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Summary

The 26S proteasome is a 2.5 MDa protein complex that orchestrates protein degra-
dation in eukaryotic cells at the final stage of the ubiquitin proteasome system
(UPS). In the UPS, a substrate is modified through the attachment of a polyu-
biquitin chain and is then recognized and degraded by the proteasome. Using
single-particle cryo-electron microscopy, four major conformations of the 26S pro-
teasome have been reported, which propose a model regarding the mechanism
of substrate processing. However, the structural basis of the regulatory mecha-
nisms of proteasome function, such as control of the core particle gate or substrate

translocation by the AAA+ ATPase module, are not completely understood.

In this doctoral thesis, the conformational landscape coverage was further broad-
ened for a deeper understanding of the 26S proteasome catalytic mechanism.
A combination of three different biological approaches — provision of nucleotide
analogs, directed point mutations in the AAA+ ATPase subunits or using a de-
signed model substrate — resulted in the alteration of the conformational equilib-
ria of the proteasome, and ultimately led to the identification of three different
newly discovered proteasome states. The broadened coverage of the conforma-
tional landscape provides a deeper understanding of the 26S proteasome catalytic
mechanism. A combination of high resolution structures and biochemical anal-
ysis elucidate the gate opening mechanism by docking of the C-termini of Rptl
and Rpt6. Detailed analysis of the AAA+ ATPase revealed the formation of a
Phe-cluster, which enabled me to distinguish configurations of the nucleotide bind-
ing pockets. By assignment of the nucleotide pockets of the proteasomal states as
open, engaged or intermediate a reoccurring pattern could be found hypothesizing
a sequential nucleotide-driven translocation. In summary, this deepened knowl-
edge of proteasome conformational dynamics reveals the fundamental mechanisms
of the regulation of gate opening and communication between the proteasome sub-

units.
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Zusammenfassung

Das 26S Proteasome ist ein 2,5 grofler MDa Proteinkomplex, der als Exekuti-
ve im Ubiquitin-Proteasom-System (UPS) zum Abbau von Proteinen in euka-
ryotischen Zellen verantwortlich ist. Im UPS wird ein Substrat iiber eine En-
zymkaskade durch kovalente Verkniipfung mit dem Molekiil Ubiquitin markiert
und schlieBlich durch das 26S Proteasome erkannt und abgebaut. Mit Hilfe von
Einzelpartikel-Kryo-Elektronenmikroskopie wurden in der Vergangenheit insge-
samt vier Proteasomkonformationen aufgelost, welche eine erste Hypothese zum
Mechanismus der Substratprozessierung méglich machte, aber Interaktionen zwi-
schen Untereinheiten, und damit beispielsweise verbunden den 20S Kernpartikel-
Offnungsmechanismus oder die Substrattranslokation durch das AAA+ ATPase

Modul, nicht oder nur teilweise erkldren konnten.

In dieser Doktorarbeit wurde die Erfassung des konformationellen Raums des
26S Proteasomes erweitert und daraus ein gréfleres Verstiandnis des katalytischen
Zyklus gewonnen. Die Kombination dreier Methoden — der Einsatz von Nukleo-
tidanalogen, direkte Punktmutationen im ATPase Modul und die Zugabe eines
Modell-Substrats — wurde benutzt, um das 26S Proteasome in unterschiedliche
Zustandsequilibria zu tiberfithren. Dies fiihrte letztendlich zu der Entdeckung von
drei unbekannten Zustanden. Mit diesen Ergebnissen konnte die Komplexitit des
Zusammenspiels der Untereinheiten besser verstanden werden. Dazu gehort die
Erklirung des Porenéffnungsmechanismus des 20S Kernpartikels mit Hilfe von
hochaufgelésten Strukturen und biochemischen Analysen. In mehr Detail wurde
gezeigt, dass das Docken der C-termini von Rptl und Rpt6 Schliisselfunktionen
im Wechsel von einem geschlossenen zu einer offenen Pore erfiillen. Die Analyse
der Nukleotidtaschen der AAA+ ATPase fithrte zu der Entdeckung von wieder-
kehrenden Phenylalanin Gruppen, mit Hilfe dieser der Zustand von Nukleotidta-
schen definiert werden konnte. Dadurch konnte eine wiederkehrende Abfolge von
Nukleotidtaschen-Zustdnden gefunden werden, die die Hypothese erméglicht auf
ein sequentiell Nukleotid-gesteuerte Substrattranslokation zu schlieflen. Zusam-
mengefasst konnte mit Hilfe der zusdtzlichen Zustandsequilibria ein genaueres
Bild der hoch flexiblen 26S Proteasomzustandslandschaft gewonnen und damit
der Porenoffnungsmechanismus und die Kommunikation zwischen Untereinheiten

im ATPase-Zyklus besser verstanden werden.
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Chapter 1

Introduction

1.1 The Ubiquitin Proteasome System

Expression levels of proteins are determined by a balance between protein synthesis and
protein degradation (Labbadia and Morimoto, 2015). Protein degradation prevents misfolded
proteins and damaged proteins from causing cellular stress (Labbadia and Morimoto, [2015)
but it is also necessary for protein signaling cascades, cell cycle regulation and for many other
cellular pathways (Jung et al., [2009; |[Finley et al.,2012). Eukaryotes have two major protein
degradation pathways to eliminate intracellular proteins: autophagy (Yang and Klionskyl,
2010) and the ubiquitin proteasome system (UPS) (Finley et al. [2012). While there is a
bulk-degradation of proteins during autophagy, a more selective degradation is achieved by
the UPS. The UPS is responsible for the regulated degradation of proteins that reside in
the nucleus and cytosol (Hershko and Ciechanover} [1998; |Glickman and Ciechanover, |2002;
Finley, 2009; [Finley et al., |2012)). The UPS fulfills a central role in the control of cellular
processes such as the cell cycle, transcription, signal transduction, apoptosis and protein
quality control. Hindering the UPS leads to protein aggregation and can in turn cause diseases
such as Huntington’s Disease (Glickman and Ciechanover} |2002) or Cystic Fibrosis (Bence
et al., [2001)).

The UPS specifically targets proteins for degradation through covalent modification by the
8.5 kDa protein ubiquitin. An enzymatic cascade of three enzymes, E1, E2 and E3, attaches
ubiquitin to the target protein and elongates the ubiquitin chain (Fig. . First, the ubiquitin
protein is activated and attached via a thioester bond in an ATP-dependent manner to the
ubiquitin-activating enzyme (E1). In yeast there is only one E1 enzyme that catalyzes the
first step, while in humans there are two different E1 enzymes known to date for initiating the
conjugation of ubiquitin (McGrath et al.l [1991; Schulman and Harper} 2009). The ubiquitin is
then transferred to a ubiquitin-conjugating enzyme (E2), before being attached to the target
lysine of the intended substrate through the help of ubiquitin ligases (E3) (Finley et al.,2012).
While there are 11 E2 enzymes in yeast and 20-30 in human, the number of E3 enzymes is

over several hundred to cope with the large variety of substrates to be ubiquitinated.
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Figure 1.1: Schematic overview of the UPS system. An enzyme cascade of E1, E2 and E3 en-
zymes attach ubiquitin to a target substrate. The ubiquitinated substrate is often degraded
by the 26S proteasome. Ubiquitin is hereby recycled. Figure adapted with permission from
(]Maupin—FurlowL |2012D.
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By repeating the ubiquitin conjugation reaction, another ubiquitin is attached to a lysine

residue of the ubiquitin, thereby forming a poly-ubiquitin (polyUb) chain (Glickman and

|Ciechanover}, [2002; Finley et all [2012). Substrates carrying a polyUb chain are ultimately

recognized by the 26S proteasome (explained in and are degraded.

1.1.1 The Variety of Ubiquitin Chains

For extension of a polyUb chain, an isopeptide bond is formed between a lysine of the target
protein and the C-terminal carboxyl group of ubiquitin (Gly76). Ubiquitin has seven lysine
residues (K6, K11, K27, K29, K33, K48 and K63), all of which can form an isopeptide bond
with a ubiquitin moiety. Although all of these chains fulfill different functions (Fig. ,
the most commonly used and most-well studied linkages are the K11-, K48- and K63-linked
ubiquitin chains (reviewed in (Komander and Rape, 2012))). For example, the K48- and K11-

linked chains are typical UPS degradation signals for the 26S proteasome (Kravtsova-Ivantsiv]

land Ciechanover} [2012; Finley et al., [2012). K63 chains are important for cell signaling path-

ways, while monoubiquitinated substrates, modified with a single ubiquitin, are important

for endocytosis, protein localization and DNA repair (Haglund and Dikic, [2005; Tkeda and|
Dikicl 2008; Komander et al., 2009). Functions for K6, K27, K29 and K33-linked ubiquitin

are not well understood. In addition to the lysine modifications, non-canonical modifications,

such as conjugation via cysteine, serine or threonine residues have been identified (McDowell
land Philpott, 2013; [Finley et al., |2012)). The complex ubiquitin code can be additionally
modulated by the geometry of the chain, either linear or branched, and by the length of the
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chain. A substrate can also carry different types of chain linkages, which again increases the
diversity of the ubiquitin code and through that the specificity of its function (Komander and;

Rapé, [2012).

Ub Ub Ub Ub Ub-receptors

»@»@»@ ~Qao

(UbUb (UbUb (UbUb w n bGG EEO‘O

Ub Ub
.Ub Ub«

K-48 linked K-11 linked K-6, -27, -29, -33 Mono-Ub Multi-mono-Ub M1-linked K-63 linked
linked/heterotypic

VEL | [ A |

Proteasomal degradation Functions unclear Endocytosis, DNA repair Signaling

Figure 1.2: Variation of ubiquitin chains. The UPS system generates a high variety of ubiquitin
chain types. K48 and K11 linked chains are typical signals for degradation by the protea-
some. Other types of ubiquitin chains are important for functions such as endocytosis and
cell signaling. Figure adapted with permission from QFulda et al.l7 |2012D.

1.1.2 Proteasomal Substrate

The canonical 26S proteasome substrate consists of a polyUb chain with at least four ubiqui-
tins as a targeting signal and an unstructured initiation region, which is needed for degrada-
tion initiation (Thrower et al. [2000; Takeuchi et al., 2007 |[Prakash et al., 2009; Inobe et al.,

2011)). Several studies have analyzed how each requirement, such as the length and amount of

ubiquitin chains, chain position, length of initiation region, length of folded region and amino
acid composition affects degradation efficiency (Takeuchi et al. 2007; Prakash et al.l 2009;
IInobe et al., 2011; Fishbain et al., [2015; Yu et al., |2016b; [Lu et al., |2015). The unstructured

region is one of the key prerequisites for degradation. If the unstructured region is too short,

degradation is hindered and substrate cannot be unfolded. The minimal length requirement

for the initiation region is 20-30 amino acids (Inobe et al.,2011). Additionally, it was shown

that the amino acid composition of the initiation region has a large impact on the substrate
degradation rate. Substrates with unstructured regions containing small side chains, like
stretches of glycine or serine residues or acidic stretches of aspartate or glutamate residues,
are less efficiently degraded (Yu et al.,|2016b; [Fishbain et al., 2015). An explanation for this is
that overall low complexity sequences, and also highly acidic sequences cannot be grabbed by
the pore loops of the ATPase associated with diverse cellular activities (AAA+ ATPase), thus
leading to slipping and to hindered unfolding (Kraut et al., [2012; Fishbain et al., 2015]). The

transcription factor nuclear factor 'kappa-light-chain-enhancer’ of activated B-cells (NF-xB)
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contains such a slippery stop signal, leading to partial degradation of the protein and to the

proteasome-mediated activation of its transcription factor activity (Tian et al.,2005)). For tar-

geting substrate to the proteasome, it was shown recently that substrates are more efficiently
degraded when they have more than one ubiquitin chain. For example, the substrate modi-
fied by several diubiquitin chains is more efficiently degraded than that with a tetra-ubiquitin
chain (Lu et al., [2015). Although substrate degradation is regulated through the high vari-
ability of ubiquitin chains (Thrower et all 2000; Kravtsova-Ivantsiv and Ciechanover| 2012),

how ubiquitin chains exactly control substrate degradation is still not completely understood.
Proteins can also be processed by the 26S proteasome through ubiquitin-independent degra-
dation. Here proteins often have either large unfolded regions, through which they can be
directly degraded by the 20S core particle (CP), are targeted by a tethering system
or are fused to proteasome components such as regulatory particle non-ATPase
(Rpn) 10 and Rad23 (Janse et al., 2004; |Fishbain et al., [2011; |Wilmington and Matouschek),
2016; Yu et al. 2016al).
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1.2 The 26S Proteasome

The 26S proteasome is a 2.5 MDa protease that functions at the final step of the UPS to
degrade targeted proteins. It consists of the barrel-shaped CP, which contains the catalytic
active sites, and one or two 19S regulatory particles (RP) (Fig. [1.3). The RP forms the
caps of the proteasome and contains the AAA+ ATPase machinery used for unfolding and
translocating the substrate into the CP (Smith et al., 2007; |Gillette et al., 2008} |Tian et al.
. Proteasomes can exist in their singly capped or doubly capped form (Peters et al.
1993)), which was shown not only in vitro but also in situ. A doubly capped proteasome

measures ~48 nm in length and ~20 nm in width (Voges et al.| [1999). Of all 26S proteasome

particles found in cells, ~70% were present in the singly capped form and ~30% of protea-
somes were found to be doubly capped (Asano et all 2015 Albert et al., [2017). However,

the distribution seems to be affected by cellular environment. Proteasomes found in neurons

close to poly-Gly-Ala aggregates were present in the singly capped form in ~24% of the case,
and in the doubly capped form in ~76% of the case (Guo et al., 2018).

Lid

19S
Regul 210A
Base egL.,l atory 0
Particle
alpha
beta 20S . .
26S Proteasome b Core 150A 480A
eta :
Particle
alpha

200A

Figure 1.3: The 26S proteasome. The 26S proteasome consists of the CP, shown in red and the RP
shown in blue and green. The RP can be split into two subcomplexes, the lid (green) and
the base (shades of blue). Figure taken with permission from (Unverdorben, 2014).

1.2.1 The 20S Core Particle

The proteasome CP is present in archaea, eukaryotes and also in some bacteria (actino-
mycetes) (Dahlmann et al., |1989; Nagy et al., [1998). The 28 subunits are divided into two

outer a-rings and two inner S-rings; each ring is composed of seven homomeric subunits in

bacteria and archaea or seven heteromeric subunits in eukaryotes (Fig. ) (Lowe et al.
[1995; |Groll et al.,1997). The two inner rings are composed of distinct 5 subunits (51-7), which
belong to the class of N-terminal nucleophilic (Ntn) hydrolases (Borissenko and Groll, [2007).
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The crystal structure of the CP was first solved from T. acidophilum by Lowe and colleagues
in 1995 (Lowe et al, 1995) and then from S. cerevisiae by Groll and colleagues in 1997

(Groll et al., [1997). In contrast to the homomeric archaeal or bacterial 8 rings that contain

seven catalytic sites, only three of these 8 subunits are catalytically active in the eukaryotic
B rings (Fig. ) Three catalytic sites display distinct catalytic activities: (1 possesses
caspase-like, 52 trypsin-like and 85 chymotrypsin-like activity (Borissenko and Groll, 2007}
[Finleyl, |2009; |Tomko Jr. and Hochstrasser, |2013)). The hydrolases digest substrate into pep-

tides with an average length of seven to nine amino acids (Voges et al., 1999). The active

sites are separated from the cellular environment within the confines of three compartments

(Wenzel and Baumeister}, |1995) and are a common target in drug design of many structurally
diverse inhibitors used in medical treatments (Kisselev and Goldberg, 2001} Groll and Huber,

2001).

Figure 1.4: Structure and function of the 20S core particle. (A) The CP counsists of two « rings
at the outside each composed of seven different v subunits and in the inside a stack of
two [ rings, each composed of seven different § subunits. (B) The 3 rings consist of the
proteolytic center and (C) the « ring, especially subunits 2, a3 and a4 are important for
gating of the CP. Figure taken with permission from QFinley et a1.|7 |2012D.

Structural studies revealed that the access to the catalytic chamber is hindered by the N-

terminal extensions of the « subunits. While archaea have a disordered CP gate formed by

the extensions of the seven copies of one subunit (Lowe et all [1995; Rabl et al., |2008), an

ordered gate is found in eukaryotes. Amongst seven distinct « subunits (a1-7), the N-terminal
extensions of the a2, a3 and a4 lay horizontally to form a structured gate (Fig. ) By
restricting the access to the catalytic sites, the proteasome regulates non-specific degradation
of untargeted polypeptides (Groll et al., [1997; |[Finley, [2009; Finley et al., [2016]).

1.2.2 The Gate

As described above, the N-terminal extensions of a2, a3 and a4 subunits form a cluster at the
pore of the central CP channel to occlude entry of substrates. Mutagenesis studies showed
that the Asp7 of a3 and Tyr4 and Arg6 of a4 stabilize this cluster (Groll et al., 2000). To
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open the CP gate, association of proteasome activators is required. Such activators are struc-
turally divided into two subclasses (reviewed (Stadtmueller and Hill, 2011)): ATP-dependent
activators and ATP-independent activators. ATP-independent activators can be further di-
vided into proteasome activator(PA)200/Blm10 activators, 11S activators (Stadtmueller and
Hill, 2011) and a recently discovered ATP-independent activator of the bacterial proteasome,
bacterial proteasome activator (Bpa)/proteasome accessory factor E (PafE) (Delley et al.,
2014; Bolten et al.| 2016]).

Binding of proteasome activators can differentially trigger gate opening. For example, gate
opening is triggered by binding of 11S activators, such as PA26, through the pushing of an
activation loop of PA26 onto a proline loop in each of the a subunit N-termini (Whitby
et al., [2000; [Forster et al.l 2003|). This interaction is believed to trigger flipping of the N-
terminal extensions of the a subunits (Rabl et al.,2008). Flipping of the o subunit N-terminal
extensions results in the formation of an open gate cluster between the N-terminal regions of
the a-subunits with two tyrosines, an aspartate and a proline (YD-P-Y motif) (Forster et al.,
2005|).

The ATPase activators, including the proteasome-activating nucleotidase (PAN) and the RP
of the 26S proteasome, are composed of AAA+ ATPases, which form a hexameric ring struc-
ture with C-terminal hydrophobic-tyrosine-X (HbYX) motifs that dock into the interface
formed between each « subunit. In a structural hybrid study with PAN and PA26/28 it was
shown how each tyrosine of the HbYX motif connects to the lysine of the a-helix of the «
subunit of the a-ring. It was hereby suggested that binding of all HbYX motifs leads to an
overall shift in the a ring and with that leads to gate opening (Yu et al.l [2010). In the 26S
proteasome only three of the six AAA+ ATPase subunits have a clear conserved HbYX motif.
It was confirmed that these three HbYX motifs insert into the CP as shown for other activa-
tors. However, in contrast to other activators, the gate remained closed (Unverdorben et al.|

2014; Wehmer et al., |2017). Therefore it is still not known how gate opening is regulated.

1.2.3 The 19S Regulatory Particle

Whereas the overall structure of the CP could be determined by crystallization, the struc-
tural arrangement of the RP took many years to study. The complete subunit arrangement
was finally identified through a combination of crystallization, crosslinking, cryo-electron mi-
croscopy (cryo-EM) analysis of the green fluorescent protein (GFP)-labeled and mutated
proteasomes and homology modeling (Bohn et al., |2010; [Tomko Jr. and Hochstrasser), 2011}
Sakata et al., 2012; [Beck et al., [2012; Lander et al., 2012; |Lasker et al. 2012). The 19S
regulatory particle of S. cerevisiae consists of 19 stoichiometric subunits which can be further
divided into six regulatory particle AAA+ ATPase (Rpt) subunits (Rpt1-6) and 13 Rpn sub-
units (Rpnl1-3, 5-13, 15) (Fig. (Glickman et al., [1998bla; Voges et al., [1999). The RP is
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further split into two sub-complexes, termed the 'base’ and the 'lid” (Saeki and Tanaka), 2012)).

The base contains the six ATPase subunits, the ubiquitin-receptors Rpn10 and Rpn13 and
Rpnl, and a scaffold protein Rpn2. The lid contains the remaining subunits Rpn3, Rpn6-9,
11-12 and Sem1/Rpnl5. Only Rpnll possesses an enzymatic activity as a deubiquitinating
enzyme (reviewed in (Forster et al. 2010; Tomko Jr. and Hochstrasser} 2013))).

Rpn13

Figure 1.5: The Regulatory Particle. The RP is shown with each subunit colored differently:
Rpt1,6,4 (blue), Rpt2,3,5 (cyan), marked as ATPase, Rpnl (brown), Rpn2 (yellow), Rpn3,
Rpn5, Rpn6, Rpn7, Rpn9, Rpnl2 (shades of green), Rpn8, Rpn10, Rpnll, Rpnl3, Seml
(shades of purple). Figure taken with permission from @ .

1.2.3.1 The Lid

The lid of the proteasome acts as the scaffold of the 26S proteasome. The lid consists of nine
subunits Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpnll, Rpnl2 and Seml. Rpn3, 5, 6, 7,
9 and 12 share the proteasome-COP9-initiation factor (PCI)-domain. All six are arranged
as a horseshoe through interactions with their PCI-domains, and are located on the side
of the base subunits reaching across the full width of the RP (Lasker et all [2012; [Lander|
, . The N-termini of Rpn3 and Rpnl2 interact with Rpn2 whereas the N-termini of
Rpnb and Rpn6 contact the ATPase as well as the CP. The Mprl/Padl N-terminal (MPN)-
domain subunits Rpn8 and Rpnll are located at the center of the RP. Although both Rpn&
and Rpnll belong to the deubiquitinating enzyme (DUB) family with a Zn** dependent
JAB1/MPN/Mov34 metalloenzyme (JAMM) domain, only Rpnll is catalytically active and
Rpn8 has a pseudo catalytic site (Verma et al., [2002; [Yao and Cohenl 2002; [Pathare et al.
2014; Worden et al.,|2014; de Poot et al.,[2017). The Rpn8/Rpnll heterodimer resides at the

interface on the inside of the PCI horseshoe, at the entrance of the ATPase ring and between

the ubiquitin receptors Rpnl0O and Rpnl3. A common structural motif in proteins of the
MPN family are the two insertion loops, Ins-1 and Ins-2, which are important for regulation
of deubiquitination (Worden et al., 2017)). The catalytic activity of Rpnll is inhibited in an

isolated lid subcomplex through an interaction with Rpn5 which occludes the active site of
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Rpnll. As soon as the lid is incorporated into the holocomplex, subunits in the lid undergo
conformational changes, most notable being that the Rpnll/Rpn8 dimer undergoes a 90°
rotation through which Rpnll is no longer occluded by Rpn5. Still the active center of
Rpnll is blocked by an inactive, closed state of Ins-1 loop (Lander et al., [2012). Activity
of Rpnll is coupled to substrate translocation and requires ATP hydrolysis (Worden et al.|
2014; Dambacher et al.,[2016). In detail, during substrate engagement the active site of Rpnl1
moves above the entrance of the central pore. Further the inactive closed conformation of
the Rpnll Ins-1 loop undergoes a conformational change through ubiquitin binding leading
to an active, open [-hairpin state of Ins-1 (Worden et al., [2017)). Finally substrate can
be deubiquitinated. Importantly the substrate should not be deubiquitnated before it is
translocated but deubiquitination should also not occur too late to prevent co-degradation of

ubiquitin or stalling of the substrate.

1.2.3.2 The Base

The base of the RP is composed of the AAA-ATPase (discussed in , three ubiquitin
receptors (Rpnl13, Rpnl0 and Rpnl) and the binding platforms Rpnl and Rpn2. Rpnl0 and
Rpnl3 are located at the periphery of the RP and recognize the ubiquitin chain attached to
the target substrate (van Nocker et al., [1996; |Schreiner et al., 2008; [Husnjak et al., 2008)).
Rpnl3 binds to Rpn2 and Rpnl0 binds to Rpn8 and Rpn9 (Chen et al. |2010; |Beck et al.,
2012; Lander et al.,2013). Rpnl0 consist of an N-terminal von Willebrand A (VWA) domain
and a C-terminal ubiquitin interacting motif (UIM) domain. It recognizes ubiquitin through
binding to its UIM (Deveraux et al., [1994; [Riedinger et al. 2010). The Rpnl10 UIMs form
helices, which are very flexibly connected to the VWA domain. The Rpnl0 subunit from
different organisms has a variable amount of UIMs (reviewed in (Tomko Jr. and Hochstrasser,
2013)). Rpnl3 uses a pleckstrin-like receptor for ubiquitin (PRU) domain to recognize and
bind ubiquitin. This domain cannot only interact with ubiquitin but it also binds to Rpn2
(Husnjak et al.,|2008]). Because Rpn10 and Rpnl3 are not essential in S. cerevisiae, it is likely
that more ubiquitin receptors or additionally shuttling factors also participate in recognizing
polyUb substrates (Sakata et al., [2012; Husnjak et al., 2008)).

Rpnl and Rpn2 are the largest subunits in the RP. Both subunits are highly similar in
structure with a toroid built from 11 proteasome/cyclosome (PC)-motifs (He et al., 2012).
Both are connected to one another through a loop of Rpn2 and to the ATPase ring via the
coiled-coil of Rpt1-Rpt2 for Rpnl and Rpt6-Rpt3 for Rpn2 (Wehmer et al., 2017} |Schweitzer,
et al.l 2016). Rpnl and Rpn2 are additionally connected to many different integral subunits
of the 26S proteasome. Rpnl is a docking platform for both the substrate and ubiquitin
and it was also shown to be a hub for proteasome interacting protein (PIP) binding (Gomez
et al., 2011} |Aufderheide et al., 2015} |Shi et al., 2016]). Rpnl recognizes ubiquitin-like (UBL)
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domains of substrate shuttling factors using its T1 site, which is also important for ubiquitin-
binding. It has a second UBL-binding site (T2) where the deubiquitinating enzyme Ubp6
binds. The high flexibility of Rpnl makes it difficult to resolve all functions of this central
hub (Wehmer et al., [2017}; [Schweitzer et al., 2016)).

1.2.4 The ATPase

The six AAA+ ATPase subunits Rptl-6 assemble into the AAA-ATPase ring, which sits
directly on top of the CP (Fig. [1.6B). The N-terminus of each Rpt subunit forms a coiled-
coil with the neighboring subunit (Rpt1-Rpt2, Rpt6-Rpt3, Rpt4-Rpt5) (Tomko Jr. et al.l
2010; [Tomko Jr. and Hochstrasser, 2011). These coiled-coils are distorted as a result of the
repeating of every seven residues, normally the number of residues per a-turn is 3.6 (Lupas
and Gruber, 2005)). The coiled-coil region of Rpt1-Rpt2 interacts with Rpnl (and Rpn2) and
the coiled-coil of Rpt6-Rpt3 with Rpn2, while the one of Rpt4-Rpt5 is isolated and has no
interaction with the other subunits. The Rpt N-terminus connects to the oligosaccharide-
binding (OB) domain, which is important for the structural stability of the hexamer which is
followed by the AAA+ domain with a large subdomain in the middle and a small subdomain
at the C-terminus (Fig. , C) (Forster et al., 2009; Tomko Jr. et al., [2010; Bard et al.
2018).

At the interface of the large and small domain of an ATPase subunit and the large domain of
the neighboring subunit, a nucleotide pocket is formed which can bind ATP, then hydrolyze
ATP to form ADP+Pi (Fig. [1.6D). As with other AAA-ATPase members, the nucleotide
pocket is highly conserved, containing a Walker A, Walker B motif, sensor 1 and sensor 2
motif. Hydrolysis of ATP is assisted by two conserved arginine fingers from the neighboring
Rpt subunit (Fig. ) These arginine fingers reach towards the Walker A motif and polarize
the gamma-phosphate (reviewed in (Wendler et al., 2009)). The highly conserved glutamate
of the Walker B motif, often located at the end of an adjacent S-strand, polarizes a water
molecule for attack of the y-phosphate. ATP is finally hydrolyzed and energy is generated,
which leads to movement of the ATPase subunits. For the substrate translocation, conserved
aromatic-hydrophobic (Ar-6) pore loops at the large domain are important. They face the
inner channel of the ATPase and interact with an incoming substrate and pull it towards the
CP in an ATP-dependent manner (Lander et al. 2012, 2013; [Iosefson et al., 2015).

The coordination of the whole ATPase cycle is still unclear. In higher activated 26S protea-
some states (discussed below) a rigid body can be found between Rpt subunits formed by the
small AAA+ subdomain and the large AAA+ subdomain of the clockwise neighboring sub-
unit (Matyskiela et al., 2013; Sledz et al., 2013; Unverdorben et al., [2014; [Wehmer et al., 2017;
Bard et al., 2018]). Such rigid bodies have been reported in other AAA+ motors, for example
in PAN or the translocase ATP-dependent caseinolytic protease X (ClpX) and structures of
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Figure 1.6: The ATPase of the base subcomplex. (A) Schematic overview of an Rpt subunit.
(B) Position of the ATPase with the six Rpt subunits colored in the following colors: Rpt1l
(red), Rpt2 (orange), Rpt3 (green), Rpt4 (cyan), Rpt5 (blue), Rpt6 (yellow) (C) Side view
of the ATPase. The line splits the OB ring from the AAA-ring. (D) Top view of the
ATPase ring with its six subunits. Shown in pink is the location of the nucleotides. (E)
Cartoon of the lock washer conformation of each subunit split into the small and large
AAA+ domains. This lock washer conformation can be seen especially in the sl and s2
states.

AAA+ motors processing substrate (Zhang et al.), 2009; Glynn et al., 2009} [2012; [Monroe|
et al., [2017; [Puchades et al., 2017). Additionally, whether a clockwise burst mechanism or a

hand-over model with a counter-clockwise direction is more likely is not clear.

1.2.5 Structure and the Conformational States

In recent years, cryo-EM single-particle analysis (SPA) (described in was used to capture
the proteasome in different processing states. The purified 26S proteasome complexes are
subjected to cryo-EM SPA and the obtained 26S proteasome densities are computationally
classified into different conformational states (Fig. . These previous studies revealed that
the 26S proteasome undergoes large movements during substrate proteolysis. In the presence

of ATP, where the proteasomes actively hydrolyze ATP, the two structural states sl
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(Bohn et al. |2010; |Lander et al., 2012; Lasker et al., 2012} Beck et al., 2012} |Unverdorben
et all [2014) and s2 were identified (Unverdorben et all) |2014). An additional state, s3,
was resolved by adding the nucleotide analog ATP~S (Sledz et al.l 2013). ATP~S hinders
hydrolysis by the ATPases and may play an activating role for the 26S proteasome. The
s3 state was also achieved by adding a synthetically designed substrate, thus supporting the
hypothesis that s3 is an activated proteasome state (Matyskiela et al.l 2013)).

When these states are compared to one another, sl represents the ground state in which the
OB ring, AAA+ ATPase ring and the CP are not aligned (Fig.[L.7B). The ATPase is arranged
in a lock washer conformation with the split site between Rpt6 and Rpt3 (Unverdorben et al.,
2014} [Wehmer et all, [2017), with Rpt3 being the highest subunit (Fig. [L.6E). From the sl to
the s2 state the arrangement of the ATPase does not change, but rather the whole ATPase
shifts, thereby better aligning the ATPase channel with the CP channel (Fig. ) At the
same time, the lid subunits and Rpn2 undergo a 25° rotation, through which the distance
between the N-terminus of Rpn5 and Rpnb6 increases and Rpnll moves above the entrance to
the pore of the ATPase, important for facilitating the DUB activity (Fig. [L.7A, C). From s2
to s3 Rpn2 shifts by another ~24 A and the co-axial alignment of OB ring, AAA+ ATPase
ring and CP increases further. Also from s2 to s3 the lock washer of the ATPase arrangement
becomes more planar, moving the split site to Rpt1-Rpt5 (Unverdorben et al., 2014; [Wehmer
et al., [2017).

A fourth state, s4, could be stabilized in a low percentage using the nucleotide analog BeF,
(Wehmer et al., [2017). s4, similar to s3, has a well aligned ATPase and CP channel. On first
sight s3 and s4 are similar but three important differences can be found. First, the ATPase of
s4 is similar to s3, both are more planar, but the split site is located at Rpt4-Rpt3. Second,
the N-terminus of Rpnl points away from the ATPase in the s3 state, while in s4 the Rpnl
N-terminus is fixed towards the ATPase. And third, s4 is the first 26S proteasome state that
has an open CP gate. In contrast the s1, s2 and s3 states have a closed gate (Fig. ) The
lower resolution of roughly 8 A of the s4 state left questions remaining regarding the gate

opening mechanisms.

Human in vitro studies have shown four comparable states Sa, Sg, Sc and Sp (Chen et al.,
2016), suggesting that the proteasome state landscape is likely conserved between yeast and
human. Recent technological advancements made it possible to use cryo tomography to
view inside a cell, that was plunge frozen to maintain the native cellular state. Such in
situ studies were used to analyze proteasome abundance and proteasome localization. These
studies even allowed for differentiation between different 26S proteasome states. Ground state
proteasomes, sl and activated states s3 and s4 were resolved (Asano et al., 2015} |Albert et al.|
2017; |Guo et al., 2018)). The activated states could be shown in a higher abundance when

proteasomes close to protein aggregates in neurons were analyzed (Guo et al.l 2018)).
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Figure 1.7: The proteasome conformational state landscape. (A) cryo-EM densities of the four
published proteasome states. The distance between Rpn5 (olive green) and Rpn6 (dark
green) is shown as an arrow. (B) A side view of the cryo-EM densities cut in the middle
shows the position of the active site of Rpnl1l and the alignment of the OB ring, the AAA+
ATPase ring and the CP in each state. An additional top view of the CP shows the state
of the gate. (C) Top view of Rpn2 overlaid between two states and compared by position
and orientation.
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1.3 3D Cryo-Electron Microscopy

The primary goal of structural biology is to better understand the functions and interactions
of macromolecules and to use this information for rational drug design in combating human
disease. Several techniques are available for determining the three dimensional structure of
a macromolecule, including X-ray crystallography, nuclear magnetic resonance (NMR) and
cryo-EM. One of the restricting factors of high-resolution structure determination using mi-
croscopes is the wavelength of visible light (Forster et al., |2012; Engelhardt, 2018). The
advantage of an electron microscope is that it uses high-energy electrons with a much smaller
wavelength than visible light, thus making it more suitable for high-resolution structural
work. In this doctoral thesis, I applied cryo-EM to address the conformational equilibrium of
the 26S proteasome. In cryo-EM, biological samples are rapidly frozen (described in|1.3.2)) to
capture the sample in its hydrated state in non-crystalline ice with a transmission electron
microscope (TEM) under cryogenic condition. For high-resolution structure determinations
of biological macromolecules, three methods were developed using cryo-EM: electron crys-
tallography, cryo-electron tomography (CET) and SPA (Baumeister and Steven) 2000; [Luci¢
et al., |2008; Engelhardt} 2018]). In electron crystallography the structure of proteins, for ex-
ample membrane proteins embedded in a lipid layer, is determined, which preferably form
two-dimensional (2D) crystals by a periodical arrangement (Baumeister and Steven, 2000)).
In CET, micrographs of biological samples are acquired at multiple tilt angles from which a
three-dimensional (3D) volume can be reconstructed. It is combined with in situ structural
analysis, providing a macromolecular structure close to the native condition (Lucié¢ et al.
2008; [Forster et all 2012). SPA is one of the methods which allows the determination of
the 3D structure of macromolecules at high-resolution. A purified protein sample is rapidly
frozen and then recorded on a TEM without tilting. All projections of the macromolecules
with different orientations are combined together and reconstructed to a 3D structure (Frank,
2006)), which can be further classified into possible subconformations (Spahn and Penczekl
2009; Bai et al., 2015).

1.3.1 Transmission Electron Microscopes

In the TEM, highly accelerated electrons are "shot" onto a sample of interest and scattered
electrons are detected by a detector after passing through the sample. The assembly and
composition of a TEM is quite similar to that of a light microscope (Fig. . In short, the
electron source sits at the top of the microscope in the form of a field emission gun (FEG).
Through a strong electrical field, generated by voltages of up to 300 V, electrons are extracted
and accelerated to form a beam of highly coherent electrons. The microscope is steadily
kept under high vacuum conditions (usually 10"!? bar) to prevent any noisy interactions of

electrons with gas atoms (Williams and Carter, 2009)). Electromagnetic condenser lenses and
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corresponding apertures (e.g. C1, C2 and C3 in the Titan Krios (FEI)) control the electron

beam by focusing and parallelizing it onto the grid stage.
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Figure 1.8: Schematic overview of an electron microscope. Schematic overview of an electron
microscope used for single particle analysis in this work. Figure taken with permission

from (Asauo} 013,

High-energy electrons will hit the sample on the grid stage and are either scattered by the
sample or traverse the sample unscattered. A first projection image is then created by elec-
trons passing the objective lens. The objective aperture is important for filtering electrons
scattered at high angles. The projector lens enlarges the projection to generate a final im-
age (Reimer and Kohl, 2008; Williams and Carter, [2009). In the early years of cryo-EM

acquisition, the image was recorded on photographic film, and in later years digital recorders

became more common (reviewed in (Booth and Mooney, 2013))). These digital recorders were

charge coupled device (CCD)-based or complementary metal oxide semiconductor (CMOS)
cameras which convert the incoming electrons into photons and further into an electronic
signal for readout. Recent advances in single particle analysis cryo-EM were largely pro-

vided by technical innovation of direct electron detection devices (DDD). The DDD measures

electrons directly through a semiconductor membrane (Booth and Mooney, [2013)). Direct de-

15



Chapter 1 Introduction

tectors come with many advantages, for example they have an improved detection quantum
efficiency (DQE) for high spatial frequencies (high-resolution information) thus resulting in
an improved signal-to-noise ratio (SNR) (Ruskin et al., 2013; [McMullan et al., 2014). Direct
detectors can additionally record subframes for each acquired image. Frame alignment during
image processing can correct for drift and weighing the frames, for example discarding the
last frames, helps to reduce the effects of beam damage to the sample (Bai et al., 2015)). All
data in this thesis was acquired with the help of the Gatan K2 detector. The counting mode
of the K2 detector can additionally localize incoming electrons more precisely and suppress
electronic noise (Booth and Mooneyl, [2013)). A total dose of high-energy electrons per area
has to be controlled because an electron beam can damage the sample. Acquiring images
with too few electrons also limits the signal-to-noise ratio (SNR) and thereby the resolution.
Each acquired micrograph is influenced by several factors as determined by the microscope
setup. The frequencies of the image are modulated by the CTF. During processing the ac-
quired images can be corrected for the CTF by estimating defocus and accounting for the

microscope parameters such as the spherical-aberration coefficient (Engelhardt, [2018)).

1.3.2 Sample Preparation for Cryo-Electron Microscopoy

As described above, rapid freezing of the biological sample is needed to keep the biological
sample in its hydrated state (Engelhardt, [2018). In more detail, the purified sample is pipetted
as a small volume onto a grid designed for cryo-EM. These grids are often made of copper,
and are covered by a carbon film with a regular or a random distribution of holes. The
grid can influence the orientation of the macromolecule and can even affect the amount of
sample that is embedded in ice. For a successful high-resolution structure determination, an
equal distribution of orientations and a high amount of particles that are not aggregated in
ice is preferred. Before sample application the hydrophobic carbon-coated grids are made
temporarily hydrophilic with ionized gas molecules in a plasma cleaner (Engelhardt], 2018]).
After applying the sample onto the carbon-coated grid, the grid is plunge frozen into a cryogen,
such as liquid ethane, which is cooled to -180 °C through liquid nitrogen. The water molecules
are transformed into a vitreous ice state before forming crystalline ice because of the high
cooling rate of 100,000 Cs™. Vitreous ice does not affect the density of the macromolecule
or the interactions between the biological sample. Importantly, vitreous ice keeps the sample
very translucent making it the perfect sample for cryo-EM data acquisition (Engelhardt,
2018). The plunge frozen sample needs to remain at -180 °C during the entire cryo-EM data

acquisition to stay fixed onto the grid.
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1.4 Single-Particle Analysis

As mentioned in the summary above, in SPA a protein or often a protein complex is purified,
applied to a microscope grid and plunge frozen. The frozen sample is then subjected to
TEM, as described above. The principle of SPA is averaging multiple views (referred to also
as a projection) of many copies of your protein of interest which are embedded in ice. From
the acquired micrographs, the particles are picked and used to reconstruct the 3D structure
(reviewed in (Frank] 2009; Orlova and Saibil, [2011; [Forster et al |2012; |Nogales and Scheres),
2015)). Because individual particles have a very low SNR through the restriction of beam
damage, projections of a large number of single particles are required to construct a 3D
structure with a high resolution. Typically, the micrographs contain dozens to hundreds of
the projections. The whole data set consists of several thousand micrographs. The amount
of particles required to achieve a desired resolution is dependent on many different factors,

including preferred orientations, ice thickness and flexibility of the protein of interest.

real space Fourier space

projection

inverse FT

3D = 5

FT

projectionl T back projection slice 1 I

inverse FT
—
2D —
FT

Figure 1.9: Projection-slice theorem. The projection-slice theorem shown as cartoon scheme. The
projection of a 3D object transformed into Fourier space is equal to a slice of the same 3D
object transformed into Fourier space. FT = Fourier transformation. Figure taken with
permission from (Wehmer| [2017)).

1.4.1 3D Reconstruction in SPA

3D reconstruction in SPA is based on the projection-slice theorem. This means that the
projection of a 3D volume in real space is identical to a central slice in the corresponding
direction in Fourier space (Fig. (reviewed in (Forster et al., 2012; van Heel et al., 2000))).
To reconstruct a 3D volume, position and projection directions of each particle need to be
determined so that the slices in the Fourier space can be used for a 3D volume reconstruction.

"Projection matching’ is most commonly used to obtain the required parameters. Projection
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matching is done iteratively over two steps. In the first step, a priori knowledge of a volume
is used as a reference and the reference is compared with each experimental projection to
find maximum cross correlation values or the maximum likelihood or maximum a posteriori
function. Using the determined parameters, a 3D volume is reconstructed in the second
step. There are several different real-space and Fourier-space reconstruction algorithms. In
all methods, projections assigned to the same angular class are averaged to give one average
for each angular view. Each class average conceptually fills up the 3D Fourier space and a
back-transformation leads to a 3D volume. These two steps are iteratively repeated using the
3D volume of the previous step as the next reference volume until the optimization converges
(Frank|, 2006} Forster et al.) 2012]).

1.4.2 Conformational Heterogeneity and 3D Classification

As described earlier, many particles from the same protein sample are combined and used
to reconstruct a 3D volume. However, proteins, especially protein complexes, adopt different
conformations to fulfill different functions. Algorithms can help to group particles in silico into
conformationally distinct classes (reviewed in (Spahn and Penczek, 2009; Bai et al.l 2015))).
Classification of acquired particles can be carried out on the 2D image level and also on the
3D image level. 2D classification most often cannot differentiate between conformations or
different angular views. This method is still often used for an initial sorting of particles.
Thereby, the 3D classification method is commonly used to sort conformational heterogeneity
of the proteins of interest. Two methods of 3D classification are widely used; multi-reference
alignment and 3D principle component analysis (PCA). Multi-reference alignment, which
was used in this thesis, uses projection matching to compare particle subsets to subsequent

reconstructions.
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1.5 Objective and Aims

Over the past several years, the understanding of the molecular details of the 26S proteasome
has reached a very high level. Enhancements in microscope and camera technology have
resulted in high-resolution structures of the 26S proteasome and have made it possible to
begin to understand the mechanics of protein degradation by the 26S proteasome. Presently,
the understanding of 26S proteasomal degradation is hypothesized as cycling through four
different states of the 26S proteasome. However, it was not known exactly how the 26S
proteasome changes its conformation upon ATP hydrolysis and how substrate degradation is
regulated by CP gating. This thesis will focus on stabilizing low-abundance states, identifying
new states through modification of the 26S proteasome state landscape and investigating the

functional consequences of such modifications.

In the first part of the thesis, I used three different methods to modify the 26S proteasome
state landscape. (I) The nucleotide analogs BeF, or ATP~S were used in the past to modify
the 26S proteasome. An exact analysis of the influence of nucleotide analog concentration
on the 26S proteasome was not carried out before. Here I purified the 26S proteasome in
the presence of different ATP~S concentrations and analyzed the results at the structural
level. (II) Nucleotide analogs should act as inhibitors of the AAA+ ATPase. In a more
controlled fashion, AAA+ ATPase point mutations were used to modify the AAA+ ATPase.
The resultant mutant proteasomes were then analyzed for their structural configuration and
state distribution. (III) Finally, I designed a model substrate and used it for structural work
with the aim of analyzing the influence of the substrate on the 26S proteasome degradation
machinery.

In the second part of the thesis, I analyzed all states in detail to answer questions regarding
the still unknown gate opening mechanism and the AAA+4+ ATPase cycle. Analysis of new
states should hereby fill the understanding of the degradation cycle and bring us closer to

understanding the 26S proteasome.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Chemicals and Consumables

Table 2.1: Chemicals and consumables

chemical source
Adenine Sigma
Agarose, low EEO Sigma
Adenosine 5’-(3-thiotriphosphate) (ATP~S) Roche
Adenosine triphosphate (ATP) Sigma
Anti-FLAG® M2 Affinity Gel Sigma
Anti-FLAG® M2 Magnetic Beads Sigma
Bio-Rad protein assay dye Bio-Rad
Bovine serum albumin (BSA) Sigma
Bacto™ Agar BD
Bacto™ Tryptone BD
Bacto™ Peptone BD
Bacto™ Yeast Extract BD

BL21-STAR (DE3)
Creatine phosphate (CPh)

EMD Millipore

Sigma

Creatine phosphate kinase (CPK) Sigma

1 kb DNA Ladder NEB
Deoxynucleotide solution NEB

DHb5a competent cells ThermoFisher
Dithiothreitol (DTT) Merck
ECL™ Western Blotting Reagents Merck
Ethane/Propane (37% ethane/63% propane) Linde

21



Chapter 2 Materials and Methods

chemical source
Ethylenediaminetetraacetic acid (EDTA) Merck
FastDigest Enyzmes ThermoFisher
3xFLAG peptide (DYKDHDGDYKDHDIDYKDDDDK) MPT core facility
a-D(+4) Glucose monohydrate Roth
Glycerol 86-88% Roth
Hydrochloric acid (HCI) Merck
N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) Biomol
Imidazole SERVA
In-Fusion® HD Cloning Kit Clontech
Immobilon-P Membrane Serva
Isopropyl 8-D-1-thiogalactopyranoside (IPTGQG) Sigma
Kanamycin Sigma
Magnesium chloride (MgCly) Merck
Methanol Sigma
MG132 Sigma
3-(N-Morpholino)propanesulfonic acid (MOPS) running buffer ThermoFisher
NuPAGE® 4-12% Bis-Tris Protein Gels ThermoFisher
NuPAGE® LDS Sample Buffer ThermoFisher
One Shot™ TOP10 ThermoFisher
1,10-phenantrholine (oPA) Sigma
Phusion® High-Fidelity DNA Polymerase NEB
Poly-L-lysine solution Merck
Potassium dihydrogen phosphate Roth
QIAquick Gel Extraction Kit QIAGEN
QIAprep Spin Miniprep Kit QIAGEN
SeeBlue® Plus2 Pre-stained Protein Standard invitrogen
Skim milk powder Sigma
Sodium chloride (NaCl) Merck
Sodium dodecyl sulfate (SDS) Roth
Suc-LLVY-AMC bio-techne
Sucrose Merck

Super Optimal broth with Catabolite repression (SOC) medium  Sigma
SYBR™ Safe DNA Gel Stain ThermoFisher
50X Tris-acetate-EDTA (TAE) ThermoFisher
Tris Base Sigma

Ubiquitin Antibody HRP
Uranyl acetate (UA)

Santa Cruz
Merck
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2.1.2 Buffers and Solutions

All buffers and solutions were produced using deionized water from a Milli-Q Plus Ultrapure
Water (dH20) Purifier.

Table 2.2: Protein analysis buffers

buffer ingredients

Buffer A 50 mM Tris-HCI pH 7.4, 100 mM NaCl, 10 mM
MgCly, 4 mM ATP, 25 mM CPh, 10 U/ml CPK,
10% (vol/vol) glycerol

Buffer A - EQ mutants 100 mM Tris-HCI pH 7.4, 100 mM NaCl, 4 mM
MgCla, 4 mM ATP, 10% (vol/vol) glycerol

Sucrose buffer, 4 mM ATP (15%) 20 mM HEPES pH 7.4, 40 mM NaCl, 5 mM
DTT, 10 mM MgCls, 4 mM ATP, 25 mM CPh,
10 U/ml CPK, 15% (wt/vol) sucrose

Sucrose buffer, 4 mM ATP (45%) 20 mM HEPES pH 7.4, 40 mM NaCl, 5 mM
DTT, 10 mM MgCly, 4 mM ATP, 25 mM CPh,
10 U/ml CPK, 45% (wt/vol) sucrose

Sucrose buffer, 2 mM ATP~S (15%) 20 mM HEPES pH 7.4, 40 mM NaCl, 5 mM
DTT, 10 mM MgCly, 2 mM ATP~S, 15%
(wt/vol) sucrose

Sucrose buffer, 2 mM ATP~S (45%) 20 mM HEPES pH 7.4, 40 mM NaCl, 5 mM
DTT, 10 mM MgCly, 2 mM ATP~S, 45%
(wt/vol) sucrose

Sucrose buffer, 4 mM ATP~S (15%) 20 mM HEPES pH 7.4, 40 mM NaCl, 5 mM
DTT, 10 mM MgCly, 4 mM ATP+S, 15%
(wt/vol) sucrose

Sucrose buffer, 4 mM ATP~S (45%) 20 mM HEPES pH 7.4, 40 mM NaCl, 5 mM
DTT, 10 mM MgCly, 4 mM ATP~S, 45%
(wt/vol) sucrose

Sucrose buffer, EQ mutants (15%) 20 mM HEPES pH 7.4, 40 mM NaCl, 4 mM
DTT, 4 mM MgCly, 4 mM ATP, 15% (wt/vol)
sucrose

Sucrose buffer, EQ mutants (30%) 20 mM HEPES pH 7.4, 40 mM NaCl, 4 mM
DTT, 4 mM MgCl, 4 mM ATP, 30% (wt/vol)
sucrose

208S activity assay solution 20 mM HEPES pH 7.4, 100micM Suc-LLVY-
AMC, 4 mM ATP, 10 mM MgCls, 10% (vol/vol)
glycerol
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buffer

ingredients

Substrate assay solution

Lysis buffer, substrate
Washing buffer, substrate

Elution buffer, substrate

Gel filtration buffer,substrate

MOPS running buffer

TAE electrophoresis buffer

Transfer buffer

20 mM HEPES pH 7.4, 4 mM ATP, 10 mM
MgCla, 10% (vol/vol) glycerol

100 mM NaCl, 50 mM Tris-HCI pH 7.4

100 mM NaCl, 50 mM Tris-HCI pH 7.4, 0.05 M
Imidazole

20 mM HEPES pH 7.4, 40 mM NaCl, 10 mM
MgCly, 0.3 M Imidazole

20 mM HEPES pH 7.4, 40 mM NaCl, 10 mM
MgCly

50 mM MOPS, 50 mM Tris Base, 0.1% (wt/vol)
SDS, 1 mM EDTA, pH 7.7

40 mM Tris Base, 20 mM acetic acid, 1 mM
EDTA

25 mM Tris Base, 200 mM glycine, 20%

(vol/vol) methanol

2.1.3 Cell Culture Media

Table 2.3: Cell culture media.

media

ingredients

YPD medium (liquid)

YPD medium (solid)

LB medium (liquid)

LB medium (solid)

SOC medium (liquid)

10 g Bacto yeast extract, 20 g Bacto peptone, 2
ml 1% (wt/vol) Adenine, 40% (wt/vol) glucose,
950 ml dH,O

10 g Bacto yeast extract, 20 g Bacto peptone,
20 g Bacto agar, 2 ml 1% (wt/vol) adenine, 40%
(wt/vol) glucose, 950 ml dH20O

5 g Bacto yeast extract, 10 g Bacto tryptone, 5
g NaCl, 1000 ml dH,O

5 g Bacto yeast extract, 10 g Bacto tryptone, 5
g NaCl, 20 g Bacto agar, 1000 ml dH2O

20 g Tryptone, 5 g yeast extract, 4.8 g magne-
sium sulfate (MgSOy), 3.603 g dextrose, 0.5 g
NaCl, 0.186 g potassium chloride (KCI), 1000

ml
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2.1.4 Yeast Strains

Table 2.4: Yeast strains

name genotype

YYS40 MATa ade2-1, ura3-1, his3-11, trp1-1, leu2-3,112, cani-100,
rpnll::RPN11-8tFLAG-CYClterm-HISS

RTY1 MATa his3-0200 leu2-3,112 ura3-52 lys2-801 trpl-1 (alias
MHY500)

RTY432 MATa his3-6200 leu2-3,112 ura3-52 lys2-801 trp1-1 RPN5-
6xGly-3cFLAG:hphM X}, mpt36::HIS3 [YCplac33-RPT3]

RTY1168 MATa  his3-6200 leu2-3,112 wura3-52 Ilys2-801 trpl-1
rpt1d::HIS3 [pFL44-RPT1]

RTY1171 MATa  his3-6200 leu2-3,112 wura3-52 Ilys2-801 trpl-1
rpt4d::HIS3 [YCplac33-RPTY4]

RTY1173 MATa his3-0200 leu2-3,112 wra3-52 lys2-801 trpl-1
rpt6d::HIS3 [YCplac33-RPT6]

RTY1179 MATa his3-6200 leu2-3,112 ura3-52 lys2-801 trpl-1 rpt6-
01:natMX/

RTY1301 MATa  his3-0200 leu2-3,112 wura3-52 lys2-801 trpl-1
rpn6d ::natMXj rpt6d::HIS3 [pRS316-RPNG; YCplac3s-
RPTG]

RTY1321 MATa his3-6200 leu2-3,112 wura3-52 Ilys2-801 trpl-1
rpt20::HIS3 [pRS316-RPT2]

RTY1372 MATa  his3-6200 leu2-3,112 wura3-52 Iys2-801 trpl-1
rpn70:matMX4  rpt26::HISS [pRS316-RPN7;  pRS316-
RPT2]

RTY1504 MATa  his3-6200 leu2-8,112 wura3-52 lys2-801 trpl-1
rpt36::HIS3 [YCplac33-RP T3]

RTY1506 MATa  his3-6200 leu2-83,112 wura3-52 lys2-801 trpl-1
rpt56::HIS3 [YCplac33-RPT5]

RTY1664 MATa his3-0200 leu2-3,112 ura3-52 lys2-801 trpl-1 rpti-
0 1:kanMX6

RTY2013 MATa his8-6200 leu2-3,112 ura3-52 lys2-801 trp1-1 RPN5-
6xGly-3xFLAG:hphMX} mpt66::HIS3 [YCplac33-RPT6]

RTY2033 MATa his8-6200 leu2-3,112 ura3-52 lys2-801 trp1-1 RPN5-
6xGly-3xFLAG:hphM X} mpt26::HIS3 [pRS316-RPT2]

RTY2091 MATa  his8-0200 leu2-3,112 wra3-52 lys2-801 trpl-1

RPN7(D123C)-6xGly-V5:kanMX6
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name

genotype

RTY2099

RTY2112

RTY2123

RTY2166

RTY2135

RTY2137

MATa  his3-6200 leu2-3,112 wura3-52 Ilys2-801 trpl-1
RPT2(R407C):natMX}

MATa  his3-6200 leu2-3,112 wura3-52 Ilys2-801 trpl-1
RPN7(D123C)-6xGly-V5:kanMX6 RPT2(R407C):natMX4
MATa his3-0200 leu2-3,112 ura3-52 lys2-801 trp1-1 rptl-
01:kanMX6 rpt6-0 1:natMX/

MATa  his3-0200 leu2-3,112 wura3-52 Ilys2-801 trpl-1
pre86::HISS pre9d ::natMXy [pRS316-PRES]

MATa  his3-0200 leu2-3,112 wura3-52 Ilys2-801 trpl-1
RPN7(D123C)-6xGly-V5:kanMX6 RPT2(R407C):natMX4
rpt36::HIS3 [YCplac33-RP T3]

MATa his3-0200 leu2-3,112 wra3-52 lys2-801 trpl-1
RPN7(D123C)-6zGly-V5:kanMX6 RPT2(R407C):natMX/,
rpt6d::HIS3 [YCplac33-RPT6]
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2.1.5 Plasmids

Table 2.5: Plasmids

name genotype

pRT357 pRS314-RPT1

pRT364 YCplacl11-RPT3

pRT702 YCplacl11-RPT?2

pRT1122 pET42b-6His-Cys-rpn12(C23S,D265A)
pRT1408 pRS315-RPT5

pRT1409 pRS314-rpt1(E310Q)

pRT1410 YCplacl11-rpt2(E283Q)
pRT1411 YCplacl11-rpt3(E273Q)
pRT1413 pRS315-rpt5(E282Q)

pRT1425 pRS314-HA-RPN6

pRT1496 YCplacl11-RPT6

pRT1497 YCplacl11-rpt6(E249Q)
pRT1528 YCplacl11-RPT4

pRT1529 YCplacl11-rpt4(E283Q)
pRT1780 pRS314-HA-RPN6(T203C)
pRT1783 YCplacl11-RPT2(R407C)
pRT1784 YCplac111-RPT6(G387C)
pRT1834 YCplacll1l-rpt2(E283Q, R407C)
pES1 pET28a-5Ub-DHFR-UR-His

2.1.6 Software

Table 2.6: Software

software source
Adobe lustrator CS6 Adobe
Latitude S Software Gatan
MATLAB MathWorks

NAMD (Phillips et al}, [2005)
QwikMD (Ribeiro et al., 2016])
RELION (Scheres, [2012])
SeqBuilder DNASTAR

Serial EM (Mastronardel, |2005)

TOM toolbox

(Nickell et al., 2005)
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software source
UCSF CHIMERA (Pettersen et al., [2004)
VMD (Humphrey et al., [1996)

2.2 Methods

2.2.1 Molecular Cloning
2.2.1.1 Polymerase Chain Reaction (PCR)

Components for deoxyribonucleic acid (DNA) amplification as listed below were mixed and

used for DNA amplification in a Bio-Rad thermal cycler.

Table 2.7: PCR components

component amount

up to 50 pl Nuclease-free water

10 pl 5X Phusion HF Buffer

variable template DNA (approximately 1 pg DNA)
2.5 pl 10 pM deoxynucleotides

2.5 pl 10 pM upstream primer

2.5 ul 10 pM downstream primer

0.5 pl Phusion DNA Polymerase

The general Polymerase Chain Reaction (PCR) program as described was used (Table [2.8)).
The DNA was resolved using a 1% (w/v) agarose gel in 1X TAE buffer and SYBR™ Safe
DNA gel stain with a 1 kb DNA marker. Gel extraction, washing and elution steps were
followed according to the QIAGEN Gel extraction kit.

Table 2.8: PCR program

step temperature time
initial denaturation 98° 0:30 min
35 cycles 98° 0:30 min
55° 0:30 min
72° 0:30 min per kb
final extension 72° 5:00 min
hold 10° forever
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2.2.1.2 Restriction Digestion

Restriction digests were performed using FastDigest restrictions enzymes from Thermo Fisher
Scientific. The reaction mixture was set up and incubated at 37 °C for five minutes. The
DNA was then directly resolved using a 1% (wt/vol) agarose gel in 1X TAE buffer. Gel
extraction, washing and elution steps were followed according to the QIAGEN Gel extraction
kit.

2.2.1.3 In-Fusion Cloning kit

The calculated amount of linearized vector and purified PCR fragment were mixed according
to recommendations calculated with the In-Fusion online tool. The reaction with the In-
Fusion HD enzyme premix was then incubated for 15 minutes at 50 °C and placed on ice

after the reaction.

2.2.1.4 Transformation of Competent Cells

1 pl of the previously described ligation reaction was added to 10 ul competent E. coli cells,
which were stored at -80 °C and thawed on ice. After incubation for 15 minutes on ice,
the E. coli cells were heat shocked at 42 °C for 15 seconds. After heat shock, 100 ul of
SOC medium was added to the cells and the cells were incubated in the shaker at 37 °C
for 60 minutes. The entire volume was then plated on LB plates with the correct antibiotic
and incubated overnight at 37 °C. In general DH5a and Topl0 cells were used for plasmid

amplification. BL21 cells were used for protein expression and purification.

2.2.1.5 Small-Scale Plasmid DNA Preparation

Overnight E. colicultures were transferred to 1.5 ml Eppendorf tubes and spun down at >8200
rpm for 10 minutes at 4 °C. The supernatant was removed and the pellet was resuspended
with buffer from the QIAprep Spin Miniprep Kit. Lysis, washing and elution steps were
followed according to the QIAGEN Miniprep kit.

2.2.1.6 Photometric Measurement of DNA Concentration

An Implen NanoPhotometer was used to measure DNA concentration. The optical absorption

was measured at 260 nm and the DNA concentration of the sample was calculated.
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2.2.1.7 DNA Sequence Analysis

The DNA was sent out for sequencing to the DNA Analysis Facility at the Max Planck
Institute of Biochemistry. The resulting sequence data was compared with the desired DNA

construct using the DNA SeqBuilder sequence analysis program.

2.2.2 Protein Purification

2.2.2.1 E. coli Cell Culture

The required antibiotic, stored as a 1000X aliquot, was added to a sterile culture tube filled
with lysogeny broth (LB) medium. Bacterial colonies were picked off of LB-agar plates and
placed in the culture tube. The pET28a vector expressing the gene of the desired protein was
grown in LB media containing 25 ug/ml of kanamycin. For proteasome substrate expression,
inoculated BL21 cell cultures containing the desired plasmid were grown at 37 °C in 5 ml LB
media overnight and in the morning diluted into one liter cultures. The cells were further
grown for roughly three hours. When the optical density (OD) of cells reached 0.6, the cells
were induced with 0.3 mM IPTG. The induced cells were then grown overnight (18-20 hours)
at room temperature. The cells were harvested at 4250 x g for 15 minutes and directly frozen

in liquid nitrogen.

2.2.2.2 DHFR Substrate Purification

The frozen E. coli cell pellet was thawed and dissolved in lysis buffer. 5 ml of lysis buffer
per gram of wet cell pellet was used. Accordingly, protease inhibitor cocktail was added
and the resuspended cells were sonicated using a Branson Ultrasonics™ Sonifier S-250A. The
disrupted cells were centrifuged at 15000 rpm with a SS36 rotor in a Beckman centrifuge. The
supernatant was transferred to a falcon tube and was then applied onto nickel-nitrilotriacetic
acid (Ni-NTA) fast flow beads and incubated for 2 hours at 4 °C. The Ni-NTA column was
then washed with 4 column volumes of lysis buffer and then with two column volumes of
washing buffer. The targeted protein was eluted with elution buffer. The eluted protein
was concentrated to a volume of 1 ml using an Amicon MWCO 30,000 concentrator. The
concentrated substrate was further purified using a NGC™ Chromatography system from
Bio-Rad. A Superdex 75 10/300 GL column equilibrated with gel filtration buffer was used.
All buffers were degassed prior use with the NGC™ machine.
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2.2.2.3 Yeast Cell Culture

S. cerevisiae strains were struck out onto yeast extract peptone dextrose (YPD) plates and
grown for approximately 48 hours at 30 °C. For 26S proteasome purification, a strain with
a 3xFLAG-tagged Rpnll was used. One single colony was picked and inoculated in 5 ml of
YPD. The culture was grown overnight at 30 °C in a shaker and the next day the cell culture
was diluted into a 100 ml YPD culture and grown at 30 °C with shaking at 150 rpm for 8
hours. After 8 hours of growth, 25 ml of culture were distributed into 1000 ml YPD cultures
in a baffled Erlenmeyer flask. The cells were then incubated for a total of 60 hours on a
horizontal shaker at 140 rpm at 30 °C. The cells were harvested using a Sorvall centrifuge
equipped with a JA-10 rotor at 1,000 x g. After washing the cells with distilled water the

cells were stored at -80 °C until further use.

2.2.2.4 26S Proteasome Purification

The frozen yeast pellet was resuspended in Buffer A at a ratio 1 g of cells to 1 ml of buffer. Cell
disruption was carried out either with glass bead milling (Vibrogen-Zellmuehle Vi4; Edmund
Buehler, Tuebingen) (a) or using a cell mill (b). (a) For glass bead milling, Zirkonia glass
beads with diameter of 1.5 mm were mixed with the resuspended yeast pellet so that a viscous
mixture of glass beads and yeast pellet was reached. The cells were then disrupted in two
cycles of four minutes at 4 °C. After lysis, the resulting cell lysate was separated from the
beads by centrifugation using an in house-made filter unit. (b) Alternatively the cells were
lysed using a microfluidizer (Emulsiflex-C3; AVESTIN, Ottawa) at 4 °C. To separate the cell
debris, the crude extract was centrifuged at 43,000 x g for 30 min at 4 °C. The pH of the crude
extract was adjusted to pH 7.4 using Tris base and the cleared lysate was then incubated
with anti-Flag M2 resin (Sigma) for 90 minutes at 4 °C. After the 90 minute incubation, the
beads were washed with a total of 30 bead volume buffer. The bound protein was ultimately
eluted using 200 pug/ml of 3xFLAG Peptide in Buffer A. The eluate was concentrated by
centrifugation in Amicon spin columns (100 kDa molecular weight cutoff). To further purify
the doubly capped proteasomes, the concentrated eluate was applied to a sucrose gradient,
made using a Gradient Station ip (Biocomp), and centrifuged for 17 hours at 209,000 x g at
4 °C in a Beckman SW41 rotor. The sucrose gradient was fractionated into 300 ul fractions
using the Gradient Station ip (Biocomp). All samples were stored at -80 °C after snap freezing

in liquid nitrogen.
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2.2.3 Analytical Methods

2.2.3.1 Determination of Protein Concentration using Bradford

For protein samples without SDS, a Bradford assay was performed using the Protein Assay
reagent from Bio-Rad to determine the total protein concentration. The reaction was carried
out in 1 ml of Bradford solution with 2 ul of sample protein. Bio-Rad bovine serum albumin
(BSA) was used in four different dilutions — 2 pg/ml, 4 pg/ml, 6 pg/ml and 15 pug/ml -
to establish a standard curve. The protein concentration of the samples was determined by
measuring absorption at 595 nm with an Eppendorf BioPhotometer and then calculating the

protein concentration from the standard curve.

2.2.3.2 Discontinuous SDS-Polyacrylamide Gel Electropheresis (SDS-PAGE)

10 pul of each sucrose gradient fraction were boiled in 3.33 ul NuPAGE LDS Sample Buffer
(4X) at 95 °C for 5 min and loaded onto a precast 4-12% Bis-Tris SDS gel. Precision Plus Dual
Color Protein Standard from Bio-Rad was used as a protein size marker. The gel was run
for roughly 45 min at 200 V in 1X Tris/glycine electrophoresis buffer until the sample band
reached the lower end of the gel. The gel was then washed for 10 minutes with water before
it was stained using InstantBlue™ protein staining solution. After one hour of incubation

the gel was washed again with water overnight and digitalized the next day.

2.2.3.3 Western Blotting

Proteins were transferred from the SDS-PAGE gel to a polyvinylidenfluoride (PVDF) mem-
brane (Bio-Rad) by electroblotting. The PVDF membrane was incubated for approximately
one minute in methanol and one minute in transfer buffer. Filter papers were soaked with
transfer buffer before the transfer. The transfer sandwich was set up between the two metal
plates of a BioRad semi-dry transfer apparatus and consisted of filter paper, PAGE gel,
membrane, and filter paper. Each transfer was performed with a maximum voltage of 30 V
at a constant amperage of 250 mA for 30 minutes. Then the membrane was blocked with
a solution of 4% nonfat milk in TBS-T for one hour or overnight at 4 °C. After blocking,
the membrane was incubated with ubiquitin antibody (Santa Cruz) for one hour, followed
by three washing steps with TBS-T each for 10 minutes. Finally, the membrane was devel-
oped using the ECL™ western blotting reagent (Merck), which was applied to the membrane

according to the manufacturer instructions.
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2.2.3.4 20S Proteasome Activity Assay

The 20S proteolytic activity of each fraction from the sucrose gradient was screened using
the substrate Suc-LLVY-AMC. The proteasome cleaves after the Tyr residue of the substrate
and releases the AMC from the peptide, which is excited at a wavelength of 360 nm. The
emission signal of the released AMC is used to quantify proteolytic cleavage. 10 pl of sample
were mixed with 90 pl of 20S activity assay solution in a 96-well plate and the change in
fluorescence (FU) was monitored for 60 min using the FLUOstar Optima (BMG Labtech).
The slope (FU/sec), which corresponds to 20S activity, was calculated within the linear part

of the progress curve.

2.2.3.5 26S Proteasome Analytic Digest

200 pmol of substrate and 1 pmol of 26S proteasome purified in ATP or ATP~S background
was mixed in a total volume of 20 ul substrate assay buffer. If 26S proteasome purified in
ATP~S was used no ATP was added to the substrate assay buffer. Depending on the exper-
imental setup a specific inhibitor — MG132 or 1,10-phenantrholine (0PA) - was additionally
added to the buffer. 26S proteasome was incubated for five minutes in buffer at room tem-
perature before adding substrate. At specific time points, the sample was heat shocked for
one minute. The analytic digest was followed by SDS-PAGE and western blotting with an
antibody against ubiquitin (Santa Cruz).

2.2.4 Electron Microscopy

2.2.4.1 Sample Preparation

2.2.4.1.1 Negative Stain 5 pul of sample with a final concentration of approximately 100
ug/ml was prepared and pipetted onto a 30 seconds glow-discharged carbon coated copper-
rhodium grid from Pyser, 400 x 400 mesh. After one minute, the solution was removed and
the grid was washed twice with 5 ul dH20 before it was stained for one minute with 5 pul
uranylacetate (2 % in dH2O wt/vol). As the final step, the stain was removed and the grid

was dried at room temperature.

For data set acquisition the 30 seconds glow-discharged grids were pre-treated to overcome
preferred orientation of the 26S particles. Therefore 5 ul of 0.1% poly-L-lysine hydrobromide
was added to a grid and the grid was washed after 60 seconds two times with 5 pl of dH2O.
The grids were then dried for 10 minutes at room temperature before sample was applied and

negatively stained as described above.
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2.2.4.1.2 Plunge Freezing Carbon coated copper grids (Lacey grids) were glow dis-
charged for 15 seconds. 4 pl sample was pipetted onto the grids and incubated for 30
seconds. The excess sample solution was blotted using a filter paper. To remove sucrose
in the sample, the grid was washed with 5 pl of H20 and then rapidly plunge-frozen into
liquid ethane/propane cooled by liquid nitrogen using a manual plunger. All grids were stored

in liquid nitrogen until further processing.

2.2.4.2 Data Acquisition

2.2.4.2.1 Negative Stain Data Acquisition A Philips CM200/FEG electron microscope
was used for acquisition of micrographs of negatively stained grids. Acquisition was carried
out at 160 kV acceleration voltage with a TVIPS CCD camera (4096 x 4096 pixel) at a pixel

size of 2.16 A at specimen level. The nominal defocus varied from 2.5 to 3 pm.

2.2.4.2.2 Cryo-EM Data Acquisition Data acquisition was performed with an FEI Ti-
tan Krios electron microscope at an acceleration voltage of 300 kV. Data sets were collected
with a K2 camera using the program Latitude software (Gatan, Inc.). Movies were acquired
at a pixel size of 1.38 A at specimen level. A total dose of roughly 35 electrons was distributed

over 33 frames. The nominal defocus range of the acquisition varied from 1.8 to 3 pm.

2.2.4.3 Image Processing

All movie frames were aligned translationally and summed with MotionCor2 (Zheng et al.,
2017). During frame alignment, recorded movies were subjected to motion correction. The
CTF was estimated using CTFFIND3 (Rohou and Grigorieff, |2015) and micrographs with a
CTF fit score below 0.05 and a defocus outside the range of 0.8 to 3.5 um were discarded.
Additionally because of the high number of micrographs from the 2 mM ATP~S and 4 mM

ATP~S samples, micrographs with an estimated resolution over 4.5 A were also discarded.

2.2.4.4 Single particle analysis

Single particle processing was performed following the procedure described by (Aufderheide
et al, 2015; [Schweitzer et al., [2016) (Fig. . In the first step, 26S proteasomes were picked
automatically using the TOM toolbox (Beck et all 2012). Hereby 26S proteasome particles
are found by cross-correlation analysis of template projections. False positive hits were then
removed by iterative 2D classification. Further proteasome particles were extracted using a
box size of 384 x 384 pixel using the RELION software package (Scheres, 2012} 2016)), which

is the software package used for all further single particle analysis steps. For higher purity the
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extracted particles were iteratively reference-free 2D classified. Only 2D classes containing

particles with a complete 26S were retained.

Table 2.9: SPA Overview

data set mrc sl s2 s3 s4 sb s6 ST
stacks

ATP 4 mM 4668 41741 28911

substrate 5875 8330 40311

oPA 7343 56871 14699 86826

oPA, substrate = 7452 51400

ATP~S0.5mM 11679 52560 130175 79136

ATPyS 2mM 21738 58149 67441 351984 146519

ATPAS 4 mM 43128 224838 158902

Rpt2 EQ 14892 338640 90848 47919

Rpt3 EQ 15810 460457 184988

Rpt6 EQ 16549 157941 65980 27361

The amount of analyzed mrc stacks per data set and classified pseudo-sc26S are listed

The final star files containing all 26S particles were subjected to 3D reconstruction and clas-
sification. Each data set was reconstructed using a down-filtered 3D reference of the 26S

proteasome.

Pseudo singly capped 26S particles (pseudo-sc26S) were generated using the resulting angles
of the reconstruction as described in (Unverdorben et al., 2014)). All pseudo-sc26S of one
data set were then classified using a soft-edged mask focused on the RP. All previously
assigned angles were kept constant during classification. Using the University of California
at San Francisco (UCSF) chimera fit-in map (Pettersen et al., 2004)) the previously identified
proteasome states sl, s2, s3 and s4 were compared to the 3D class averages (Table [2.9))
(Unverdorben et al. 2014; [Wehmer et al., 2017)).

Classified particles were combined into each state and refined using a soft-edged mask con-
taining the RP, alpha-ring and beta-ring with a local angular search around the initial angles
from the refinement of the polished particles. The resulting density was subjected to post-
processing in RELION for resolution determination and B-factor sharpening. The resolution
of the resulting final reconstruction was assessed by Fourier Shell Correlation (FSC 0.143)
using the gold-standard method as described in (Chen et al.l 2013).
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frame alignment and correction
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Figure 2.1: SPA workflow. The typical SPA workflow for a 26S proteasome data set. As example
the 3D classification rounds of the rpt6-FE(Q) data set are shown. Figure adapted with
permission from QEisele et al.|7 |2018D.
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2.2.4.5 Model-building and analysis

Atomic models were generated by employing an optimized integrative modeling approach
based on the workflow used to obtain the previous structural model of the human
2016), yeast (Wehmer et all [2017), and rat (Guo et al [2018) proteasome. The
utilized modeling approach combines molecular dynamics flexible fitting (MDFF) (Trabuco
with monte carlo backbone and sidechain rotamere search algorithm following
the strategy described by Goh and colleagues (Goh et all [2016). MDFF simulations were
prepared using QwikMD (Ribeiro et al., [2016)), analyzed with VMD (Humphrey et al., [1996),
and carried out with NAMD ([Phillips et al., 2005). The higher resolution densities of s3 and
s4 were used to furniture missing unresolved segments of the previous models of s3 and s4
(Wehmer et al., 2017)) and to further refine the model to reflect the higher resolution of the

densities. The sb model was created based on a previous s2 model and the s6 model based

on the refined s3 model.
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Chapter 3

Results

In this thesis, I address the impact of nucleotide binding, nucleotide hydrolysis and substrate
binding on the structure of the proteasome using nucleotide analogs, ATPase mutants and a
model substrate. I report not-yet identified conformational states and determined activated
proteasome structures at high resolution, leading us to understand the gate opening mech-
anism and the ATPase cycle in more detail. A portion of the results were published in a
peer-reviewed article (Eisele et al., 2018) and are used as the basis for the next chapters. The
publication was an interdisciplinary effort with contributions of co-authors as stated in the
article. In particular, the atomic model building was mainly carried out by Till Rudack and
the biochemical experiments regarding the Rpt and gate mutants were done by Randi Reed
and Robert J. Tomko.

3.1 Biochemical preparation

3.1.1 Purification of the 26S Proteasome

The 26S proteasome was purified from S. cerevisiae by affinity purification via a 3xFLAG-
tagged Rpnll, followed by a sucrose gradient purification (described in . The sucrose
gradient was eluted in 300 ul fractions and each fraction was checked for its concentration,
activity and protein composition, as resolved by SDS-PAGE. The wild type 26S proteasome
sample purified under 4 mM ATP condition had the highest concentration and activity be-
tween fractions 21-26 with a range of concentration range between 1.1 mg/ml for fraction 26
to 1.4 mg/ml for fraction 22. SDS-PAGE analysis showed the presence of the 26S proteasome
holocomplex with the largest subunits Rpnl (109.49 kDA), Rpn2 (104.23 kDA), the complete
RP followed by subunits of the CP (Fig. [3.1]A). The sample was further checked by negative
stain in which doubly capped, singly capped and some some CP were visible (Fig. [B.1B).
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Figure 3.1: Purification of 26S Proteasome. (A) SDS gel of fractions of FLAG-tag affinity and
sucrose gradient purified proteasome. (B) Negative stain image of a 26S proteasome sample
with a high amount of doubly capped, and some singly capped proteasomes, along with
some CP.

3.1.2 Preparation of a Model Substrate of the 26S Proteasome

Substrates of the proteasome are usually modified by a polyUb chain (Finley et al., [2012).

Biochemical analysis revealed that the substrate must also contain an unstructured region

that can serve as an initiation region for protein unfolding (Takeuchi et al., 2007; [Prakash|
et al 2009; Inobe et al. 2011)). To gain additional insight into the mechanism of substrate

recognition by the proteasome and the influence of substrate binding and processing on the

state landscape, I designed a model substrate, further cloned and purified for structural

studies.
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Figure 3.2: Design and purification of a model substrate. (A) Schematic over view of the
designed model substrate. The substrate contains a linear penta-ubiquitin chain at the
N-terminus, a folded DHFR domain and an unstructured region with a 6xHis tag at the
C-terminus. (B) Gel filtration profile of the purified model substrate (C) with an SDS gel
of fractions 13-20.
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Following the research of the Matouschek group and others (Takeuchi et al., 2007; |Prakash
et al.; 2009; Inobe et al., 2011)), the substrate was constructed to consist of a ubiquitin chain
with five linear ubiquitins, a structured protein domain of dihydrofolate reductase (DHFR)
and an unstructured region of 30 amino acids. Several steps of cloning were taken to produce
a model substrate with a linear ubiquitin chain (Fig.|3.2/A). Using a ubiquitin template and
a starting construct of monoubiquitinated DHFR, four further ubiquitin sequences were inte-
grated to form a linear penta-ubiquitin chain. As the inherent Gly-Gly C-terminal sequence
of ubiquitin is cleaved by deubiquitinating enzymes, the Gly-Gly sequence was substituted to
Gly-Val to stabilize the linkers between the ubiquitins. Only the fourth ubiquitin consisted
of a Gly-Gly linker, making it available for cleavage by deubiquitinating enzymes at this site.
Moreover, an unstructured region of 30 amino acids was integrated downstream of DHFR
(Fig. 13.2A). The model substrate was then expressed and purified through a C-terminal
6xHis tag, followed by gel filtration (Fig. , C). Degradation assays of the substrate with
purified 26S proteasome showed substrate processing by the proteasome. The band of around
35 kDa corresponds to either monoubiquitinated DHFR (~33 kDa) or to a tetra ubiquitin
chain (~34 kDa), indicating that the substrate is clearly deubiquitinated but may not be

degraded (Fig. [3.3]A).

Degradation Assay
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Figure 3.3: Model substrate assays. Degradation assay with DHFR model substrate and 26S pro-
teasome. The degradation was carried out with either proteasome purified with 4 mM
ATP or 2 mM ATP~S. The proteasome inhibitor MG132 or the Rpnl1 inhibitor oPA were
additionally added in the two indicated reactions to 26S proteasome purified with 4 mM
ATP.

Deubiquitination of the substrate can additionally be confirmed by addition of an Rpnl1 in-
hibitor, the chelator oPA (Verma et al.,2002|). This resulted in no processing of the substrate.
Substrate processing can also be inhibited by using already activated proteasome, which was
purified in the background of the nucleotide analog ATP~S. Addition of MG132 had a small
inhibitory effect on the results of the degradation assay. Overall this result indicates that
Rpnll deubiquitinates the linear ubiquitin chain of the model substrate and maybe releases
the substrate from the 26S holocomplex. Substrate might be hereby not degraded but rather
quickly deubiquitinated.
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3.2 26S Proteasome in the Background of ATP~S

Previous studies showed that different nucleotides and nucleotide analogs influence the con-
formational states of the proteasome (Wehmer et al) 2017). PAN has two high and two
low affinity sites for ATP (Kd ~0.5 uM and ~113 uM, respectively) (Smith et al), 2011).

Because of its close homology to the 26S proteasome a similar biphasic nucleotide binding

could also be suggested for the ATPase of the S. cerevisiae proteasome (Smith et al., [2011]).

Increasing the nucleotide concentration therefore might have an impact on the conformational
state of the eukaryotic proteasome and is thus interesting to investigate. 26S proteasome was
purified with increasing concentrations of ATP~S. ATP~S resembles most closely ATP, but
is hydrolyzed more slowly, which may prevent conformational shifting. During the sucrose
gradient, ATP was substituted by different concentrations of ATP~S: 0.5 mM ATP~S, 2 mM
ATP~S or 4 mM ATP~S. EM datasets of each ATP~S sample were acquired at a pixel size of
1.34 A with a K2 camera at 300 kV on a Titan Krios. Micrographs were sorted, particles were
picked and finally classified. The single particle analysis revealed a specific class distribution
for each sample (Fig. [3.4]A).
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Figure 3.4: ATP~S concentration dependent 26S state landscape. (A) A typical micrograph,
which resulted from aligning and dose weighting of the acquired 33 frames. (B) 26S pro-
teasome particles were 2D classified into 2D classes containing mostly 26S proteasome
particles. (C) 26S proteasome was purified with different concentrations of ATP~S, ac-
quired by cryoEM and finally classified to different states. The control data set was purified
with 4 mM ATP. Figure adapted with permission from (]Eisele et a1.|7 |2018D.

In the 4 mM ATP~S sample only two states, ~59% s3 state and ~41% s4 state were observed,
while the sl ground state was not observed. In the 2mM ATP~S sample, the two most
abundant states were ~56% of s4 state and ~23% of a yet unassigned state, s5. The two
least abundant states were sl and s3, with ~9% and ~11%, respectively. The population
of sl state in the 0.5 mM ATP~S was ~20% and the s5 state and the s4 state were ~7%
and 50%, respectively. Overall, an increase in ATP~S concentration decreased the amount
of ground state proteasome and instead increased the amount of activated proteasome states
(83, s4).

Part of the data was acquired in the presence of a model substrate, as discussed above. The

substrate was on the one hand not visible in the density, hinting at a very flexible or weak
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3.2 26S Proteasome in the Background of ATP~S

binding but it also did not further advance the state distribution, likely due to the strong

influence of ATP~S on proteasome conformation (Fig. [3.5).
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Figure 3.5: Model substrate influences ATP~S purified 26S proteasomes. The model sub-
strate was added to the ATP~S purified sample and additionally acquired by cryoEM. All
particles were classified to different states. Figure adapted with permission from (Eisele]

et all potg)

3.2.1 Analysis of the s5 State

The nucleotide analog results not only confirmed that the concentration of ATP~S can influ-
ence the equilibrium of the state landscape, but it was also possible to stabilize the s4 state
in a higher abundance, and resolve the yet unassigned sb state. In the final step of analyzing

the EM data, particles of each state were combined, refined and B-factor polished.
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Figure 3.6: Cryo-EM reconstructions of the s3, s4 and s5 states. Reconstruction of particles
of the s3 state (A), s4 (B) and s5 state (C). (D) FSC curves of each state, which were
reconstructed, refined and then polished. Figure adapted with permission from (Eisele]

et all p018)

EM maps of the s3, s4 and s5 states achieved global resolutions of 5.4 A, 4.5 A and 4.9 A,
respectively (Fig.[3.6)). The analysis of the new state, s5, started by looking for key features
in the density maps of known states. This helped to define the starting models for atomic
modeling, with which analysis of elements, such as the 20S gate and the AAA+ ATPase,

would be more accurate. This analysis of the EM map of the new s5 state revealed a very
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close resemblance to s2. For example the distance between the N-termini of Rpn5 and Rpn6
in the s5 state is similar to the s2 state and the small AAA+ ATPase domain of Rpt4 is found
to contact the a7 subunit of the CP, as seen in the sl and s2 states. The close resemblance
of s2 and s5 could be confirmed by using the fit in function of Chimera using the recently
published PDB model of the s2 state (Wehmer et al., 2017)).

s5vs. s1 s5 vs. s2 s5vs. s3 s5 vs. s4

aligned '
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CP
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to
CP
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ATPase

Figure 3.7: RMSD comparison of s5 with the other states. (A) RMSD comparison of the model
of the s5 state with the other four states (sl-s4). The range goes from blue, to green to
red, where blue represents the smallest differences and red the largest differences between

both models of the specific residue. Figure adapted with permission from (Eisele et al.

201).

For a better comparison and analysis opportunities atomic models were created using a com-

bined Rosetta and molecular dynamics flexible fitting approach (Lindert and McCammon,
. The s5 atomic model was generated using s2 (PDB: bmpa and 5mpe) as a starting
model. The atomic models of s3 and s4 were refined using the better resolved s3 and s4 maps
and the published s3 (PDB: 5mpb) and s4 models (PDB: 5mpc) as a starting point.

To show the high resemblance of 85 to s2 at the model level, RMSD calculations of s5 compared
to the other states were carried out (Fig.[3.7)). For the RMSD calculations either the complete
26S was compared after alignment of the CP or the ATPases were compared after alignment
of the ATPases. The RMSD comparison of the sb structure confirmed the strong similarity
to s2 (Fig. 3.7). The RMSD value when comparing the 26S structures between s2 and sb is
4.02 A, which is significantly lower than the RMSD values in the comparison with the other
conformations, for example compared to the next highest value of 16.36 A between s4 and
s5.

Only several subunits exhibit a shift of more than 3 A when comparing s5 to s2. For example,
Rpn2 is shifted by ~4 A (Fig. and Rpt6 shows the most significant difference, with a shift
of ~6 A in the direction of the CP. This brings Rpt6 closer to the CP causing the C-terminus
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Figure 3.8: Subunit differences between s2 and s5. An overlay of the subunit Rpn2 in the s2 and
sb state in the left panel, and the right panel shows how the Rpn2 and Rpt6 subunits shift
between both states. The s2 state is shown in blue, s5 in purple. Rpn2 is seen from a top
view, Rpt6 from a side view. Figure adapted with permission from qusele et al.|7 |2018D.

of Rpt6 to contact the a subunits. Moreover, a missing density within the CP gate indicates
that sb is an open gate state. An insertion of the Rpt6 C-terminus was already reported in

the 8 A s4 structure and indeed might be connected to a gate opening mechanism.
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3.3 26S Proteasome in the Background of ATPase Walker B
EQ Mutants

The resolution of the proteasome EM reconstructions did not allow us to determine the
nucleotide states of the ATPases in s2 and s5 thus making it difficult to understand if a
different nucleotide occupation might be the trigger for the down shift of Rpt6. To assess
the impact of individual ATP-binding events on proteasome conformational distribution, a
genetic mutagenesis approach was used. Here the conserved glutamate of the Walker B motif
was substituted to a glutamine in each ATPase subunit in yeast (rpt-EQ). The EQ mutation
is a common mutation that prevents ATP hydrolysis by that particular Rpt subunit. The
ATP-bound state is thereby enriched. The EQ mutations were systematically introduced
into each ATPase subunit in yeast by the plasmid shuffle method. Each rpt-E(Q mutant was
then tested for its viability upon eviction of the plasmid bearing the wildtype RPT allele on
5-fluoroorotic acid (5-FOA) media (Fig. [3.9).

A B

Vector mt-EQ

Near-lethal

RPT5 (25°C, 8d) RPT6 (25°C, 3d)

Figure 3.9: Generating Walker B EQ mutants. (A) Growth assay overview. Three vectors are
compared for each Walker B EQ mutation. (B) A growth assay for each rpt-FQ was carried
out to check the mutated cells for their viability. (C) Schematic overview of the ATPase
ring and the viability of the inserted rpt-E(@Q mutant. The experiments were carried out
by a collaborating lab. Figure adapted with permission from (]Eisele et al.l, |2018D.

Only four of the six rpt-E(Q mutants were viable in yeast. The rpt2-FE(@Q mutant grew best,
followed by rpt3-EQ then rpt6-EQ) and lastly the rpt5-E@Q mutant, which had the largest
growth defect. Because the cells did not grow in the rptl-EQ and rpt/-E(Q mutants and
rpt5-EQ could not be cultured reliably, only rpt2-EQ, rpt3-EQ and rpt6-E(Q) were used in

further studies.
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3.3.1 Structural Analysis of the Walker B EQ Mutants

The three mutant proteasomes rpt2-EQ), rpt3-EQ and rpt6-E(Q) were purified in the presence
of 4 mM ATP. Each sample was acquired by cryo-EM, the 26S proteasome particles were
picked and finally classified to achieve a state distribution as described before (Fig. 3.10]).

ATP 4 mM
ATPYS 2 mM
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pt2-EQ

I
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Figure 3.10: The Walker B EQ proteasome conformational state landscape. All three EQ
mutants were purified and structurally analyzed with cryoEM. The resulting states are
reported in the diagram. Figure adapted with permission from (Eisele et al., [2018).

Each EQ mutant resulted in a different distribution of 26S proteasome conformation. Similar
to the ATP~S dataset, the s2 state, which accounts for ~40% of proteasomes purified in
the ATP background, was absent in these three datasets. Instead, in the rpt2-F (@) mutant,
~58% s1, ~30% s4 and ~12% s5 were found. The same conformational states with a different
distribution were found in the rpt6-EQ mutant, with ~42% s1, ~41% s4 and ~17% s5, making

it overall more a highly activated distribution with ~19% less s1 than in control samples.
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Figure 3.11: Cryo-EM density of the s6 state. (A) The particles of the newly found s6 state were
refined and lead to a density with a resolution of 6.1 A. (B) FSC curves of the s6 state
reconstruction. Figure adapted with permission from (]Eisele et a1.|7 |2018D.

The pt3-EQ decreased the amount of ground state (s1) 26S proteasome by ~6% to ~54%.
The entire non-s1 population (~46%) was made up of a previously unidentified conformational
state, which was termed s6. The particles of the s6 state were combined, and again refined
and B-factor polished, resulting in an EM reconstruction at a resolution of 6.1 A (Fig. [3.11)).
Overall, the RP of the s6 state resembles the s3 state most closely, which could be identified by
the overall similar conformation and fitting of already identified atomic models of states s1-s5.

For atomic modeling, as performed before, a combination of MDFF, monte carlo backbone
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and sidechain rotamere search algorithm was used to create an atomic model of s6 with the

s3 model used as a starting model.
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Figure 3.12: RMSD comparison of s6 with the other states. RMSD comparison of the model
of the s6 state with the other five states (s1-s5). For comparison either the CP or the
ATPase of the two models being compared was aligned. The range goes from blue, to
green to red, where blue represents the smallest differences and red the largest differences
between both models of the specific residue. Figure adapted with permission from

ol potg)

This model was further used for RMSD calculations (Fig. . Again the complete RP or
gate was compared after aligning the CP of both particles, or the ATPase after aligning the
ATPase. Several differences between 83 and s6 could be observed: As seen in s4, s5 and not
in s3, the s6 state has no clear density within the central pore of the CP, indicating an open
gate. Compared to the s3 state, the N-terminus of Rpnl is stably docked on Rpt6 and Rpt2,
as it can be observed in the s4 and s5 states. Differences can also be found between s3 and s6
in the ATPase with the largest differences appearing in Rpt4. In any event, the results of the
Walker B mutant proteasomes together suggest that ATP binding by proteasomal ATPases

disfavors the s2 state, and promotes the open-gate s4, s5, and s6 states.
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3.4 26S Proteasome in the Presence of a Model Substrate

To gain insight into how the model substrate influences the 26S proteasome conformational
landscape, SPA experiments with the model substrate were performed. First, purified 26S
proteasome was incubated with the substrate on ice and then subsequently prepared for cryo-
EM and finally acquired with a K2 camera using a 300 kV Titan Krios. Second, the 26S
proteasome was incubated with the Rpnll chelator oPA before adding the model substrate.
And as a control, 26S proteasome was incubated with oPA alone and acquired by cryo-EM. All
26S proteasome particles were picked separately, and classified to the conformational states
(Fig. [3.13)).
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Figure 3.13: Substrate and oPA dependent 26S proteasome state landscape. 26S proteasome
mixed with substrate, substrate and oPA was acquired by cryoEM and finally classified
to different states.

However, the same distribution of classes as compared to the control proteasome, where the
conformational distribution is ~60% sl and ~40% s2, was also observed in the presence of
model substrate. Conversely, oPA alone did influence the conformational landscape of the
proteasome. Only ~36% s1 and ~9% s2 were observed with oPA alone and the remaining
~55% of proteasomes could be allocated to particles of a yet unassigned state, which is termed
s7. The particles in the s7 state contain structural heterogeneities and consist of at least of two
different conformational states. However, these two classes were nearly identical and could not
be clearly differentiated at the current resolution. Neither s1 nor s2 particles were observed
in the dataset of the proteasome in the presence of both the substrate and oPA. Instead, the
aforementioned s7 state was dominant in the dataset. Similar to the oPA alone dataset, the
particles in the s7 state are heterogeneous, consisting of two sub-classes. These two classes
may be slightly different from those identified in the oPA-dataset but further and more cryo-
EM analysis is required to distinguish these states. For the sake of simplification, all particles
are redirected into one new state, the s7 state. In earlier structural work (Matyskiela et al.,
2013) the activated s3 state was reported using a combination of a different model substrate
and 26S proteasome with an Rpnll activity mutant. The s3 state seen in this previous study

could not be observed in any of the data sets acquired with the DHFR model substrate.
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Figure 3.14: Cryo-EM density of the s7 state. (A) Reconstruction of particles of the s7 state. (B)
The reconstruction achieved a resolution of 6.1 A shown in the FSC diagram.

The analysis of each class in the substrate only sample did not show a clear substrate density.
Such a clear substrate density is also not visible in the newly discovered state, yet lowering
the threshold does show some extra fuzzy densities around Rpnl. The most clear density is
located at the T1 binding site of Rpnl possibly bridging towards Rpnl3. A density in the
middle of the OB-ring or ATPase ring was not visible. Also with focused classification using
TOM foc analysis one defined density could not be classified, most likely hinting at a more
flexible binding of the substrate to Rpnl.
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Figure 3.15: RMSD comparison of s7 with the other states. RMSD comparison of the model
of the s6 state with the other six states (s1-s6). For comparison either the CP or the
ATPase of the two models being compared was aligned. The range goes from blue, to
green to red, where blue represents the smallest differences and red the largest differences
between both models of the specific residue.

Particles of the s7 state were further refined and processed to achieve a resolution of 6.1
A (Fig. [3.14). The s7 state was similar to the s5 state. Indeed, the distance between the
N-terminal regions of Rpn5 and Rpn6, and the position of Rpn2 with respect to the CP are
similar to those of s5. An atomic model for the substrate state s7 was generated using s5 as
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a starting model. To show the high resemblance at the model level of s5 to s2, and also the
close resemblance of s7 to s5 RMSD calculations of s5 and s7 compared to the other states

were carried out (Fig.|3.15]).

The most prominent structural feature of the s7 state is its refined coaxial alignment of the
OB-ring, the AAA+ ATPase ring, and the CP (Fig. A). Compared with the s5 state, the
entire RP shifts by 5 A, leading to the better coaxial alignment (Fig. [3.16B). The AAA+
ATPase subunits adopt a different conformation in s7 compared to s5. For example the Rpt4
small domain of the ATPase subunit in the s7 state is moved away from a7 in the CP, which
is similar to the distance observed in s3, s4 and s6. The height of Rpt6 with respect to the CP
is as in sb and a density for an inserted Rpt6 C-terminus can also be observed in s7. Further
no clear density within the central pore in the EM map of the s7 state can be observed,

suggesting the opening of the CP gate.

s5vs. s7

Figure 3.16: Coaxial alignment comparison between s5 and s7. (A) A side view of the EM
densities cut in the middle shows the position of the active site of Rpn11 and the alignment
of the OB-ring, the AAA+ ATPase ring and the CP in each state. (B) Superimposition
of the models of the RP of the s5 (purple) and s7 (cyan) state. The models were prior
aligned to the CP.

Overall, three different methods were utilized to modify the proteasomal state equilibria.
The results all lead to the stabilization of activated states with an open CP gate. The results
also have in common the stabilization of states with a higher co-axial alignment of RP and
CP. An in-depth analysis and comparison of the closed and open gate states can now better
explain how gate opening is triggered by the RP. And additional analysis of the different
AAA+ ATPase conformations place the newly found states into a larger perspective within

the scope of the degradation cycle.
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Chapter 3 Results

3.5 The Gating of the 20S CP

3.5.1 The Analysis of the RP-CP Interface

Structures of the open gate CP have been reported with a variety of CP activators, including
PAN, PA26, and a chimera PA26/28 protein containing the HbYX motifs of PAN
et al., 2000; Whitby et al., [2000; [Forster et al., 2005; Rabl et al.l 2008). Recently, cryo-
EM reconstructions of the 26S proteasome with the open gate CP were reported. Those

studies revealed an involvement of at least one additional C-terminus (Rpt6) in triggering
gate opening in S. cerevisiae and two C-termini (Rptl and Rpt6) for gate opening in humans.
However, the fundamental mechanism of gate opening by the proteasome remains unclear due
to the insufficient resolution (Chen et al., [2016; Wehmer et al., 2017)).

Figure 3.17: The interface between the RP and the CP. In the top view of the 20S the densities
of the C-termini are shown colored in the same colors used in the state overview diagrams
(sl = green, s2 = blue, s3 = red, s4 = yellow, s5 = purple and s6 = brown, s7 =
cyan). Additionally underneath a cut through the raw data shows the densities of each
C-terminus. Figure adapted with permission from (]Eisele et al.L |2018D.

The interface between the CP and the RP of the refined EM densities of the proteasome
states were analyzed. Only three of the six Rpt C-termini contain a conserved HbYX motif.
Originally it was proposed that the HbYX motifs of Rpt2, Rpt3, and Rpth trigger CP gate
opening, based on biochemical studies with HbYX peptides of PAN, the archaeal proteasome
(Rabl et al.,[2008). The three HbYX motifs of Rpt2, 3 and 5 are stably docked into the « ring

in the three closed gate states (sl, s2 and s3). In the remaining conformational states with an

open gate (s4, s5, s6 and s7), the insertions of these HbYX motifs are observed. In addition to
the HbYX motifs, two additional densities corresponding to the C-termini of Rpt6 and Rptl
can be found docked into the « ring (Fig. . Although the Rptl and Rpt6 C-termini do
not contain a HbYX motif, both C-terminal sequences are highly conserved (Fig.|3.18). In
the s4 state solved with BeF,, only the Rpt6 C-terminus was observed. This is probably due
to the insufficient resolution and the overall weak density for the inserted Rptl C-terminus.

In the s3 state, a minimal Rpt6 density can be found docked into the a ring. Because the
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gate is still occluded, it can be implied that the Rpt6 tail is either not sufficient to open the
gate or it is not firmly docked and engaged in the s3 state.

A B
hsRptl FUNE KDFLEAVNKVIKSYAKFSATPRYMT Y NjstsINelld) EEIONOF DEFEMAVAKVMOKDSEKNMS IKKLWK]
mmRptl Y EF KDFLEAVNKVIKSYAKFSATPRYMT Y Njalulel s EEIONOF DEFEMAVAKVMOKDSEKNMS IKKLWK]
drRptl UNEKDFLEAVNKVIKSYAKFSATPRYMT Y NjehaiNel el EEIONOF DEFEMAVAKVMOKDSEKNMS IKKLWK]

x1Rptl CXE K DF LEAVNKVIKSYAKFSATPRYMTY NN okl EERMOF DFEMAVAKVMOKDSEKNMS TKKLWK]
dmRptl X K DF LEAVINKVIKSYAKFSATPRYMTY Njeliiay okl EWENOF DFEMAVAKVMOKDSEKNMS TKKLWK]

atRptl EEENF < DF LDAVNKV IKEY] atRpt6 WA OF DFEMAVEK VMEKEEERNY SERRLWK

serpel 440 ERRNEES R EEBMEE ccrete 370 ERERENENE OFT 8 M

Figure 3.18: Sequence alignments of Rptl and Rpt6 C-termini. Boxshade alignments of the
C-termini of Rptl (A) and Rpt6 (B) demonstrate high conservation of C-terminal amino
acids. hs= H. sapiens; mm= M. musculus; dr= D. rerio; xl= X. Laevis; dm= D.
melanogaster; at= A. thaliana; sc= S. cerevisiae. Figure adapted with permission from

(Eisele et al.| [2018)).

To confirm the cooperative role of the Rptl and Rpt6 tails in gating the CP, yeast mutants
lacking the most C-terminal amino acid of Rptl or Rpt6 were implemented. Truncated Rpt
tails impaired efficient docking into the o pockets (Park et al., 2011} 2009)). The effects of these
truncations on RP-dependent gating of the CP were addressed via an in-gel peptidase assay
using the fluorogenic substrate suc-LLCY-AMC. Taking into account a mild assembly defect
in rpt6-A1 cells, the peptidase activity was normalized to the total proteasome abundance

in immunoblots of the same extract.
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Figure 3.19: Mutagenesis analysis of the Rptl and Rpt6 C-termini. (A) Three Rpt C-termini
mutants were prepared and tested for their peptidase activity based on suc-LLVY-AMC
fluorescence. (B) The three mutants were tested during normal growth conditions and at
elevated temperature stress conditions at 35°C and 37°C. The experiments were carried
out by a collaborating lab. Figure adapted with permission from (Eisele et al., 2018).
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Peptidase activity, shown by an accumulation of the fluorescence signal, can be seen for WT
cells and rpt1-A1 cells. Peptidase activity decreases slightly in rpt6-A1 proteasomes, and
peptidase activity decreases drastically by 80% in rpt1-A1 rpt6-A1 proteasomes. Especially
the last result is highly indicative of a cooperative role of Rptl and Rpt6 in gate opening
(Fig. ) Additionally, this finding was supported by a strong synthetic growth defect
in the rptl1-A1 rpt6-Al yeast (Fig. [3.19B). Together, these data support a model in which
the C-termini of Rptl and Rpt6 cooperatively drive gate opening via interactions with the
surface of the CP. Intriguingly, the N-terminus of Rpn1 is stably connected to the Rpt subunits
Rptl, Rpt2 and Rpt6 in the open gate state. Rpnl is highly flexible, especially in the s2 state
(Wehmer et al.l 2017)) and its local resolution is lower than the rest of the subunits. Stable
docking of Rpnl on the Rpt subunits hints towards an involvement of Rpnl in gate opening.

Further analysis is required to address the involvement of Rpnl in gate opening.

3.5.2 The Analysis of the 20S o Ring

Based on the high-resolution structures of proteasomes with an open gate and a closed gate,
we addressed how CP gate opening is influenced by the RP. This comparison is especially
powerful when two states are so closely related and thus the key element to compare is the
one element where they differentiate between one another. The s2 and sb states are such an
example, as they are highly similar to one another with an RMSD value of 4 A, but the s5
state has an open gate and the s2 state a closed gate. Comparison of these states leads us to

identify key elements for gate opening.

al a2 a3 a4 ad a6 a7
S. cerevisiae BEN HHBEN @BEN BEN BEN  BEE BEN.
H. sapiens BEH - -BBEE - BEE -BEN BEH EBENR EBEBE
A. thaliana Y DN - NE /g BEE -BEEN BEE BEE BEE
D. melanogaster BEN - HHBEER BEE BEE BDEN BEE BEE.
M. jannaschii BEH - PorREE -BEE -BEER BEH EBELR EBEBE

Figure 3.20: Sequence alignments of YD-P-Y motif of o subunits. Boxshade alignments of
the N-terminal YD-P-Y motifs of all @ subunits. Figure adapted with permission from
(Eisele et al., [2018]).

The approximately 5 A or lower resolution of the EM structures of the s1, s2, s4 and sb states
allowed us to fit not only secondary structural elements but also side chains within the clear
EM densities. For refining the gate of sl and s2, the densities with the codes EMD: 3534
and 3535 were used, respectively. The starting models were PDB: 5mp9 and 5mpa for sl
and s2, respectively. In the closed gate the N-terminal extensions of a2, a3 and a4 lay down
horizontally and hereby close the gate in the center pore of the CP. The remaining a subunit
N-termini point upward towards the ATPase ring. The a4 Arg6 and Tyr4 form a cluster with
the a3 Asp7 (Fig. 3.21]A), as previously observed (Groll et all, 2000).
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Figure 3.21: Comparison of a closed and an open CP gate. Model of the closed gate (A)
compared to the model of the open gate (B) in the s2 state. In the smaller panels a
different view of al, a2, a3 and a4 can be seen. Figure adapted with permission from
(Eisele et al., 2018).

Additionally, we observed that the Phe7 of a2 nucleates the cluster, which most likely helps
to keep the a3 N-terminus in place and secure the gate over the CP pore (Fig. |3.21]A, right
panel). Interestingly in archaea the 20S « ring is formed by seven copies of the same «
subunit. Yet, the N-terminal amino acid composition of the « subunits is highly conserved
between all seven different o subunits in eukaryotes with some exceptions (Fig. 77). One of
these exceptions is the substitution of a normally conserved aspartate to Ser6 in the a2 of
S. cerevisiae. Additionally, in a2 the conserved arginine (in three out of seven « subunits),

which follows the conserved aspartate, is replaced by the already mentioned Phe7. PAN of

archaea, which lacks this substitution, does not have an ordered gate (Forster et al., 2005}

|Groll et al 2000), thereby implicating a role for a2 Phe7 in stabilizing the ordered gate.

To further address the importance of a2 Phe7 for the closed gate, the non-conservative
a2(F7A) mutation was introduced into yeast. The mutant strain was tested for resistance
against the heavy metal Cd?", which induces oxidative stress, leading to protein unfolding

in yeast. Open gate CP mutants were shown to be resistant to the heavy metal cadmium

(Kusmierczyk et al., 2008). A resistance similar to that of such open gate mutants is found

with the @2 F7A mutant but it was not observed with the conservative a2(F7Y) mutation
alone (Fig. [3.22)). These findings provide further support for the role of the @2 N-terminus in
acting as a linchpin for the closed gate.
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Figure 3.22: Mutagenesis analysis of Phe7 in a2. Phe7 of a2 and Tyr24 of a3 were mutated
and cells were checked for viability under normal growth conditions and under stress
conditions. One of these conditions is growth on CdCls, which causes stress in the form
of increased protein unfolding. The F7A mutants grow better on CdCl, than wild type
cells. The experiments were carried out by a collaborating lab. Figure adapted with
permission from (]Eisele et al.L |2018D.

The subunits ab, a6 and a7 are mostly unchanged between a closed gate and an open
gate. The ab and a6 N-terminal extensions point upwards by forming a cluster of con-
served tyrosines and prolines from one subunit and tyrosine and aspartate residues of the
counterclockwise-neighboring subunit (Fig. |3.23)). This cluster is also found between a6-a7
and between a7-al. In contrast, in the open gate structure, the N-terminal extensions of a3,
a4 and b flip from the horizontal position to an upward vertical position, which is stabilized

by the same clusters as found at the interface of a5-a6, a6-a7 and a7-al.

a7

Figure 3.23: Canoncial cluster between a6 and a7. Canoncial YD-P-Y motif found between a6
and a7 in a closed and open gate. Figure adapted with permission from (Eisele et al.

2018).

Thereby, the N-termini form a cluster with two conserved tyrosines, a proline and one as-
partate (YD-P-Y motif) at the interface between two « subunits at the periphery of the CP
pore with one exception, at the interface of al-a2 (Fig. |3.21B, right panel). As described

earlier, a2 is the only « subunit in which the aspartate and the following arginine are not
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3.5 The Gating of the 20S CP

conserved and are substituted with a serine and phenylalanine. Although Ser6 still interacts
with the other side chains, Phe7 increases the distance between Ser6 of a2 and Tyrl2 of al.
This weakened cluster supports Phe7 as the linchpin of the closed gate which regulates gate

opening.

The C-terminal tails of Rptl and Rpt6 insert in the pockets between a3-a4 and a2-a3,
respectively (Fig. [3.24/A). Interestingly in all open gate states, Prol4 in a2 and the HO helix
of a3 are repositioned by ~3-4 A as compared to their positions within the closed gate states
(Fig.[3.24B). These movements were not found in the s3 state where a minimal density for the
Rpt6 C-terminus was observed. Thus, in eukaryotes, the N-terminal tails of the a-subunits are
tightly regulated by canonical cluster formation, which is most likely regulated by insertion of
the Rpt6 and Rpt1 tails. Taken together, a mechanism can be envisioned by which insertion
of the Rpt6 and Rptl C-termini into the a ring pockets reorganizes the gate via displacement
of the a2-PheT7-centered linchpin. Only when both the Rptl and Rpt6 C-termini are inserted,
where Rpt6 is in close proximity to 2 and a3 and Rptl is close to a4 and a5, can the gate
open and the described cluster form. Insertion of the Rptl and Rpt6 C-termini may induce
a movement of the proline loop in specific a subunits (Fig. )

Prol14 a2, open (color) - closed (white)

Figure 3.24: N-terminal flipping and movement of 2. (A) The open gate is overlaid with the
extensions of the N-termini of the a-subunits in the closed gate in white. Between the «
subunits the position of the possibly bound C-termini can be found. (B) Prol4 of the a2
subunit moves between the open and closed gate by ~3.5 A. Additionally a movement of
the HO of a3 can be seen. This movement may be connected to binding of the Rpt6 and
Rptl C-termini. Figure adapted with permission from (]Eisele et al.|7 |2018D.
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Chapter 3 Results

3.6 Analysis of the AAA+ ATPase

The AAA+ ATPase of the, in total, seven states was analyzed using distinct features. Nu-
cleotides bind in the nucleotide pocket, located between two Rpt subunits and made of several
motifs (described in[1.2.4)). First an EM map of the ATPase was simulated without nucleotides
and was then subtracted from the experimental map. The subtracted densities indicate the
number of bound nucleotides. Similar to previous reports densities for nucleotides in all six
nucleotide-binding pockets could be observed (Fig. [3.25) (Chen et al., 2016; Huang et al.,
2016; [Schweitzer et al., 2016; Wehmer et al., 2017)).

s1 s2 s3 s4 s5 s6 s7
Rpt5
Y ? ¢ v @ ? o 2
Rot 4‘{‘ pr“ LS - S - - D o ) &
[ L (o4 (Y [ od ('Y ~ <@ 4 W 4 (% <@ <Y
Rpt3 ¢  Rpt2 ¢ ¢ 9 4 q ¢
Rpt6

Figure 3.25: Nucleotide pocket loading in five states. Nucleotide densities of each state were
generated by subtracting a generated nucleotide free density from the actual density. In
all seven states, six densities are visible in the pockets. Figure adapted with permission
from (Eisele et al., 2018).

Although six fully occupied nucleotide pockets were found in all states, the identity of the
occupied nucleotide densities, either ATP, ADP+Pi or ADP cannot clearly be differentiated
due to the limited resolution (Fig. [3.25). Instead I analyzed two key structural features,
the distance of each pocket and the position of a well-conserved Phenylalanine cluster (Phe-
cluster) to define each binding pocket. First, the pocket distance was measured between
the end of the H10 helix connected to the pore-2 loop to the N-terminal tip of the Walker
A motif located at the beginning of the H6 helix. Each pocket from each of the six states
is distinguished into two clusters, hereby defined as engaged and open (Fig. . In the
engaged pocket, the distance is 15 A or smaller, whereas the distance in the open pocket
is 18 A or greater. In the s7 state, the configuration of the pocket distance was not clearly
distinguished: overall the distance range spans from 21 A to 15 A, which shows lower diversity

than in the other states resulting in s7 being the most planar state seen so far.

3.6.1 The Conserved Phe-Cluster

Often these pocket distances correlate well with the second key feature, the Phe-cluster,
defined by the position of a well-conserved phenylalanine at the end of H10 in each Rpt
subunit. In the engaged pocket, the conserved phenylalanine faces the neighboring subunit
in a clockwise direction and interacts with an arginine and phenylalanine located in the 52

and (3 strands of the counter-clockwise neighbouring subunit (Fig. |3.27)). In contrast, in
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Figure 3.26: Distance of nucleotide pockets. The pocket distance of each pocket from all seven
states is plotted. The distance was calculated between the beginning of the H6 helix and
the end of the H10 helix. An engaged pocket can be found between Rpt2 and Rpt1 in the
s4 state and an open pocket is found between Rpt4 and Rpt3 also in the s4 state. Figure
adapted with permission from (]Eisele et a1.|, |2018D.

an open pocket, the phenylalanine points to the opposite side, inwards to H9 of the same
ATPase subunit. Despite a similar resolution as in s6, the ATPase is less well resolved in the
s7 state. Although only one engaged Phe-cluster was found in the s7 state, the results might
be different in a higher resolved EM density. Overall s7 is highly flexible, which is why a clear

analysis currently proves difficult.

Phe-cluster, open — s4

N Ty

Figure 3.27: Phe-clustering between nucleotide pockets. An example of an engaged Phe-cluster
which can be found between Rpt2 and Rptl and an open Phe-cluster which can be found
between Rpt4 and Rpt3. Figure adapted with permission from (Eisele et al., [2018).

Nevertheless by applying these measurements to the Rpt subunits of each proteasome state, a
total of three different types of nucleotide pockets for states s1-s6 can be identified. A pocket
is either open both in terms of the helical distance and the Phe-cluster (open), it can have an

engaged pocket as determined by the helical distance, but an open Phe-cluster (intermediate)
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or finally it can be completely engaged in both factors (engaged) (Fig. [3.28]).

HEHEEEEE

Rpt3-
Rpt6

Rpt6- open open Phe-cluster
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Figure 3.28: Overview of Phe-Cluster and pocket distance. Representation of each pocket
from s1-s6 with the two factors, the Phe-cluster and pocket distance, indicated. White
indicates an open pocket, light blue an intermediate pocket and dark blue an engaged
pocket. Figure adapted with permission from QEisele et al.|, |2018D.

The differentiation of open and engaged pockets was additionally supported by hierarchal
clustering of masked nucleotide pocket maps (Fig. [3.29). This is especially important to
confirm the configurations of the nucleotide pocket in the two lower resolved states, s6 (6.1 A)
and s7 (6.1 A). For hierarchal clustering the models of all Rpt subunits from each state were
aligned to the interface between Rptl and Rptb of the sl state using Chimera matchmaker.
The 42 corresponding EM maps were then filtered to 8 A and aligned using the Chimera
matrixcopy function. A spherical mask with a diameter of 41 A was placed around the
arginine R255 of Rpt1 to focus on the binding pocket. The preprocessed volumes were finally
hierarchically clustered using MATLAB and TOM toolbox. Each density was compared,
leading to a total of two identified clusters (Fig. [3.29). The average from the blue class
could be assigned to the engaged conformation whereas the gray class resembles the open

conformation. The panel on the right shows an overview of the results with each state and
Rpt interface (Fig. right panel).
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Figure 3.29: Hierarchical clustering of nucleotide binding pocket. Each interface of each Rpt
density was aligned to the interface of Rptl and Rpt5 and afterwards hierarchically clus-
tered. In total two clusters could be found, which show on the one hand an engaged
cluster (blue) and on the other an open cluster (white). Figure adapted with permission
from QEisele et al.L |2018D.

All intermediate states were designated as engaged except for the intermediate pocket of
Rpt2-Rptl from the s6 state, which was defined as open, probably due to the lower resolution
of the s6 state as compared to the other states. Each state is hereby characterized by a
specific arrangement of pocket states. In sl, s2, and sb, the same arrangement of engaged
pockets for Rptl, 5, 4, and 3 followed by an open Rpt6 pocket and an intermediate Rpt2
pocket is observed. The open pocket sits at Rpt6, the subunit directly at the split site. In
contrast, s3, s4 and s6 show a slightly different pocket arrangement. Indeed, in the s3 state,
the first open pocket is located at the split site (Rptl), which is then followed by another
open pocket (Rpt5). Three engaged pockets are then positioned counterclockwise from the
open pockets (Rpt4, 3 and 6), followed by one last intermediate pocket (Rpt2). Intriguingly,
this pattern is permuted one subunit counterclockwise from s3 to s6 and again from s6 to s4,

hinting at a rotary catalytic mechanism.
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Chapter 4
Conclusions and Discussion

In this thesis, I carried out cryo-EM experiments to explore the conformational landscape
of the proteasome, leading to the identification of three additional conformational states of
the 26S proteasome of S. cerevisiae. Based on the structures, the regulatory mechanism of
CP gating by the RP was revealed and light was shed on a rotary mechanism of the ATP
cycle. In detail, this work implicates a key role for Rpt6 in promoting activation of the
proteasome and in transmitting the nucleotide state of the AAA+ ATPase ring to the CP.
The results support a model in which gating of the CP is a multi-step process dependent upon
distinct nucleotide binding events and the action of multiple ATPase tails. Such a multi-step
gating mechanism is likely important to ensure tight coupling of proteolysis to the unfolding
cycle of the proteasomal RP. Further, the analyses of conformational redistribution in rpt-
EQ mutants suggests ATPase specific roles in the catalytic cycle and is in strong support of
a rotary hydrolysis model for the proteasome, similar to that recently proposed for related
AAA+ family ATPases Hspl04, Vps4, and Ymel (Gates et al., [2017; Monroe et al., 2017}
Puchades et al., 2017).

4.1 The Substrate Engaged Structure

First, I designed a model substrate with key features, including more than four ubiquitins and
an unstructured initiation region with at least 30 amino acids (Thrower et al.l [2000; |Takeuchi
et al., 2007; Prakash et al., 2009; Inobe et al. 2011]), with the aim of understanding substrate
processing by the proteasome. The degradation studies of the model substrate showed that
the substrate was recognized by the 26S proteasome and was primarily deubiquitinated but
not degraded. Unlike K48-linked chains, the structure of the linear ubiquitin chain is similar
to K63-linked polyUb chains, which do not preferentially target the proteasome for degrada-
tion (Komander et al., 2009). It has been reported that non specifically targeted proteins, like
substrate with K63-linked polyUb chains are removed more quickly than substrate translo-

cation is initiated for the rescue of the substrate (Jacobson et al., [2009)). In addition, in vivo
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proteasome function is modulated by cofactors that transiently bind to the proteasome (re-
viewed in (Forster et al.,|2014)). But many of these cofactors are lost during the purification
(Sakata et al., 2011). In vivo degradation of the model substrate may be assisted by those
cofactors, which could lead to degradation by the proteasome in vivo. Lastly, an unstructured
region of 30 amino acids is at the border of being a suitable length for translocation initia-
tion (Inobe et al., 2011) and a 6xHis tag attached to the C-terminus of the substrate may
hinder it from being grabbed by the aromatic pore loops. Similar to the recently described
study (Jacobson et al.,[2009), the timing between substrate translocation and deubquitination
needs to be perfectly calibrated. If substrate translocation is too slow due to the non-optimal
unstructured region or the tight fold of the protein, the substrate might be deubiquitinated
too early before being able to be degraded by the proteasome. Even though the substrate
was not degraded by the 26S proteasome, the substrate was stabilized through inhibition of
Rpnll by oPA. This shows that Rpnll is likely the key DUB that hinders degradation of
the DHFR substrate. Rpnll changes its localization from the sl state to the activated states
and positions itself directly above the entrance to the central channel of the ATPase ring,
where it removes ubiquitin chains from substrates during translocation (Worden et al., |2014,
2017)). Through inhibition of Rpnll with oPA and addition of substrate, activation of the 265
proteasome was observed. Instead of a mixture of the sl and s2 states, a not-yet identified
conformational state, s7, with characteristics of an activated proteasome state, was observed.
In 2012, the Martin group reported a proteasome structure in which the proteasome was acti-
vated by the addition of a model substrate but no substrate density was resolved (Matyskiela
et al., 2013)). Similar to the previous study, no clear density for the DHFR substrate was
observed in the s7 state. The substrate most likely binds to the proteasome in many different
conformations though multiple ubiquitin binding sites, which is thus unable to achieve better
resolved densities. A flexibly bound substrate would be one of the explanations as to why
one clear s7 state could not be found and instead four highly similar classes of the oPA only
and oPA plus substrate samples were combined. The differences between each class were
marginal but analysis of features like the ATPase or the gate was significantly more difficult
and will require more data in the future. If substrate in the combination with oPA results
in a range of s7-like particles it is interesting to think of why oPA alone also leads to s7-like
particles even though no substrate was added. Most likely the proteasome can be activated
by unknown factors binding to the proteasome, which leads to the s7-like states when the
active site of Rpnll is inhibited. The amount of proteasome activation is still higher when
substrate is added, as shown by the lack of sl and s2 states in the oPA + substrate data

set.
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4.2 Modification of the State Landscape

Overall activation of the proteasome conformation can be achieved through several methods,
all which involve manipulation of the ATPase cycle. In the past years activation of the
proteasome and differentiation of the states were often defined by subunit movements bigger
than 10 A, thus making it possible to distinguish the states in the range of the resolutions
reached in the beginning of proteasome structural work (Unverdorben et al., 2014)). Such
significant changes were observed in subunits such as Rpnl, Rpn2, Rpn5, Rpn6, together
with alignment of the central channels of the ATPase and the CP rings. Upon achieving
higher resolutions, more detailed structural features such as the state of the CP gate, either
closed or open, and the planarity of the ATPase ring, determined by measuring the height of
the pore loops, were analyzed (Wehmer et al.| [2017). With increasing ATP~S concentration,
the amount of sl particles was reduced and replaced by a higher abundance of the activated
states. With a concentration of 0.5 mM ATP~S the amount of sb particles was increased but
these particles gradually vanish upon increasing concentration of ATP~S, where the s3 state
was more pronounced. This result can be compared to a titration assay where with increasing
amounts of ATP~S the peptidase activity of the proteasome was reduced (Smith et al.,|[2011]).
If s3 is more prevalent at higher ATP~S concentrations it would actually makes sense to have
less peptidase activity because if the more closed gate with higher nucleotide concentrations.
In a recently published study, the structure of the human proteasome in the presence of
ATP~S was reported. Although the direct impact of different ATP~S concentrations on the
conformational landscape was not addressed, it showed that the human 26S proteasome can
also be pushed to different states in the presence of ATP~S, called Spi, Sp2 and Sps (Zhu
et al., [2018). The first ATP~S studies completed with 26S proteasome were done by the
Baumeister group in 2013 (Sledz et al., 2013)). It was then reported that 1 mM ATP~S
was used, resulting in a slightly different state landscape than reported here with 0.5 mM
ATP~S or 2 mM ATP~S. In the earlier study it was actually reported that the states found
with 1 mM ATP~S were s1, s2 and s3. Differences in sample preparation, for example longer
incubation time during plunging, but also technical improvements leading to better resolution
and particle classification can provide a few explanations for these observed differences. In
comparison to the rpt-E(@ muntant results, the conformational landscape of the rpt2-EQ
and rpt6-F() mutants is similar to the dataset of the low concentration of ATP~S. Even
though mpt2-EQ and rpt6-FE(Q show similar state distributions, the rpt6-EQ cells showed a
growth defect in contrast to the relatively healthy rpt2-EQ cells. This minimal disruption
is consistent with published in vitro studies (Beckwith et al., |2013). The results from the
rpt2-E(Q) recombinant proteasome system of the published study suggest that the rpt2-EQ
mutation does not largely affect the ATP hydrolysis cycle and the proteasome is still able
to degrade substrates, which was shown by the accumulation of polyUb substrates in rpt6-
EQ but not in mpt2-EQ (Beckwith et al., 2013)). The rpt6-E(Q mutation, in contrast, might
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have defects in the ATP hydrolysis cycle, leading to a static conformation and impairment
of substrate degradation. Because only a snapshot of the state landscape is observed an
answer to the dynamics of the states cannot be given. Thus, combinations of nucleotide
analogs and ATPase rpt-E(@Q mutants have proven to be a powerful tool for modifying the

state equilibrium, leading to the further identification of proteasome conformational states.
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4.3 The Open Gate Mechanism

Together with previous studies, in total three closed gate states (sl, s2, s3) and four open
gate states (s4, s5, s6, s7) were resolved. To understand the fundamental mechanism of gate
opening, I compared the better-resolved closed and open gate states (<5 A). Similar open gate
conformations and corresponding amino acid interactions are consistently found in each of the
open gate states of the 26S proteasome. A consistently found cluster between the N-terminal
extensions of the alpha subunits is found in all of these states. These conserved open gate
clusters (YD-P-Y motif) are also preserved in the other open gate structures of the CP with
different activators such as PA26 and Blm10 (Whitby et al., |2000; Forster et al., [2005; [Sadre-
Bazzaz et al.l [2010; Yu et al.,[2010). The YD-P-Y motif can be found in the homoheptameric
208 core particles of archaea as well as in the heteroheptameric 20S core particles of eukaryotes
with only one exception in the conservation from archaea to eukaryotes. Only the clustering
between the a1l and a2 subunits with the YD-P-Y motif is not conserved thereby resulting
in slight differences between the archaeal gate and the eukaryotic gate. In a2, aspartate
was substituted to Ser6 and arginine to Phe7 from the archaeal to the eukaryotic system.
The substitution to Phe7 in eukaryotes weakens the conserved clustering in the open gate
conformation by increasing the distance between the Tyrl2 of al and Ser6 a2. In the closed
gate of eukaryotes, Phe7 instead plays a key role in stabilizing the closed gate through the
interaction with the N-terminal extension of a3. In eukaryotes, Phe7 of a2 most likely plays
an important role in stabilizing the closed gate and additionally works as a disruptive measure
in the open gate cluster formed between al and o2 (Fig. .

Recent structural studies of the 26S proteasome showed that the three conserved HbYX
motifs of Rpt2, Rpt3 and Rpth are constitutively inserted into the alpha pockets even though
the gate in most of these structures remained closed. This therefore indicates that HbYX
motif insertion is not sufficient to promote gate opening. A model of Rpt6- and Rptl-
dependent gating is supported by the three open gate states, where the Rpt6 and Rptl
C-termini are clearly detected at the o subunit interface in addition to the three constitutive
HbYX motif insertions. An Rpt6 and Rptl-dependent gating could additionally be supported
by mutagenesis studies, which show reduced peptidase activity in vitro and growth defects in
vivo when the Rpt6 and Rptl C-termini are synergistically deleted. The C-termini of Rpt6
and Rptl dock into the pockets formed by a2-a3 and ad—ab, respectively. a2, a3 and a4 are
critical for gate formation and therefore closely related to gate switching (Fig. . Lastly, a
stabilized N-terminus of Rpnl in the open gate structures is observed. I speculate that Rpnl
may stabilize the C-terminal insertion through interaction with Rpt6 and Rptl. Otherwise,
Rpnl might even trigger the insertion event to open the gate. Further analysis of the Rpnl

structure is required to understand the role of Rpnl in gate opening.

As speculated in previous work, proline movement might also be directly involved in gate
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Docking of Rpt1, 6 C; -
Proline movement
Release of F7

—
a2 a3 a2 a3
s1;s2; s3 s4; s5; s6; s7

Gate closed; No tails docked Gate closed; HbYX Gate open; HbYX

motifs docked and Rpt1/6 tails docked

Figure 4.1: Gate model. The importance of the Rptl and Rpt6 C-termini in gate triggering shown as
a cartoon representation. Phe7 of a2 is marked in pink to pinpoint the possible importance
as a linchpin for gating. Figure adapted with permission from (IEisele et al.L |2018D.

opening by flipping of the alpha subunit N-termini and stabilizing the clusters in the 26S

proteasome. In PA26, insertion of seven loop regions of PA26 into the alpha ring pockets

shift the proline loops of each « subunit, leading to CP gate opening (Whitby et al., [2000).

In contrast to PA26, the RP regulates gate opening by the C-termini of the Rpt subunits of
the hexameric ATPases, none of which possess activation loops. In an earlier report, it was
speculated that HbYX docking leads to a rotation of the « ring and with that a shift of the
proline loops causes opening of the gate . However, no significant rotation of
the « subunits was observed. Only with both the Rptl and Rpt6 tails inserted, where Rpt6
is in close proximity to the a2 and a3 subunits and Rpt1l to the a4 and ab subunits, does the
gate open by forming the described open gate clusters. Interestingly instead of a rotation a
clear proline loop movement of the 2 subunit by 4 A is observed, which is accompanied by
movement of HO of the a3 subunit. It can be speculated that these movements could finally be
the trigger for destabilizing Phe7, thereby causing flipping of the N-terminal extensions and

opening of the gate. It was shown how Rpt2 has a major function in nucleotide-dependent

priming for gate opening (Kohler et al. 2001; Rubin et all |1998). Rpt2 sits between two

key subunits involved in gate opening, Rptl and Rpt6. Considering that a majority of states
found in the rpt6-FEQ and rpt2-EQ mutants have an open gate, it can be speculated that
loading of ATP in either Rpt6 or Rpt2 is needed for the tail insertion of Rpt6 and Rptl.
Furthermore, this also leads to the hypothesis that in the s5 state Rpt6 or Rpt2 has ATP
bound more stably than in s2, leading to an open gate state. Stable nucleotide binding in

these Rpt subunits might therefore be one of the initiating events of the degradation cycle.
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4.4 Sequential Nucleotide Driven Translocation

In this thesis, I reported that the conformational landscape of the proteasome is influenced
both by nucleotide binding and nucleotide analog concentration. Incorporation of ATP~S into
a nucleotide binding pocket should lead to a slowed down ATP hydrolysis at the corresponding
subunit. Similar to ATP~S, the rpt- EQ mutants also slow down the hydrolysis cycle at specific
Rpts. In this case with the difference that it is known which Rpt subunit is experiencing not
only a reduced rate of ATP hydrolysis but rather are complete reduction of hydrolysis at the
mutated ATPase. Both manipulations lead to higher activated proteasome states in which
the ATPase ring is in a more planar conformation and the rigid-body conformation formed
between two Rpt subunits becomes highly uniform. Most likely through that the ATPase

activity is enhanced.

Recently, several groups reported asymmetric architectures of related homohexameric AAA+
ATPases such as p97, Hspl04, Vps4, and Ymel (Banerjee et al., 2016; |Gates et al.l 2017}
Monroe et al., |2017; Puchades et al., [2017). In these studies the nucleotide binding pockets
were particularly well characterized. For example, Puchades et al reported that the Phe-
cluster allosterically regulates the pore loop movement upon ATP hydrolysis (Puchades et al.,
2017). These Phe-clusters are also found in proteasomal ATPase subunits. Even though the
relation between pore loop position and Phe-cluster conformation, as shown in (Puchades
et al., [2017) was not observed, the Phe-cluster and the pocket distance were analyzed to
characterize the nucleotide pockets. The detailed analysis of each nucleotide-binding pocket
revealed three distinct modes that are distinguished by the state of the Phe-cluster and of
the pocket distance: open, intermediate, or engaged. The nucleotide pocket configurations
in the heterohexameric 265 AAA+ ATPase resembles closely the common configurations of
the simpler homomeric Ymel ATPase with ATP-bound (engaged), ADP-bound (open) and
empty (open) pockets. In addition, the arrangement of the ATPase subunits, engaged —
engaged — engaged — intermediate — open — open, in the activated states (s3, s4 and s6)
resembles that of the simpler homomeric AAA+ ATPases Ymel; ATP-bound, ATP-bound,
ATP-bound, ATP-bound, ADP-bound and empty. Because nucleotides are still seen in all
binding pockets, it could not be assigned whether the open pockets are actually empty or
ADP-bound pockets. Considering the relatively smeared density of the nucleotides, I assume
that the nucleotide density which is observed in the open pocket is a mixture of nucleotide
states, e.g. empty and ADP-bound states. In Ymel, substrate translocation is believed to
follow a sequential nucleotide-driven translocation, by which the same ATPase arrangement,
four engaged subunits and two open pockets, is shifted by one subunit during each ATP
hydrolysis cycle by the trailing engaged subunit (Monroe et al., [2017; [Puchades et al., 2017).
A similar subunit shift can be envisioned from s3 to s6 to s4 for the 26S proteasome, which

implies a conserved mechanism for sequential nucleotide-driven translocation.
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ATP hydrolysis can occur in either the lowermost engaged and most likely ATP-bound sub-
unit, as was suggested for Ymel (Puchades et al., 2017)), or the highest engaged subunit
(Martin et al., 2008), and continues around the ring. This, for example, would mean that,
in the s4 state, Rptb would fire to transition into the s6 state and then Rptl would fire for
the transition into s3 in a clockwise fashion. If ATP hydrolysis proceeds counterclockwise,
then ATP hydrolysis of the next engaged subunit should be the one at a lower position of the
lock-washer conformation. Rpt4 hydrolysis would move the 26S proteasome from s3 into the
s6 state and then firing of Rpt3 moves the proteasome into the s4 state. A counterclockwise
hydrolysis was hypothesized for Ymel, which could also be true for the 26S proteasome based
on the results from the rpt-E@Q mutants. In detail, accumulation of the s6 state is observed by
an rpt3-EQ mutation which blocks hydrolysis at Rpt3. In a counterclockwise hydrolysis cycle,
Rpt3 hydrolysis is needed to move from the s6 state to the s3 state, and thereby blocking
Rpt3 hydrolysis should freeze the 26S proteasome in the s6 state, which is exactly the state
found in the rpt3-EQ data set.

In the well-studied ClpX-ClpP complex the orientation of the ATPase cycle was investigated
through the use of several mutations (Martin et al., |2005). Interestingly the staircase ar-
rangement in ClpX is different compared to the AAA+ ATPase of the 26S proteasome, in
the substrate-free form two staircases can be found, which decline counterclockwise and not
clockwise (Glynn et all [2009). ATPase hydrolysis in a clockwise direction is hypothesized,
which again would fit with the counterclockwise hydrolysis in the 26S proteasome because of

the mirrored staircase arrangement.

The steeper stairway arrangement of the 26S proteasome seen in sl, s2 and sb and also
the inverted order of open and intermediate nucleotide pockets as compared to s3, s4 and
s6 cannot be explained yet. This different arrangement might hint towards an initiation
mechanism of the ATP hydrolysis cycle. The s7 state which is observed in the presence of a
model substrate with Rpnl1 inhibitor adopts a planar arrangement of the ATPase subunits,
which may reflect a natural activated state of the ATPases because neither the nucleotide
analogs nor the EQ mutants which induce the activated conformation of the proteasome are
used. In regards to the complete RP rearrangement the s7 state would fit best after s2/s5
but before s3, s6 and s4.

In summary, the following model for proteasome activation, ATP hydrolysis and gate opening
is hypothesized (Fig. : Without substrate the proteasome exists in the ground state (s1).
In the ground state the OB ring, ATPase ring and CP are the least aligned in all found
states, the HbYX motifs of Rpt2, Rpt3 and Rpt5 are inserted but the gate remains closed.
Through binding of substrate it is hypothesized that the proteasome moves into one of the
primed states (s2 or s5) or even directly into the s7 state. During this transition, the RP
undergoes a movement, the OB ring, ATPase ring and CP co-axial alignment increases and
in 85 and s7 the C-termini of Rpt6 and Rptl insert into the CP. This insertion leads to
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Figure 4.2: The AAA+ ATPase degradation cycle. A schematic overview of a proposed AAA+
ATPase degradation cycle with all identified states of the 26S proteasome. Closed pockets
are red, intermediate pockets are light red and open pockets are gray. The three states
s8, 89 and s10 were not identified so far and were added as hypothetical states. Figure
adapted with permission from (Eisele et al. 2018).

movement of the a2 N-terminal extension, which displaces the Phe7 linchpin of o2, leading
to flipping of the N-terminal extensions to open the gate. The translocation of substrate
may be triggered by ATP hydrolysis by one of the initiating ATPases (Rptl) coupled with
ATP binding by Rpt6, leading the proteasome to an activated state (s3, s4, s6, probably
several other unidentified conformations). The cycle could follow either a clockwise sequential
hydrolysis driven translocation or proceed counterclockwise. ATP hydrolysis will lead to a
conformational change, nucleotide exchange and with that a change in the proteasome state
of the ATPase cycle. Additional states may still exist (s8, s9, s10), which adopt different
nucleotide pocket arrangements. The cycle might continue until the substrate is completely
translocated and includes possible reversion to s2, s5, s7 or sl. Although the specific steps
in the ATPase catalytic cycle remain elusive, these results expand our knowledge of subunit-
specific communication within the proteasomal ATPase ring and form a framework for in-

depth mechanistic studies of ATPase function and its relationship to substrate processing.
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Chapter 5
Future Perspectives

Stabilization of less abundant states and the discovery of new states has enhanced our un-
derstanding of the 26S proteasome. As if to find another piece of the puzzle, identification of
each conformational state helps us draw a nearly complete picture of the proteasome confor-
mational landscape. But the proposed model of the degradation cycle shows that there may
exist more conformational states to fully explain the AAA+ ATPase cycle. The preserved
placement of three distinct configurations of the nucleotide binding pockets provides evidence
for a sequential nucleotide-driven translocation. However, to confirm this hypothesis, further
structural analysis of the proteasome is required. For example, it is necessary to find a condi-
tion to stabilize hidden conformational states with different ATPase configurations. One way
to even further expand the state landscape would be to combine the model substrate with
proteasomes with different directed point mutations, thus stalling the proteasome in specific,
yet-unidentified states. Overall further point mutations, in the ATPase for example, could

also shed light on proteasome conformational switching.

Part of understanding the ATPase cycle is also understanding the role of s2 and s5 in substrate
processing. In detail, it was not addressed yet whether the s2 and s5 states are the subsequent
conformations of the sl state or are the end points of the entire degradation cycle. The
large conformational differences between sl and s2/s5, such as the co-axial alignment of the
rings and rotation of the lid subunits, are still hard to account for with the nearly exact
same ATPase conformation between these three states. Interestingly, we also observe the s2
state in control samples - proteasome purified with 4 mM ATP - raising questions about the
activation mechanism of the proteasome. Is substrate the only trigger for state switching?
It is plausible that s2 is a product of proteasome switching into an activated state without

substrate that is then directly deactivated again.

The role of Rpnl in substrate recognition, proteasome activation and gate opening has not
yet been addressed in detail. Rpnl functions as an interaction hub which connects to many
different proteasome subunits. Cryo-EM studies revealed that it undergoes large movements
when switching from the sl state to higher activated states. The high conformational flex-

ibility of Rpnl coupled with a low local resolution was prominent in the closed gate states,
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leading to suboptimal models and difficulties during structural analysis. A deeper structural
and biological analysis could help in understanding the function of this large subunit and
shed light on activation mechanisms of the whole complex. It is worth noting that the Rpnl
N-terminus is stably fixed through interactions with Rpt subunits in the open gate states,

implying that Rpnl is another key player in gate opening.

Lastly, 26S proteasome activation is regulated by several factors; this includes substrate
binding, PIP binding, and even post-translational modification of proteasome subunits, such
as phosphorylation. It has been reported that phosphorylation of Rpn6 can lead to a higher
ATPase activation (Lokireddy et al., 2015). The structural basis of this activation mechanism
is not yet clear. The methods used for this thesis could readily be adjusted and used to study
the structure of activated 26S proteasomes. Considering the multiple roles of the proteasome
in eukaryotes, a deeper structural analysis of the 26S proteasome is a crucial area of study

to fully understand 26S proteasome regulation at multiple levels.

Overall, every additional proteasome state helps to answer fundamental questions of protea-
some function and adds to the understanding of this complex degradation machine. Regula-
tion through substrate engagement, cofactor binding and other post-translational modifica-
tions are still not well understood and more research is needed to gain greater insight into

this field. The world of the 26S proteasome will certainly stay exciting.
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Abbreviations

2D

3D
AAA+-ATPase
ADP
Ar-6
ATP
ADP
ATPyS
BeF,
Bpa
BSA
CCD
CET
CMOS
ClpX
CP
CPh
CPK
cryo-EM
CTF
DDD
dH->O
DHFR
DNA
DQE
DTT
DUB

two-dimensional

three-dimensional

ATPases associated with diverse cellular activities
adenosine diphosphate
aromatic-hydrophobic

adenosine triphosphate

adenosine diphosphate

adenosine 5’-(3-thiotriphosphate)
beryllium fluoride

bacterial proteasome activator

bovine serum albumin

charge-coupled device

cryo-electron tomography
complementary metal oxide semiconductor
ATP-dependent caseinolytic protease X
core particle (20S)

creatine phosphate

creatine phosphate kinase

cryo-electron microscopy

contrast transfer function

direct electron detection device
ultrapure Water

dihydrofolate reductase
deoxyribonucleic acid

detective quantum efficiency
dithiothreitol

deubiquitinating enzyme
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El ubiquitin-activating enzyme

E2 ubiquitin-conjugating enzyme

E3 ubiquitin ligase

EDTA ethylenedinitrilotetraacetic acid disodium salt dehydrate
FEG field emission gun

5-FOA 5-fluoroorotic acid

FSC Fourier shell correlation

FU fluorescence

GFP green fluorescent protein

HbYX hydrophobic-tyrosine-any amino acid tripeptide
HCI hydrochloric acid

HEPES N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid
Ins insertion loop

PTG isopropyl-3-D-1-thiogalactopyranoside

JAMM JAB1/MPN/Mov34 metalloenzyme

KCl potassium chloride

LB lysogeny broth

MDFF molecular dynamics flexible fitting

MgCls magnesium chloride

MgSO,4 magnesium sulfate

MOPS 3-(N-Morpholino)propanesulfonic acid

MPN Mprl/Padl N-terminal

NaCl sodium chloride

NF-«B nuclear factor "kappa-light-chain-enhancer’ of activated B-cells
Ni-NTA nickel-nitrilotriacetic acid

NMR nuclear magnetic resonance

Ntn N-terminal nucleophilic (Ntn) hydrolases

OB oligosaccharide-binding

OD optical density

oPA 1,10-phenantrholine

PafE proteasome accessory factor E

PA proteasome activator

PAN proteasome-activating nucleotidase

Phe-cluster phenylalanine-cluster

PC proteasome/cyclosome

PCA principle component analysis

PCI proteasome-COP9-initiation factor

PCR polymerase chain reaction
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PIP
polyUb
Pru
pseudo-sc26S
PVDF
RMSD
RP
Rpn
Rpt
SDS
SDS-PAGE
SNR
SPA
TAE
TEM
UA
UBL
UCSF
UIM
UPS
VWA
YPD

proteasome interacting protein
poly-ubiquitin

pleckstrin-like receptor for ubiquitin
pseudo singly capped 26S particles
polyvinylidenfluoride
root-mean-square deviation
regulatory particle (19S)

regulatory particle non-ATPase
regulatory particle tripleA-ATPase
sodium dodecyl sulfate

sodium dodecyl sulfate polyacrylamide gel electrophoresis
signal-to-noise ratio

single-particle analysis
Tris-acetate-EDTA

transmission electron microscope
uranyl acetate

ubiquitin-like

University of California at San Francisco
ubiquitin-interacting motif
ubiquitin proteasome system

von Willebrand A

yeast extract peptone dextrose
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