−1

Planck constant h = 6.626 · 10−34J s
= 4.136 · 10−15 eV s

elementary charge e0 = 1.602 · 10−19

rest mass m0 = 9.1091 · 10−31kg
rest energy E0 = 8.14 · 10−14 J

= 511 keV

Table A.2: Used designation of variables

variable designation comment

kinetic energy E 1 eV = 1.602 · 10−19J
energy loss ∆E e.g. through inelastic scattering
wave length λ
position vector r r = (x,y,z)
momentum p = |p|
velocity v = |v|
mass m
scattering cross section ρ
mean free path Λ Λ = 1/ρ
angular aperture α
resolving power d [length]
spatial frequency k = |k| = |(kx, ky)|; [1/length]
aperture function A(k)
spherical-aberration coefficient Cs

chromatic-aberration coefficient Cc

contrast C
intensity I see Equation 1.17 and Equation 1.8
wave function Ψ(r)
Coulomb potential V (r)
phase shift (upon scattering) Φ
phase shift (induced by TEM) γ see Equation 1.12
defocus ∆z
scattering angle θ
Fourier transform F
inverse Fourier transform F−1

envelope function E(k)
aberration function B(k)
ratio of amplitude and phase contrast Q(k) approximated to be constant Q0
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A. Rigort, F. J. Bäuerlein, E. Villa, M. Eibauer, T. Laugks, W. Baumeister, and J. M.
Plitzko. Focused ion beam micromachining of eukaryotic cells for cryoelectron
tomography. Proceedings of the National Academy of Sciences of the United States of
America, 109(12):4449–4454, mar 2012. ISSN 1091-6490.

98



A. Rohou and N. Grigorieff. CTFFIND4: Fast and accurate defocus estimation from
electron micrographs. Journal of Structural Biology, 192(2):216–221, 2015. ISSN
10958657.

P. B. Rosenthal and R. Henderson. Optimal Determination of Particle Orientation,
Absolute Hand, and Contrast Loss in Single-particle Electron Cryomicroscopy.
Journal of Molecular Biology, 333(4):721–745, 2003. ISSN 00222836.

R. Rosenzweig, V. Bronner, D. Zhang, D. Fushman, and M. H. Glickman. Rpn1
and Rpn2 coordinate ubiquitin processing factors at proteasome. The Journal of
biological chemistry, 287(18):14659–14671, 2012.

A. M. Ruschak, T. L. Religa, S. Breuer, S. Witt, and L. E. Kay. The proteasome
antechamber maintains substrates in an unfolded state. Nature, 467(7317):868–
71, oct 2010. ISSN 1476-4687.

R. S. Ruskin, Z. Yu, and N. Grigorieff. Quantitative characterization of electron
detectors for transmission electron microscopy. Journal of Structural Biology, 184:
385–393, 2013.

Y. Saeki, T. Sone, A. Toh-e, and H. Yokosawa. Identification of ubiquitin-like
protein-binding subunits of the 26S proteasome. Biochemical and biophysical re-
search communications, 296(4):813–819, 2002.

E. Sakata, F. Stengel, K. Fukunaga, M. Zhou, Y. Saeki, F. Forster, W. Baumeister,
K. Tanaka, and C. V. Robinson. The catalytic activity of Ubp6 enhances matura-
tion of the proteasomal regulatory particle. Molecular cell, 42(5):637–649, 2011.

E. Sakata, S. Bohn, O. Mihalache, P. Kiss, F. Beck, I. Nagy, S. Nickell, K. Tanaka,
Y. Saeki, F. Forster, and W. Baumeister. Localization of the proteasomal ubiq-
uitin receptors Rpn10 and Rpn13 by electron cryomicroscopy. Proceedings of the
National Academy of Sciences of the United States of America, 109(5):1479–1484, 2012.
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