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Abstract

Efficient removal of proteins whose presence in cells is not required or have toxic
properties is crucial for maintaining cellular homeostasis. The 26S proteasome complex
represents a final destination of proteins targeted for degradation via the ubiquitin-proteasome
system. Malfunction of the 26S proteasome has been implicated in several human pathologies,
including neurodegenerative disorders, where mutant proteins accumulate due to their
resistance towards proteasomal degradation. Although general regulation of the 26S
proteasome has been widely investigated, the potential rescue mechanisms of malfunctioning
26S proteasomes are fairly unknown.

The ZFAND protein family in humans has been implicated in the regulation of the 26S
proteasome under conditions that require increased proteasomal activity such as muscle
atrophy and proteotoxic conditions. Particularly, ZFAND2a is induced upon heat stress,
arsenite intoxication, and proteasome inhibition; after which, it directly binds the 26S
proteasome. This points towards ZFAND2a’s potential role as a rescue factor for
malfunctioning 26S proteasomes. Moreover, the C.elegans homolog of ZFAND2a increases
proteasomal degradation of AP peptide and polyglutamine protein present in Alzheimer’s and
Huntington’s disease, respectively.

Here, I investigated the functional characteristics of the 26S proteasome complexed
with ZFAND2a and a control substrate or a toxic substrate containing a polyglutamine repeat.
I showed under in vitro conditions that ZFAND?2a binding to the 26S proteasome does not
enhance overall protein degradation and does not allow efficient degradation of proteins with
polyglutamine repeats. Structural analysis of ZFAND2a-bound 26S proteasome complex
revealed that ZFAND2a has an elongated shape bound to the proteasomal subunits Rpnl and
Rpn7. The observation that ZFAND2a-bound 26S proteasome complex is in substrate
accepting state suggests that ZFAND2a binding performs a regulatory role that is prior to
substrate engagement. Thus, the ZFAND2a role might have more of a structural rather than
functional purpose, such as inferring more stability or recruiting additional factors required for

the rescue to occur.



Zusammenfassung

Die effiziente Beseitigung von Proteinen, deren Anwesenheit in Zellen nicht mehr
erforderlich ist oder die toxischen Eigenschaften haben, ist fiir die Aufrechterhaltung der
zelluliren Homoostase von entscheidender Bedeutung. Der 26S-Proteasom-Komplex ist das
endgiiltige Ziel von Proteinen, die liber das Ubiquitin-Proteasom-System abgebaut werden
sollen. Eine Fehlfunktion des 26S-Proteasoms wurde bei mehreren menschlichen
Erkrankungen festgestellt, darunter auch bei einer Reihe von neurodegenerativen
Erkrankungen, bei denen sich mutierte Proteine aufgrund ihrer Resistenz gegeniiber dem
proteasomalen Abbau ansammeln. Obwohl die allgemeine Regulierung des 26S-Proteasoms
weitgehend erforscht ist, sind die potenziellen Mechanismen zur Rettung von schlecht
funktionierenden 26S-Proteasomen noch weitgehend unbekannt.

Die ZFAND-Proteinfamilie wurde beim Menschen in die Regulierung des 26S-
Proteasoms unter Bedingungen einbezogen, die eine erhohte proteasomale Aktivitit erfordern,
wie Muskelschwund und proteotoxische Bedingungen. Insbesondere ZFAND2a wird unter
Bedingungen wie Hitzestress, Arsenitvergiftung und Proteasominhibition induziert und bindet
dann direkt an das 26S-Proteasom, was auf eine mogliche Rolle von ZFAND2a als
Rettungsfaktor fiir schlecht funktionierende 26S-Proteasome hinweist. Dariiber hinaus erhdht
das C.elegans-Homolog von ZFAND2a den proteasomalen Abbau von Ap-Peptid und
Polyglutamin-Protein, die bei der Alzheimer- bzw. Huntington-Krankheit vorkommen.

Hier untersuchten wir die funktionellen Eigenschaften des 26S-Proteasom-Komplexes
in Anwesenheit von ZFAND2a unter Verwendung eines Modell-Kontrollsubstrats und eines
toxischen Substrats mit Polyglutamin-Wiederholung. Ich konnte zeigen, dass die Bindung von
ZFAND2a an das 26S-Proteasom unter in vitro Bedingungen weder den allgemeinen
Proteinabbau verstirkt noch einen effizienten Abbau von Proteinen mit Polyglutamin-
Wiederholungen ermoglicht. Die Strukturanalyse des an den 26S-Proteasom-Komplexe
gebundenen ZFAND?2a ergab, dass ZFAND2a an die 26S Untereinheiten Rpnl und Rpn7
bindet und eine lidngliche Form aufweist. Die Beobachtung, dass sich der an ZFAND2a
gebundene 26S-Proteasom-Komplex in einem Substrat-akzeptierenden Zustand befindet, 1dsst
vermuten, dass die Bindung von ZFAND2a eine regulatorische Rolle spielt, die vor der
Substratbindung liegt. Somit konnte die Rolle von ZFAND?2a eher einen strukturellen als einen
funktionellen Zweck haben, wie z. B. die Erh6hung der Stabilitit oder die Rekrutierung

zusitzlicher Faktoren, die fiir die Rettung erforderlich sind, um zu erfolgen.



1. Introduction

1.1. Ubiquitin-proteasome system

Inside all cells a myriad of proteins that perform biological functions need to be
synthesized or removed from the cellular interior in a spatially and temporally controlled
fashion. To ensure targeted protein degradation, the cells employ a very complex network of
enzymes that work together comprising the ubiquitin-proteasome system (UPS) (Ciechanover
and Brundin, 2003). UPS plays a role in the turnover of more than 80% of all the cellular
proteins (Tanaka, 2009). Thus, this pathway is one of the key regulators of merely all cellular
processes including transcription, cell division, DNA repair, antigen processing, signaling,
metabolism, development, and cell death (Tanaka, 2009).

Targeted protein degradation by the UPS can be divided in two major events. The first
event involves the attachment of the targeting signal onto a protein destined to be degraded.
The second event is the delivery of the protein to the degradation machinery and its subsequent
degradation. Hence, the enzymatic machinery of the UPS system includes the enzymes which
catalyze the addition of the targeting signal followed by the action of the enzyme that
proteolyzes the targeted proteins (Nandi et al., 2006).

For a targeting purpose, the highly conserved, 76-amino acid protein ubiquitin is
conjugated via the formation of an isopeptide bond between the ubiquitin’s carboxy-terminal
glycine to the e-amino group of a lysine residue in the target protein sequence (Figure 1.1 A)
(Hershko and Ciechanover, 1998). However, the addition of a single ubiquitin moiety (termed
monoubiquitination) is in most cases not sufficient for targeting the protein to the degradation
machinery. Therefore, additional ubiquitin moieties are added to the already substrate-attached
ubiquitin (termed polyubiquitination) using one of the seven internal lysine residues inside
ubiquitin’s sequence (Shabek et al., 2012). Polyubiquitination can result in either linear or
branched polyubiquitin chains on a substrate protein (Figure 1.1 B). Consequently,
polyubiquitin chains can be either homotypic where only one internal lysine residue is used to
build the chain or they can be heterotypic where different internal lysine residues are used
(Akutsu et al., 2016). Apart from its role in targeting proteins for degradation, ubiquitin
modifications have also been implicated in many other regulatory processes such as signaling,

modulation of localization, activities, and interactions (Husnjak and Dikic, 2012).
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Figure 1.1. Components of the ubiquitin-proteasome system (UPS).

A) Ribbon diagram representation of ubiquitin molecule (PDB ID: 1UBQ). The N-terminal, C-
terminal, internal lysine residues, and the isopeptide bond with a substrate’s lysine residue are
indicated. Taken and adapted from (Traub and Lukacs, 2007).

B) Schematic representation of monoubiquitinated (top) and polyubiquitinated substrate with
either linear (middle) or branched (bottom) chain configuration. The ubiquitin moiety is
represented with a red circle.

C) Schematic representation of ubiquitination machinery and substrate shuttling for degradation
by the 26S proteasome. The depicted components of the UPS are ubiquitin-activating enzyme
(E1), ubiquitin-conjugating enzyme (E2), ubiquitin ligase (E3), ubiquitin (red circle) and
polyubiquitinated substrate (S). During ubiquitination reaction, adenosine triphosphate (ATP) is

hydrolyzed, and adenosine diphosphate (ADP) and inorganic phosphate (Pi) are released.

The attachment of the first ubiquitin to the target protein and subsequent ubiquitin chain
elongation is catalyzed by the ubiquitination cascade consisting of three different enzymes
(Figure 1.1 C). The first enzyme, the ubiquitin-activating enzyme E1, activates ubiquitin in an
ATP-dependent manner and attaches it covalently to its active site cysteine residue (Haas et
al., 1982). The second enzyme, the ubiquitin-conjugating enzyme E2, binds the E1 and
ubiquitin is being transferred onto an E2’s active site cysteine residue. Then, E2 binds the third

enzyme in the cascade, ubiquitin ligase E3, which in turn simultaneously binds the substrate



protein. E3 subsequently catalyzes the final transfer of ubiquitin from E2’s active site onto a
lysine residue in the target substrate protein (Hershko et al., 1983). The substrate specificity in
UPS degradation is inferred through substrate identification and binding by E3 ubiquitin ligase
(David et al., 2011). The substrate recognition by E3 ligases is often based on the presence of
specific sequences. For example, destruction box motif in cyclin proteins; or large basic or
hydrophobic amino-terminal residues in the substrate that confers higher instability (the so-
called N-end rule pathway). Alternatively, misfolded proteins are recognized through exposed
hydrophobic patches and interactions with chaperones. Posttranslational modifications such as
oxidation or phosphorylation are also found to play a role in substrate targeting (Ravid and
Hochstrasser, 2008).

In the cells, the proteins with attached polyubiquitin chains are directed for destruction
via the ATP-dependent proteolytic machine called the 26S or 30S proteasome (Hershko et al.,
1984). The proteasome degrades the substrate proteins to small polypeptides that are 3-22
amino acids long (Figure 1.1 C) (Kisselev et al., 1999). These oligopeptides are being released
into the surrounding medium and further proteolyzed to individual amino acids by other
cytosolic aminopeptidases and endopeptidases (Saric et al., 2004).

The indispensable role of the UPS in the regulation of cellular proteostasis places a
heavy burden on the impeccable functioning of its components. Consequently, any
perturbations in this system result in severe disturbances that can manifest from the cellular to
the organismal level. The perturbations can originate from mutations of UPS’s components or
of substrate proteins; also, due to cellular conditions that prevent its normal function or
overwhelm the capacity (Bedford et al., 2008). Indeed, malfunctioning UPS is brought forward
as a major contributor to various human conditions and diseases including neurodegeneration,
cancer, autoimmunity, and cardiomyopathies as discussed in the Section 1.4 (Lecker et al.,

2006).

1.2. Proteasome complex

1.2.1. Diversity of proteasome complexes

The “proteasome” is a collective term that refers to a group of complexes whose main
component is the 20S core particle (20S CP). The 20S CP can exist as an isolated entity in the
cells acting as a standalone proteolytic machine or it can be found complexed with its

regulatory particle or activators. A single 20S CP complex contains two activator binding sites,



and these sites seem to be independent of one another (Baumeister et al., 1998). Based on the
type of 20S CP - mediated degradation when associated with different activators, two separate
groups of activators have been defined as ubiquitin- and ATP-independent activators and
ubiquitin- and ATP-dependent activators of the 20S CP (Figure 1.2) (Rechsteiner and Hill,
2005).
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Figure 1.2. Diversity of proteasome complexes.

Single 20S CP can associate with one or two activator complexes of the same type (19S RP or
PA28/PA200 complex) thus forming single-capped or double-capped complexes or it can bind two
distinct activator complexes (19S RP and PA28 or PA200) thus forming the hybrid proteasome

complex.

The proteasome activator family PA28 (also known as REG or 11S) and PA200 (BIm10
in yeast) belong to the ubiquitin- and ATP-independent activators of the 20S CP. In higher
eukaryotes three different isoforms of PA28 regulators are expressed: PA28a and PA28f that
form heteroheptameric PA28af3 complex and PA28y that forms homoheptameric complex
(Stadtmueller and Hill, 2011). When bound to 20S CP, these activators do not mediate the
degradation of standard polyubiquitinated UPS substrate proteins. However, their binding
leads to an increase of peptidase activity of the 20S CP as measured by accelerated degradation
of fluorogenic peptides in vitro (Rechsteiner and Hill, 2005). The 20S CP-PA28 and the 20S
CP-PA200 complexes have been implicated in the degradation of oxidized and misfolded
proteins and naturally unfolded intracellular proteins in an ubiquitin-independent manner (Mao

et al., 2008; Pickering and Davies, 2012).



The 19S regulatory particle (19S RP) is the only known proteasome activator complex
that belongs to the class of 20S CP activators that mediate ubiquitin- and ATP-dependent
degradation of polyubiquitinated substrate proteins. The 20S CP capped by one 19S RP is
termed the 26S proteasome complex, whereas the 30S proteasome complex consists of the 20S
CP capped by two 19S RPs (Schmidt and Finley, 2014). So far, experimental results have not
indicated any functional differences nor distinct roles between single-capped or double-capped
20S CP complexes (Sahu and Glickman, 2021a).

Almost all of the above-described types of active proteasome complexes can be found
in the nucleus and in the cytoplasm. In addition, it was observed that one portion of the
proteasomes displays association with plasma and ER membrane and with the elements of the

cytoskeleton (Coux et al., 1996).

1.2.2. Structure of the 26S proteasome

The 26S proteasome architecture represents an intricate composition of 46 constitutive
protein subunits of which 28 are found as part of the 20S CP and the remaining 18 subunits
belong to the 19S RP. The structure of the 20S CP alone from several different organisms was
extensively studied by X-ray crystallography (Groll et al., 1997; Lowe et al., 1995; Unno et al.,
2002) long before the first complete 26S proteasome structure from yeast and humans were
determined (Forster et al., 2013; Schweitzer et al., 2016). This delay in overall 26S proteasome
structure determination was due to the inability to crystalize such a large and inherently flexible
complex. Hence, another approach, named as single-particle cryo-electron microscopy (single-
particle cryo-EM), was developed to allow the visualization and structure determination of

bigger and more flexible entities (Bai et al., 2015).

1.2.2.1. Structure of the 20S core particle

Crystallographic, and later also cryo-EM studies showed that the subunits of the
mammalian 20S CP complex arrange in a barrel-like structure consisting of four stacked
heteroheptameric rings (Figure 1.3 A). The 20S CP subunits are termed to be either of the a-
type (au- a7) or the B-type (Bi- B7), with the major structural difference between these subunits
being the absence of the N-terminal HO-helix in the B-type subunits (Lowe et al., 1995). The

outer two rings are composed of seven different a-type subunits and the inner two rings are



composed of seven different B-type subunits (Dahlmann, 2016). The molecular mass of
individual 20S CP subunits ranges from 22 to 30 kDa and each subunit occupies a specific
position inside its respective ring. Hence, the two outer a-rings and the two inner B-rings are

identical in composition, thus the complex possesses C2 symmetry.

< 10nm >
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Figure 1.3. Structure and interior organization of the mammalian 20S core particle.

A) Side and top view of the 20S CP model in surface representation. Individual a and  subunits
are shown in different shades of blue and purple colors, respectively (PDB ID: 7PG9).

B) Slice through the 20S CP interior organization. On the surface representation of sliced 20S
CP, the length, and the diameter of the 20S CP complex are indicated. On the schematic
illustration, individual compartments, and constrictions with their corresponding diameters are

highlighted. Taken and adapted from (Sahu and Glickman, 2021b).

The approximate length of the 20S CP is 16 nm and the diameter is around 10 nm
(Figure 1.3 B) (Unno et al., 2002). The inner cavity of the 20S CP is compartmentalized into
three sub-cavities, two antechambers and one central chamber, separated by four narrow
constrictions (Figure 1.3 B). The outer constrictions called a-annulus are positioned at either
side of the 20S CP complex, slightly below the surface of outer a-rings, and are formed by
loops in the a-subunits. The antechambers are defined by a-annulus and inner constriction
formed at the o/ ring interface termed B-annulus. The central chamber is restricted from both
sides by B-annulus and harbors the proteasome’s proteolytic active sites (Stadtmueller and Hill,

2011).



1.2.2.2. Structure of the 19S regulatory particle

The 19S RP is organized in a rather complex shape and is biochemically divided into
two independently assembling subcomplexes termed the “lid” and the “base” (Glickman et al.,
1998). Single-particle cryo-EM studies of either isolated 19S RP lid or fully assembled 19S RP
in the context of the 26S proteasome holocomplex have provided detailed structural insights
into the structural arrangements among different subunits (Figure 1.4) (Forster et al., 2013;
Schweitzer et al., 2016). In addition, X-ray crystallography analysis of individual subunits or
particular subunit domains has allowed the building of a more detailed atomic model of the

20S CP-bound 19S RP (Forster et al., 2013).

19S RP
lid

19S RP

20S CP

19SRP  Rpn1;
base

Rpt5 >
‘ Rpt4
Rpt5 Rpt4 Rpt3

Rpt1
Figure 1.4. Structure and subunit composition of the 19S RP in the context of the 26S proteasome
(PDB ID: 6FVT).
Surface representations of the 19S RP’s lid and base subcomplexes are shown as separated
entities above and below the surface representation of the 19S RP bound to the 20S CP (colored
in grey), respectively. Individual subunits of the 19S RP complex are colored differently and

indicated with their corresponding color.
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In the 20S CP-bound 19S RP, the base subcomplex establishes the majority of the
contact surface between the two complexes by positioning its heterohexameric ring-like
structure on top of the a-ring. The base ring is composed of six regulatory particle type AAA-
protein (Rptl — Rpt6) subunits that are part of the family of ATPase-associated-with-different
cellular activities (AAA+ ATPase family). All six Rpt subunits share the same domain
composition (Figure 1.5 A and B). The N-terminus adopts a coiled-coil structure between
pairs of neighboring Rpt subunits through which protein-protein interactions are established:
Rptl binds to Rpt2, Rpt4 binds to RptS and Rpt3 binds to Rpt6 (Ferrell et al., 2000). The N-
terminal coiled-coil is followed by an oligonucleotide and oligosaccharide-binding domain
(OB-fold) that forms an N-ring section. The N-ring section is considered to contribute to the
structural stability of the Rpt ring. Below the N-ring, a section called AAA+ ring is formed by
the stacking of a large and a small AAA+ subdomains of the neighboring Rpt subunits onto
each other (Schweitzer et al., 2016).

In addition to the hexameric Rpt ring, the base subcomplex also includes three
regulatory particle non-ATPase (Rpn) subunits, named Rpnl, Rpn2, and Rpnl3. Rpnl is
positioned on the side of the Rpt ring in the region where Rptl/2 dimer is located, whereas
Rpn2 and Rpnl3 are positioned in the apical region of the 19S RP (Figure 1.4 and 1.5 C).
Rpnl and Rpn2 share similar domain architecture consisting of an N-terminal rod-like domain,
central domain built from 11 proteasome/cyclosome repeats, and C-terminal globular B-
structure domain (Figure 1.5 E) (He et al., 2012). Rpn1 subunit serves as a ubiquitin receptor
and a binding platform for proteasome interacting proteins (PIPs) for which two distinct
binding sites in the Rpnl’s C-terminal region have been identified. The polyubiquitinated
substrates and ubiquitin-like - ubiquitin-associated (UBL-UBA) proteins bind the T1 site,
whereas the UBL domain from Ubp6/USP14 proteasome associated deubiquitinating (DUB)
enzyme binds the T2 site (Figure 1.5 C) (Boughton et al., 2021). Rpnl subunit is one of the
most flexibly connected subunits of the 19S RP complex; therefore, it is often resolved in a
low-resolution cryo-EM reconstructions (Schweitzer et al., 2016). A high degree of Rpnl’s
positional flexibility is most likely required to accommodate and coordinate the binding of
multiple associating factors and substrates. In addition, Rpnl together with Rpn2 provides a
functional connection between the Rpt ring and the lid subcomplex as a lid-binding scaffold
(He et al.,, 2012). Finally, Rpnl3 also serves as a ubiquitin receptor, and it binds
polyubiquitinated substrates through its N-terminal pleckstrin-like receptor of ubiquitin (PRU)
domain (Figure 1.5 C and D). The Rpn13’s C-terminal region consists of a helical bundle that
interacts with the DUB enzyme UCHLS5/Uch37 (Jiang et al., 2018; Wang et al., 2017b). It is

11



important to note that in Saccharomyces cerevisiae Rpnl3 is a constitutive 26S proteasome
subunit, however, in mammalian cells it was found in sub-stochiometric amounts (Schweitzer

et al., 2016).
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Figure 1.5. Close-up view of the 19S RP base subcomplex organization (PDB ID: 6FVT).

A) Architecture of the Rpt ring with indicated individual Rpt subunits and ring sections.

B) Ribbon diagram representation of a single Rpt subunit (Rpt5) with indicated domains.

C) Organization of the Rpnl, Rpn2 and Rpn13 19S RP base subunits. The T1 and T2 binding
sites on the Rpn1 subunit and the Uch37 binding site on the Rpn13 subunit are indicated.

D) Ribbon diagram representation of Rpn13 subunit with indicated pleckstrin-like receptor of
ubiquitin (PRU) and C-terminal domain.

E) Ribbon diagram representation of Rpnl subunit with indicated N-terminal rod-like,

proteasome/cyclosome (PC) and C-terminal domain.
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The lid subcomplex of the 19S RP is described to have a horseshoe shape. It is
composed of nine regulatory particle non-ATPase subunits (Rpn3, Rpn5-9, Rpnl1, Rpn12, and
Rpnl5) (Figure 1.4). The Rpn subunits 3, 5, 6, 7, 9 and 12 share similar structural features
consisting of a solenoid fold and a proteasome-CSN-elF3 (PCI) domain which is considered
to play a role in lid-scaffolding and inter-subunit contacts (Kish-Trier and Hill, 2013). Rpn11
and Rpn8 subunits contain an N-terminal Mpr-Padl (MPN) domain but only Rpnl1 possesses
enzymatic activity for substrate deubiquitination. Rpn15 subunit is a small acidic protein that,
similarly to Rpnl3, is found in sub-stoichiometric amounts in mammalian 26S proteasome
samples. Rpnl15 is assumed to function as a molecular glue between Rpn3 and Rpn7 subunits
(Tomko and Hochstrasser, 2013).

One subunit of the 19S RP, Rpn10, is neither considered to be part of the base nor the
lid. Rpn10 is the bridge between the lid and the base in a fully assembled 19S RP complex. At
its C-terminus, Rpnl0 contains ubiquitin-interacting motifs (UIMs) that serve as a primary
binding site for polyubiquitin chains and for UBL domains present in the proteasomal
substrates. On its N-terminus, Rpn10 contains a von Willebrand factor type A (VWA) domain
responsible for the 19S RP stability maintenance (Bard et al., 2018; Wang et al., 2017b).
Together with Rpnl ubiquitin receptor, Rpnl0 shows a high degree of conformational

flexibility (Bard et al., 2018).

1.2.3. Function of the 26S proteasome

Numerous genetic, biochemical, and structural studies have focused on the 26S
proteasome function (reviewed in Bard et al., 2018). The merge of all the discoveries led to
today’s current understanding of how the 26S proteasome carries out protein degradation of
numerous regulatory and damaged or misfolded proteins. The structural features of both
complexes, the 20S CP and the 19S RP, ensure that the protein degradation is tightly selective
in order to perform timely and spatially accurate shaping of eukaryote proteome (Wolf and
Hilt, 2004). The stages of the degradation cycle required for efficient destruction of proteins
include recognition and binding of protein substrates marked by polyubiquitin chain on the 19S
RP, substrate re-orientation and accommodation to enable engagement of substrate’s initiation
region, substrate unfolding and initial translocation through the central channel of the 19S RP,

translocation-coupled deubiquitination and opening of the 20S CP gate, threading of unfolded
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polypeptide inside the central chamber of 20S CP for degradation and finally releasing of
generated peptides (Figure 1.6) (Coll-Martinez and Crosas, 2019).

A) Folded protein
domain

Unstructured
intitiation region

B) Rpn11
Rpn10

Rpn1
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20S

Figure 1.6. Degradation cycle of the 26S proteasome.

A) Schematic illustration of individual proteasome substrate elements required for efficient
binding and engagement with the 26S proteasome.

B) Polyubiquitinated substrate with unstructured initiation region binds the 26S proteasome (1)
through ubiquitin receptors Rpnl, Rpn10, and/or Rpn13. Substrate tail insertion into the ATPase
motor and engagement (2) initiates substrate’s translocation (3) inside the proteolytic chamber
of the 20S CP. Gates of the 20S CP open (4) to allow substrate entrance and degradation (5).
During translocation, the polyubiquitin chain is cleaved by DUB enzyme Rpnl11 (4).
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Cryo-EM studies of the 26S proteasome allowed concomitant analysis of complex
dynamics alongside structural features, resulting in the classification of different proteasome
conformational states. The observed states were brought to a most feasible sequence that would
provide mechanistical description of the 26S proteasome degradation cycle. The current
nomenclature assigns state's s1, s2, s3, and s4 or Sa, Sg, Sc, Spi-3 to yeast and human 26S
proteasome, respectively (Chen et al., 2016; Ding et al., 2017). The different conformational
states of the 26S proteasome have also been observed in cells using in situ cryo-EM approach
(Guo et al., 2018). The most striking structural rearrangements throughout transition between
all states are taking place in the 19S RP where the lid and the base change relative orientations
to each other, while the 20S CP structure remains firmly static in most of its regions. The only
observed rearrangement observed for the 20S CP is at the interface between the 19S RP and
the 20S CP due to gate opening into the proteolytic chamber (Ding et al., 2017).

Kinetic analysis of individual steps during 26S proteasome degradation cycle revealed
that the initial steps of substrate binding, tail insertion, and engagement of polypeptide chain
happen very fast. In comparison, the subsequent steps of substrate’s translocation-coupled
deubiquitination, unfolding, and degradation are the most time consuming steps of the whole
process (Bard et al., 2019). Consequently, the transition from Sa state which represents
substrate accepting state to Sp state which represents substrate processing state through state's

Sg and Scis a rather rapid event when ideal model proteasome substrate is being processed.

1.2.3.1. Substrate binding and engagement with the 26S proteasome

The main targeting route to the 26S proteasome is via the polyubiquitin chain attached
to the lysine residue of the substrate protein. The recognition of polyubiquitinated substrates is
carried out directly at the 19S RP by the intrinsic ubiquitin receptor subunits. Alternatively,
polyubiquitinated substrate recognition can occur through extrinsic shuttle ubiquitin receptors
such as Rad23 or Dsk2 that subsequently deliver substrates to the 26S proteasome (Hartmann-
Petersen et al., 2003). The intrinsic ubiquitin receptor sites are in the T1 site of Rpnl, UIM
motifs of Rpn10, and in the PRU domain of Rpn13. The presence of several intrinsic ubiquitin
receptors enables 19S RP to recognize and bind substrates marked with distinct ubiquitin
chains assuming different configurations (Martinez-Fonts et al., 2020). Substrate recognition

and binding through extrinsic ubiquitin receptors that only transiently bind the 19S RP provides
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an additional layer of flexibility to select for and accommodate an even broader pool of
substrates with varying geometries and ubiquitin chain configurations.

Though necessary, substrate binding is not sufficient to ensure efficient processing. In
addition to the polyubiquitin chain targeting signal, tightly folded substrates require an
unstructured initiation region necessary for substrate insertion and commitment to proteasomal
processing (Prakash et al., 2004). The initiation region can either be in the form of a loose, 20-
30 amino acid long unfolded terminus or in the form of an internal flexible loop. The relative
positions of polyubiquitin chain and initiation region play an important role in the rate of
proteasomal degradation (Inobe et al., 2011).

After the binding, the proper accommodation of a substrate results in the insertion of
initiation region into the N-ring of the Rpt hexamer. The length of the initiation region plays a
crucial role in bridging the gap between the constriction of the N-ring and the AAA+ ATPase
region of the central channel. The polypeptide chain needs to reach the channel region formed
by AAA+ domains, in order to get engaged with the proteasomal ATPases (Bard et al., 2018).
The engagement is achieved through pore-1 and pore-2 loops that line the inner channel of the
AAA+ ring (Figure 1.7). The direct contact for engagement is established through aromatic
residues present in the characteristic aromatic-hydrophobic-glycine motif (Ar-®-G) of the

pore-1 loops originating from the Rpt’s large AAA+ subdomains (Schweitzer et al., 2016).
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Figure 1.7. A) Pore-1 and B) pore-2 loop arrangement in substrate accepting state (Sa) of the 26S
proteasome. The grey dots represent the solvent accessible surface of the AAA+ domain’s inner

channel. Taken and adapted from (Zhu et al., 2018).
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Substrate recognition and binding followed by tail insertion and engagement are most
likely taking place while the 26S proteasome is assuming the Sa state (Figure 1.8). This
conclusion is based on the observation that in all other states except Sa, the Rpnl1 subunit is
positioned directly above the entrance into the Rpt ring channel which could interfere with and
potentially restrict the insertion of the initiation region (Chen et al., 2016). Follow-up kinetic
studies suggested that premature transition from Sa state to Sg.p states indeed prevented tail
insertion and engagement to take place (Bard et al., 2019). Furthermore, cryo-EM analysis of
26S proteasomes with bound ATP purified without the addition of a substrate or additional
factors resulted in cryo-EM reconstructions of the complex predominantly in Sa state. This
observation further corroborated the notion that Sa represents the primary, substrate accepting
as well as ground, resting conformation of the 26S proteasome (Unverdorben et al., 2014).

Upon substrate engagement, the 26S proteasome transitions between Sa to Sp state,
where lid rotation of ~30° takes place (Figure 1.8) (Chen et al., 2016). This rotational
movement results in a coaxially aligned position of Rpn11 with the central pore of the Rpt ring.
The positioning of Rpnll directly above the central channel sets the subunit arrangement
necessary for the upcoming translocation coupled substrate deubiquitination (Worden et al.,
2017). Concomitantly, Rpn10 is moved together with Rpnl1 and establishes contact with the
N-terminal coiled-coil region of Rpt4/5 dimer (Matyskiela et al., 2013). Upon transition from
Spto Sc state, the major conformational rearrangement is observed in Rpt subunits resulting in
a wider and continuous central channel aligned with the pore of the 20S CP (Figure 1.8).
Additionally, the interfaces between individual Rpt subunits become more uniform and a small
AAA+ subdomain forms a rigid ATPase motor structure with a large AAA+ subdomain of a
neighboring Rpt subunit (Wehmer et al., 2017). Upon continuous rounds of ATP binding and
hydrolysis, the AAA+ domains change their relative arrangement. The movements of the
ATPase motor structure are translated into substrate translocation movement through the pore

loops contacting the polypeptide chain.
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Figure 1.8. Conformational states of the 26S proteasome during substrate processing.

The conformational states of the 26S proteasome are termed Su (ground or substrate-accepting
state), Sg (substrate-binding state), Sc (substrate-engagement state) and Sp (substrate-processing
state). At the bottom, the 20S CP gate in each conformational state is shown in surface
representation. On the left side of the figure, the regulatory particle (RP) and the core particle
(CP) are indicated. Taken from (Hochstrasser, 2016).

1.2.3.2. Substrate unfolding, translocation and deubiquitination

The translocation and unfolding of the polypeptide chain at certain point positions the
isopeptide bond of the proximal ubiquitin in the active site of the intrinsic DUB enzyme Rpn11
(Figure 1.9 A and B) (Worden et al.,, 2017). In the absence of translocation mediated
positioning of the substrate’s ubiquitin, the Rpnl1 active site is inhibited by the Insert-1 (Ins-
1) loop that covers the groove into the catalytic center. This inhibition ensures that only
committed substrates are getting deubiquitinated by Rpnl1. The mechanical tension exerted
on the substrate polypeptide chain through the interactions with the ATPase pore loops (Figure
1.9 C) and the interaction with proximal ubiquitin induces the conformational switch in Rpn11.
This switch releases the Ins-1 loop inhibitory effect by forming an active B-hairpin structure
and leads to hydrolysis of isopeptide bond and removal of polyubiquitin chain en bloc (Worden
et al., 2017, 2014). It was observed that in the case of substrates with multiple polyubiquitin
chains the overall degradation rate is unchanged in comparison to the same substrate with a
single polyubiquitin chain (Bard et al., 2019). This suggests that Rpn11 activation by the first

encountered polyubiquitin chain is maintained long enough until the second polyubiquitin
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chain is positioned; thus, resulting in accelerated cleavage of all other subsequent polyubiquitin

modifications on the substrate.

>

Figure 1.9. High-resolution cryo-EM structure of the 26S proteasome with engaged substrate
stalled at the point of deubiquitination by Rpn11.

A) Complete (left) and cut-through (right) surface representation of substrate-engaged 26S
proteasome. The substrate polypeptide chain (magenta) was stalled at the stage of Rpnl1 (green)
mediated deubiquitination (ubiquitin in orange) by the use of Rpnl1 inhibitor capzimin. The
substrate is visualized through the continuous channel formed by N-ring and ATPase motor
(blue) and its entrance into the 20S CP (gray). B) Close-up view of the cryo-EM map and built-in
atomic model of Rpn11’s catalytic groove (green) with positioned isopeptide bond between the C-
terminal glycine of ubiquitin and substrate’s lysine (magenta). C) Resolved spiral staircase
formed by pore-1 loops of the AAA+ domains that establish contacts with the substrate
polypeptide chain. D) Close-up view of the cryo-EM map and built-in atomic model of the
substrate polypeptide chain entering the 20S CP through the open gate. Taken from (Peiia et al.,
2018).

While the substrate is being unfolded through an axial channel of the 19S RP and
translocated towards the central proteolytic chamber, the transition from Sc to Sp state results
in an opening of the substrate entrance point into the 20S CP (Chen et al., 2016). The 20S CP
without a bound activator, in addition to a-annulus constriction, contains one more seal on the
entrance to the proteolytic chamber. This second restriction or the so-called 20S CP gate is
formed by the N-termini of a-subunits which protrude in the direction of the ring’s center
(Figure 1.10 A) (Groll and Huber, 2003). The closed conformation of the 20S CP gate ensures

on one hand that the access to proteolytic sites is tightly regulated to avoid undesired
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degradation of cellular proteins and on the other hand to facilitate processive degradation of
substrate proteins through restriction of the release of only partially digested peptides (Bajorek
and Glickman, 2004). In the Sp state, the interactions of a-subunit’s N-termini involved in
closed gate conformation are destabilized and simultaneously new interactions are established
that stabilize the 20S CP in open gate conformation to allow substrate translocation inside the
proteolytic chamber (Figure 1.9 D) (Bajorek and Glickman, 2004).

The main trigger of the rearrangement of the N-termini is not only docking of the 19S
RP onto the 20S CP, but rather a sequence of coordinated conformational changes initiated
after substrate binding, engagement, and initial translocation are leading to the open gate
conformation of the 20S CP. The open gate conformation is characterized by the insertion of
the C terminal tails of Rptl, Rpt2 and Rpt6 subunits into the a4-a5, a3-a4, and a2-a3 pockets
in addition to the previously inserted C terminal tails of Rpt3 and Rpt5 subunits into the al-02
and a5-06 pockets, respectively (Figure 1.10 B) (Eisele et al., 2018). The C terminal tails of
Rpt2, Rpt3, and RptS subunits contain a hydrophobic-tyrosine-X (HbY X) motif, considered to
be the critical element involved in gate opening. This was supported by the observation that
the addition of peptides with HbY X motif alone induced 20S CP gate opening in solution (Rabl
et al., 2008). In the Sp state, the 26S proteasome is actively translocating substrate from the N-
ring and AAA+ domains all the way through the 20S CP gate into the proteolytic chamber for
degradation. It is assumed that the coordination of substrate translocation between two
physically separated regions, the initial binding site and the 20S CP gate, is carried out by

Rpnl1-Rpn2 asymmetrical solenoid structure (Rosenzweig and Glickman, 2008).
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Figure 1.10. The 20S CP’s gated channel towards the proteolytic chamber.

A) The atomic models of opened (upper panel) and closed (lower panel) 20S CP gates formed by
N termini of a-subunits. The main closed-gate conformation forming subunits, a2, a3, and 04, are
indicated in close-up views in the right part of the figure. B) Cryo-EM map of a-ring in open-gate
conformation with densities corresponding to inserted C-terminal tails of Rptl, Rpt2, Rpt3, Rpt5,
and Rpt6 subunits in their corresponding pockets in between a-subunits. Taken from (Zhu et al.,

2018).

1.2.3.3. Substrate proteolysis

Once the substrate reaches the central chamber of the 20S CP where the proteolytic
sites are, it is hydrolyzed to peptide fragments. The active sites in eukaryotic 20S CP reside in
B1, B2, and B5 subunits of each of the B-rings, summing to a total of six proteolytic sites
(Baumeister et al., 1998). The 20S CP catalytic B-subunits belong to the N-terminal nucleophile
(Ntn) hydrolase family in which an N-terminal residue contains nucleophilic side chain. This
side chain is exposed upon autocatalytic cleavage of an inactive B-subunit precursor during
20S CP assembly (Kunjappu and Hochstrasser, 2014). The active B-subunits contain N-
terminal threonine (Thrl) whose side chain serves as an attacking nucleophile while the free
N-terminal amine activates water molecule that is subsequently incorporated into the
hydrolysis product (Stadtmueller and Hill, 2011). After each hydrolysis cycle, the Thrl side
chain is regenerated for another reaction, while the peptide fragment is released into the cytosol

(Marques et al., 2009). The individual subunit cleavage specificities were determined in a
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cleavage assay with fluorogenic substrates. B1 subunit is associated with caspase-like/PGPH
(peptidylglutamyl-peptide hydrolyzing) and the branched-chain amino acid-preferring
(BrAAP) activity, hence it cleaves peptide bonds at the C-terminal side of acidic or branched-
chain residues. 2 subunit is associated with trypsin-like (TL) activity and cleaves peptide
bonds at the C-terminal side of basic residues. Lastly, the B5 subunit is mainly associated with
chymotrypsin-like (ChTL) activity and cleaves peptide bonds at the C-terminal side of basic
residues and it also contains BrAAP and small neutral amino acid-preferring (SNAAP) activity
(Tanaka, 2009). Neighboring and catalytically inactive [-subunits make significant
contributions in the selection of the cleavage sites.

In mammalian cells, active B-subunits can be encoded by three additional y-interferon-
inducible genes. These subunits termed B1i/LMP2, B2i/MECL-1, and B5i//LMP7 can be
incorporated into the 20S CP instead of constitutive active 3 subunits (B1c, f2c, and B5c) and
form a proteasome subtype termed immunoproteasome (Huber et al., 2012). The major
functional difference between Bc and Bi containing 20S CP lies in their different cleavage
specificities. The cleavage specificity of Bi subunits favors the generation of peptides with

desired sequence composition that can be used for antigen presentation (Cascio, 2014).

1.3. Regulation of the 26S proteasome

As the final executant of the UPS function, the 26S proteasome represents an entity at
which the final decision about protein degradation is taking place. In accordance with the high
significance of the 26S proteasome function, a sophisticated regulation network exists in each
cell that ensures proper assembly, abundance, localization, and activity of the 26S proteasome
in relation to cellular needs, development stage, and the existence of acute and chronic
proteotoxic stress. The 26S proteasome regulation network includes various mechanisms
acting on different levels such as transcriptional regulation, posttranslational modifications and
binding of proteasome interacting proteins (PIPs) (reviewed in Marshall and Vierstra, 2019).
PIPs bind the 26S proteasome in abundances that are lower than the canonical proteasomal
subunits and play a direct regulatory role in decision making regarding which and at what rate
are substrates being degraded. The most common PIPs co-purified with the 26S proteasome
under normal conditions represent shuttle ubiquitin receptors, deubiquitination enzymes

(DUBS), and E3 ubiquitin ligases.
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Several shuttle ubiquitin receptors have been characterized in yeast (Rad23b, Dsk2, and
Ddil) and in humans (hHR23A, hHR23B, and ubiquilins). These proteins contain N-terminal
Ubiquitin-Like (UBL) domain that mediates their association with the 26S proteasome mostly
through Rpnl subunit and C-terminal Ubiquitin-Associated (UBA) domain that interacts with
polyubiquitin chains on substrate proteins (Livneh et al., 2016). The existence of additional
ubiquitin receptors, apart from intrinsic ubiquitin receptors Rpnl, Rpnl0, and Rpnl13, could
allow more tightly regulated substrate delivery, accommodation of a broader substrate
repertoire, and more intricate substrate prioritization by the 26S proteasome as already briefly
mentioned in Section 1.2.3.1. (Hartmann-Petersen et al., 2003).

In addition to the canonical DUB (metalloprotease Rpnl1); two more DUBs bind the
19S RP, namely Ubiquitin-specific protease 14 (USP14, Ubp6 in yeast) and ubiquitin C-
terminal hydrolase 37 (Uch37/UCHLS, Uch2 in yeast) (Leggett et al., 2002). A smaller portion
of 26S proteasomes can also be found in association with other DUBs (USPS, 7, 9x, 13, 15,
25, and 38), but the exact nature behind their contribution to substrate turnover is not yet known
(Scanlon et al., 2009). While Rpnl11 cleaves the ubiquitin chain at the base, thus performing en
bloc substrate deubiquitination, USP14 and Uch37 preferentially remove ubiquitin moieties
from the distal end of the ubiquitin chain. Uch37 releases monoubiquitin and USP14, in
addition to monoubiquitin, releases di- and tri-ubiquitin (Livneh et al., 2016).

USP14 associates with the 26S proteasome by binding the T2 site of Rpnl which in
turn results in an increase of USP14 catalytic activity (Leggett et al., 2002). Deletion mutants
of USP14 show several effects on protein and ubiquitin homeostasis such as enhancement of
proteasome activity, sensitivity to stress, and ubiquitin depletion. These studies point towards
USP14 role in ubiquitin recycling and regulation of substrate turnover by the 26S proteasome
(Schmidt and Finley, 2014). USP14 primarily exerts its function on substrates that contain
multiple polyubiquitin chains. Uch37 associates with the proteasome via Rpnl3 subunit, and
is positioned in close proximity to Rpn2 subunit of the 19S RP base (Hamazaki et al., 2006).
Uch37 was primarily considered to release inadequately ubiquitinated proteins from the
proteasome (Hamazaki et al., 2006). It was later also found that Uch37 has an ability to cleave
K48-branched polyubiquitin chains and to enhance proteasomal degradation of substrates
modified by branched chains (Deol et al., 2020). In addition, the role of Uch37 in the removal
of regulatory ubiquitin modifications on the intrinsic 26S proteasome receptors has also been
suggested (Bard et al., 2019). Ubiquitin chain cleavage by both, USP14 and Uch37 is assumed
to take place prior to substrate commitment, contrary to Rpnl1’s deubiquitination, where it

occurs after the substrate has been engaged. Thus, USP14 and Uch37 are considered to serve
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as “timers” of substrate’s dwell time on the proteasome prior to engagement and are
consequently thought to be the determinants for the likelihood of successful substrate
degradation (Collins and Goldberg, 2017).

Deubiquitination activity of the 26S proteasome-associated DUBs is counteracted by
the presence of E3 ubiquitin ligase enzymes that also bind the 19S RP. So far, several E3
enzymes have been identified as 26S interactors in mammalian cells — UBR4, Huwel, UBE3A,
UBE3C, and Rnf181. The exact binding sites of the aforementioned E3 ligases are still not
identified (Collins and Goldberg, 2017). 26S-bound E3 ligases are assumed to play a role in
the remodeling of proteasome-bound ubiquitin chains. The remodeling is considered to either
prolong substrate association with the 26S proteasome to ensure degradation (Xie and
Varshavsky, 2002) and/or prevent the release of partially degraded substrates (Tai et al., 2010).
Additionally, the 26S proteasome associated E3 ubiquitin ligases are also responsible for the
addition of regulatory ubiquitin modifications on proteasomal subunits (Besche et al., 2014).

Apart from shuttle ubiquitin receptors, DUBs, and E3 ligases, the 26S proteasome can
associate with many more regulators depending on the cell type, requirements, and conditions
(Xie, 2010). The existence of multiple posttranslational modifications in addition to the
transient binding of protein regulators reflects the complexity of the 26S proteasome function
that is far beyond just simple protein degradation, but it clearly plays an important role in the

final selectivity step of irreversible protein removal.

1.4. UPS impairment

The UPS consists of a large number of components that through their proper
functioning maintain either directly or indirectly overall control of most cellular processes
(Tanaka, 2009). Consequently, abrogation of proper function of any of the UPS aspects is
almost instantly reflected as deterioration of cellular homeostasis. In a long run, UPS
impairment can underlie the development of a wide range of human pathologies (Schwartz and
Ciechanover, 1999). Many studies have been conducted and reviews compiled that give a broad
insight into how dysregulation of UPS is involved in several cancers (Ding et al., 2014), genetic
diseases (Paul, 2008), autoimmune and inflammatory disorders (Wang and Maldonado, 2006),
muscular atrophy (Kitajima et al., 2020), cardiomyopathies (Powell et al., 2012) and
neurodegenerative diseases (McKinnon and Tabrizi, 2014). The suggested mechanisms behind

some of these diseases are based on faulty UPS substrates whose mutations or structural
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characteristics lead to defects in recognition and/or processing by the components of the UPS.
For others the cause may lie directly in the altered function of the UPS components or their

regulation (Paul, 2008).

1.4.1. Malfunction of the 26S proteasome

A growing body of evidence points towards the fact that some of the mechanisms which
underlie UPS-based pathologies are based on 26S proteasome malfunction. The 26S
proteasome malfunction can occur upon the encounter with certain protein substrates or with
some general protein features that the substrate contains. The encounters with such proteins do
not only result in their own improper processing by the proteasome but can even cause general
impairment of the 26S proteasome function by interfering with the degradation of other cellular
proteins as well.

A general 26S impairment can be observed in the presence of persistent proteotoxic
stress such as oxidative stress, heat shock, or arsenite intoxication (Grune et al., 2003; Reeg et
al., 2020; Tillotson et al., 2017). These conditions lead to protein damage, by causing their
misfolding. These damaged and misfolded proteins are subsequently polyubiquitinated and
shuttled to the 26S proteasome for degradation (Briining and Jiickstock, 2015). It is not entirely
clear whether the increase in misfolded protein species alone contributes to the observed
decrease in the 26S proteasome function or perhaps also an inhibitory effect through interaction
with misfolded proteins or a subset of them is directly causing 26S proteasome malfunction.

More specific events of 26S proteasome malfunction have been observed in the
presence of specific viral proteins or native proteins that are mutated, contain aberrant
posttranslational modifications, or have an altered oligomeric or conformational state. EBNA-
1 and LANA-1 are viral proteins known to be able to avoid proteasomal degradation due to the
existence of repetitive sequences, glycine-alanine repeats (GAr) and glutamine-glutamic acid-
aspartic acid repeats (QEDr), respectively (Dantuma et al., 2000; Zaldumbide et al., 2007,
Zhang and Coffino, 2004). These repeats are implicated in the interference with the normal
translocation function of the 26S proteasome and thus with the disabling of processive
unfolding and degradation (Hoyt et al., 2006; Levitskaya et al., 1997). Though the exact
mechanism is not known, the resulting escape from proteasomal degradation renders these

proteins invisible to the immune system since no antigenic peptides have been produced. As a
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consequence, this allows prolonged viral infections that can lead to the development of
malignant diseases (Ambagala et al., 2005).

The native proteins known to cause 26S proteasome malfunction are majorly connected
to neurodegeneration phenotypes. These proteins are hallmarks of a large number of
neurodegenerative disorders such as a-synuclein oligomers in Parkinson’s disease,
hyperphosphorylated tau and the AP peptide in Alzheimer’s disease, the Sc conformational
form of prion protein in prion disease, and huntingtin protein with expanded polyglutamine
tract in Huntington’s disease (Rao et al., 2015). Although the molecular mechanisms of the
26S proteasome functional impairment by these pathological proteins have been extensively
investigated, they are not completely understood up today (reviewed in Deriziotis and Tabrizi,

2008; Lindersson et al., 2004; Oddo, 2008; Ortega and Lucas, 2014).

1.4.2. Polyglutamine disorders — the case of Huntington’s disease

A group of neurodegenerative diseases collectively named polyglutamine (polyQ)
repeat disorders are characterized by the presence of CAG trinucleotide expansion which
encodes for the amino acid glutamine (Q) in disease-specific protein species (Michalik and
Van Broeckhoven, 2004). There are in total nine polyQ disorders with the following proteins
containing the polyQ expansion segments: huntingtin (HTT) in Huntington’s disease (HD),
androgen receptor (AR) in spinal and bulbar muscular atrophy (SBMA), atrophin-1 in
dentatorubral and pallidoluysian atrophy (DRPLA) and ataxins-1,2,3,6 and 7 and TATA-
binding proteins in several spinocerebellar ataxias (SCAs) (Michalik and Van Broeckhoven,
2004). PolyQ repeat of a certain length is a common appearance in some transcription factors
and is assumed to mediate protein-protein interactions for the exertion of these protein’s
functions (Schipper-Krom et al., 2012). Likewise, proteins listed as causative factors of polyQ
disorders themselves contain polyQ repeats. However, in healthy individuals this length never
exceeds 35 glutamine residues, whereas individuals who develop polyglutamine-expansion
pathologies contain a higher number (>35) of glutamine residues in these proteins (Figure
1.11). Moreover, a linear correlation was found between the number of CAG repeats and the

degree of neurodegeneration in affected individuals (Penney Jr et al., 1997).

26



|scar| [preLa| |sca7| [muD

Huntingtin Ataxin 1 Atrophin 1 Ataxin 7 Ataxin 3
CAGs
cAG e
Pathological
CAG CAG#EL 88 CAG b 1]
range CAG CAG CAG CAG %ﬁg
CAG 16 CAG g CAG aa CAG 33 AG 68
CAG 34 CAG CAG CAG 35 CAG
Normal [ s v B cAG 28 -3 o
o 6 v 6 A5 7 .4 Se 13
5 UTR( :
3 UTR
ORF }_
oG 15 CAG u “‘:-11 25 LA/u Y
Normal [ G 2 ac B s a2 CAG 21
Pathological 528 Eﬁ% — CAG 4 CAG 22
range CAG & CAG &2 CAG®
SCA2 SBMA |sca17| [scas |
Ataxin 2 Androgen Receptor SBMA Ataxin 6

Figure 1.11. Overview of polyglutamine-expansion disorders with indicated pathological
threshold length and position of a polyglutamine repeat in protein sequence for each of the
individual causative protein species. HD — Huntington’s disease, SCA — spinocerebellar ataxia,
DRPLA - dentatorubral and pallidoluysian atrophy, MJD — Machado-Joseph disease, SBMA -
spinal and bulbar muscular atrophy. Taken from (Ortega and Lucas, 2014).

One of the most extensively investigated polyglutamine-expansion disorder is
Huntington’s disease (HD). Early symptoms of HD include mostly psychological perturbations
such as concentration problems, memory lapses, depression, and mood swings with only minor
motoric interferences like stumbling and clumsiness. In later stages, the motoric actions such
as speaking, swallowing, breathing, and movement, in general, become increasingly
jeopardized and accompanied by personality changes.

The polyQ expansion that causes HD is positioned within exon-1 of the Htt gene
encoding protein huntingtin (HTT) (Gusella et al., 1993). Huntingtin, a ~350 kDa protein, is
found ubiquitously expressed and it has been suggested to play a role in embryonal
development, transcriptional regulation, axonal and vesicle transport, and as an antiapoptotic
factor (Schipper-Krom et al., 2012). Once synthesized, full-length HTT was shown to get
cleaved by caspases, calpains and endopeptidases resulting in an N-terminal fragment
corresponding to a short sequence encoded by the exon-1 region of the gene. The N-terminal
fragment is comprised of the N-terminal region of 17 residues (N17), followed by the polyQ
tract and a 51 residue long proline-rich domain (PRD) (Harding and Tong, 2018). Wild-type

huntingtin (HTT) as well as mutant huntingtin (mHTT) derived N-terminal fragments were
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found to be targeted for degradation by the 26S proteasome through its ubiquitination by E2
enzyme UBE2W and a K48-specific E3 ligase UBE3A (Harding and Tong, 2018).

Despite being targeted for degradation by the proteasome, mHTT is in a time-
dependent and polyQ length-dependent manner slowly accumulating in neuronal cells. Its
accumulation results in the formation of intranuclear and cytoplasmic inclusion bodies (IB)
through organized and hierarchical interactions among mHTT species (Ortega and Lucas,
2014). Monomers of mHTT N-terminal fragment associate into oligomers of globular
structures that are 4-5 nm wide. Oligomeric species act as nucleation seeds that promote the
formation of more complex structures through linear association thus giving rise to the
formation of protofibrils with varying lengths. The individual protofibrils assemble into bigger
structures called fibers through acquiring “polar zipper” conformations stabilized by
cooperative hydrogen bonds between main-chain and side-chain amides. The preference for
these interactions rises with the increasing length of the polyQ expansion (Li and Li, 1998).
Ultimately, the fibrils assemble in unorganized assemblies called inclusion bodies (Arrasate
and Finkbeiner, 2012).

The inefficient clearance of any of the above-mentioned species of mHTT N-terminal
fragments pointed to the idea that the cell’s degradation pathways were faulty in dealing with
the presence of such proteinaceous species becoming the main underlying cause of the
pathology. Even though many studies aimed to investigate this connection, it is still
undetermined whether the failure of the degradation pathway is a consequence of mHTT
accumulation in cells or if the failure of degradation pathway is due to functional impairment
leading to mHTT accumulation. Alternatively, the two scenarios might also be intertwined in
a positive-feedback loop (Bence, 2001).

In addition to the UPS degradation pathway, whose main targets are short-lived proteins
and damaged and misfolded monomeric proteins, the cells can employ another degradation
pathway called autophagy. Through autophagy the cells get rid of long-lived proteins and larger
structures such as damaged organelles and protein aggregates (Nedelsky et al., 2008). The
involvement of both pathways has been implicated in HD pathology. The UPS is considered
to be mainly responsible for removal of monomeric mHTT species both in cytoplasm and
nucleus, and autophagy for removal of larger protein aggregates and IBs, but only in

cytoplasmic area of the cell (Nedelsky et al., 2008).
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1.4.3. 26S proteasome malfunction in Huntington’s disease

The majority of conducted studies supports the view that mHTT accumulation is a
consequence of direct UPS impairment and not the other way around. This hypothesis was
tested by treating the 26S proteasome with proteasome inhibitor lactacystin, which led to a
twofold increase of mHTT protein aggregates (Chai et al., 1999; Waelter et al., 2001). After
this observation, most of the research focus has tried to untangle the question regarding which
mHTT state: monomers, oligomers, or IBs, is the main culprit of 26S proteasome malfunction.
However, the majority of this research is full of mutually contradictory findings, mainly
attributed to the fact that they used different methods and different substrates to monitor the
functionality of UPS in different systems or samples (Ortega and Lucas, 2014).

It was proposed that one of the obstacles in efficient mHTT, and in general removal of
polyQ expansion containing proteins might arise from the inability of the 20S CP to cleave
inside these long polyQ stretches. A study with in vitro purified 20S and 26S proteasomes
postulated that the 20S CP catalytic sites are unable to bind polyQ expansions in their substrate
recognition pockets and position them for hydrolysis (Venkatraman et al., 2004). Since these
un-cleavable polyQ stretches would exceed the maximal length of proteasome peptide
products, they were assumed to have difficulty exiting the 20S CP chamber. The inability to
exit the chamber would lead to proteasome impairment by clogging the catalytic chamber.
Alternatively, even if released, free un-cleaved polyQ peptides that are of disease-related length
could still be toxic for the cell as they alone were shown to be able to promote aggregation and
IB formation (Raspe et al., 2009). Furthermore, it was shown that allosteric alteration of 20S
CP substrate binding pockets through association with PA28y activator, the eukaryotic 20S CP
was able to cleave within shorter, 10 residues long, polyQ stretches (Pratt and Rechsteiner,
2008). Moreover, in vitro and in vivo assays with native polyubiquitinated N-terminal fragment
of mHTT partially corroborated the hypothesis of 20S CP inability to digest polyQ repeats as
only partially degraded fragments were detected as opposed to complete degradation
(Holmberg et al., 2004).

In addition to impairment due to clogging, Holmberg et al. suggest that the impairment
might originate from the need for polyQ expansion containing proteins to engage 26S
proteasome longer in comparison to other substrates and thus indirectly compromise the overall
substrate turnover by the 26S proteasome. Indeed, another study found that both HTT and
mHTT were successfully degraded by the 26S proteasome, however, the rate of degradation

was found to be inversely proportional to the polyQ extension length (Jana et al., 2001). A
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similar observation was made for the degradation of SCA-1 causing polyQ expansion in ataxin-
1 (Verhoef et al., 2002). Accordingly, when UPS function was measured through the
production of the peptide products, a reduction in peptide levels was detected in cells
expressing mHTT in comparison to cells that express HTT, pointing towards a decrease in the
overall 26S proteasome degradation rate (Dasgupta et al., 2015).

In another study they did not observe drastic 26S proteasome impairment when using
model proteasome substrate fused to pathological polyQ repeat (GFP-polyQ). However, they
observed that the cell’s ability to handle additional proteotoxic stress was significantly
compromised (Ding et al., 2002). The discrepancy regarding 26S proteasome impairment seen
with some, but not all polyQ containing substrates was later shown to also highly depend on
the type and position of degradation signal used for protein targeting to the 26S proteasome
(Juenemann et al., 2013; Michalik and Van Broeckhoven, 2004).

In conclusion, just the presence of polyQ expansion is not a key determinant of how
efficiently a protein is degraded by the 26S proteasome and whether it leads to 26S proteasome
malfunctioning. It is rather the totality of various aspects such as polyQ length and position
inside the protein, targeting signal and overall cellular conditions that contribute to the extent
of UPS impairment and 26S proteasome malfunction caused by monomeric species of polyQ
expansion containing proteins. Moreover, UPS impairment by proteins containing polyQ
expansions can vary depending on the protein’s expression level, cellular localization, and cell-
type (Bett et al., 2009). Nevertheless, more efficient handling of monomeric species through
chaperone overexpression or removal through overexpression of E3 ligases that target them for
degradation has already been shown to alleviate some of the hallmarks of HD (Cummings et
al., 1998; Mishra et al., 2008; Nath and Lieberman, 2017; Rao et al., 2015). Likewise,
activation of the proteasome or alleviation of its blockades when dealing with polyQ repeats in
unfavorable contexts could be a promising direction in battling polyQ disorders (de Pril, 2004).
Such approach was already indicated by the study in which overexpression of PA28y
proteasome activator led to improvement in cell viability of striatal neurons that express mHTT
and were exposed to pathological stressors (Seo et al., 2007).

Another possible or additional cause of 26S proteasome malfunction and consequently
UPS impairment is the formation of IBs initiated by proteins with expanded polyQ repeats.
This idea is based on the observation that the components of the 26S proteasome machinery
are forming stable interactions with polyubiquitinated components of IBs but are resistant
towards degradation (Verhoef et al., 2002; Waelter et al., 2001). Apart from containing
different HTT and mHTT species (full-length mHTT, N-terminal fragment of mHTT and full-
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length HTT), the IBs also entrap other cellular proteins that contain polyQ repeats in their
native sequences like CREB and TATA box binding protein (Venkatraman et al., 2004). It was
suggested that the constituents of IBs engaged with 26S proteasomes are getting kinetically
trapped while being processed by the 26S proteasome and lead to depletion of free and active
26S proteasome species in cells (Holmberg et al., 2004). Although this theory proved to be true
in the case of other types of protein aggregates like polyGlyAla aggregates, it did not seem to
hold true for aggregates formed by proteins with expanded polyQ repeats (Guo et al., 2018).
Several following studies showed that the 26S proteasome’s engagement with polyQ IBs was
dynamical and reversible (Holmberg et al., 2004; Schipper-Krom et al., 2014; Stenoien et al.,
1999). Moreover, the 26S proteasome remained catalytically active and accessible to other
cellular substrates since in the presence of IBs in the R6/2 mouse model of HD no accumulation
of model proteasome substrate could be detected (Bett et al., 2009). However, when monitoring
native UPS substrates in the same mouse model of HD another study did detect substrate
accumulation (Maynard et al., 2009). The discrepancy among different studies was resolved
when Ortega et al showed that UPS impairment indeed takes place but is transient and occurs
only after acute expression of N-terminal fragment of mHTT. However, the UPS function is
restored shortly after IB formation (Ortega et al., 2010). Surprisingly, these experiments
attributed the protective role of IB formation towards UPS function as inhibition of IB
formation in cellular and animal models prevented the observed restoration of UPS function
(Ortega et al., 2010; Schipper-Krom et al., 2014). Despite their initial protective effect towards
UPS function, the IBs, once large enough, can exert their toxic effect based solely on their size
by disrupting membranes or acting as sequestration hubs for proteostasis components (Smith,
2018). Thus, it seems that similarly to the failure of UPS to handle the influx of monomeric
polyQ expansion containing proteins, autophagy as the main pathway that can clear large
protein aggregates fails to combat the formation and deleterious effects of IBs (Ciechanover
and Kwon, 2015).

Apart from initially present monomeric species and IBs as a final product of monomer
aggregation, a whole range of intermediate oligomeric species exist at the same time. These
oligomers contain polyubiquitin tags and are also being shuttled to the 26S proteasome for
degradation. Failure to process these oligomers results in their incorporation into IBs (Diaz-
Hernandez et al., 2006). Apart from resisting the degradation, polyubiquitinated oligomeric
species purified from the R6/2 mouse model of HD had been shown to decrease 26S
proteasome activity in vitro (Ortega et al., 2010). Similar effect was observed with oligomeric

species of other proteins that cause neurodegeneration pathologies (Lindersson et al., 2004;
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Smith, 2018). The observed decrease in 26S proteasome function is most likely a result of a
competition between regular UPS substrates and oligomeric mHTT species. Although the
oligomeric species are not affecting the proteasome activity itself, they interfere with the
degradation rate of other substrates by occupying a certain portion of the 26S proteasomes in
cells. In addition, low-oligomeric species of mHTT together with monomeric species are
shown to be resistant against their clearance by autophagy, thus their removal would be strictly
26S proteasome-dependent (Harding and Tong, 2018).

Regardless of the individual effects exerted on the 26S proteasome’s function,
localization, and conformational state by different mHTT species, the therapeutic approach
with the broadest implications in battling these deleterious effects should aim to increase 26S
proteasome degradation capacity against monomeric species. This view is supported by the
fact that the HD pathology is dependent on the constant influx of mHTT in cells (Waelter et
al., 2001). Upon stopping of mHTT expression in HD inducible mouse model, the reversal of
pathology was dependent on the 26S proteasome function as treatment with proteasome

inhibitors abolishing recovery (Ortega and Lucas, 2014).

1.4.4. 26S proteasome as a therapeutic target

The 26S proteasome therapeutic value has increased dramatically in the last few years
because of a decade’s worth of research regarding its cellular levels and activities. It became
evident that the 26S proteasome is not simply degrading targeted proteins but itself represents
a final control checkpoint of protein degradation fine-tuned by a vast number of regulatory
mechanisms. The adaptability of these mechanisms enables tolerance of adjustments in
proteasome activity without globally impacting cellular regulation and survival (Schmidt and
Finley, 2014). Targeting the 26S proteasome’s function as means of disease treatment can
include both, inhibition and activation of the 26S proteasome, depending on the nature of the
disease.

Inhibition of the 26S proteasome has proven as a successful therapy in treating several
types of cancers such as refractory multiple myeloma, non-small cell lung cancer, mantle cell
lymphomas, and pancreatic cancer due to higher sensitivity for cancer cells compared to non-
cancer cells to proteasome inhibition (Ding et al., 2014; Frankland-Searby and Bhaumik,
2012). Furthermore, since the 26S proteasome activity is the major source of antigen peptides,

proteasome inhibition is a promising strategy in battling immune-related diseases like different
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autoimmune disorders, graft-versus-host disease (GVHD), arthritis, colitis, systemic lupus
erythematosus, myasthenia gravis, and allograft rejection (Verbrugge et al., 2015). Currently,
three FDA-approved proteasome inhibitors are in clinical use. Bortezomib and ixazomib are
reversible inhibitors and carfilzomib is an irreversible inhibitor of the proteasomes’
chymotryptic activity (Kim, 2021).

In the field of neurodegeneration research, more emphasis is directed towards
exploiting the UPS in removing misfolded pathological proteins to delay the disease onset or
mitigate the symptoms (Myeku and Duff, 2018). One of the approaches would be to directly
activate the 26S proteasome’s function. This could be achieved using different mechanisms
based on either gate opening to increase general substrate flux or allosteric regulation of the
26S proteasome which results in higher processivity by enhancing substrate binding and/or
degradation. Several different approaches of 26S proteasome activation have been successfully
applied in cellular and mouse models of neurodegenerative diseases. The 26S activation can
be achieved using small-molecule modulators that can regulate posttranslational modifications
on the proteasome subunits known to have activation effect. Alternatively, the activation can
be achieved by using USP14 inhibitor that eliminates the effect of reduced substrate flux
through the proteasome due to earlier substrate deubiquitination. In addition, genetic
manipulation was tested in cellular models where overexpression of proteasomal subunits,
activation of Nrf2, overexpression of proteasome activators or generation of open-gate mutants
resulted in upregulated 26S proteasome activity producing similar protective effects. (Njomen
and Tepe, 2019).

Though very encouraging, these therapeutic approaches also contain few caveats and
unexplored avenues. In the case of the application of proteasome inhibitors in cancer treatment,
it is already evident that certain cancer types can employ resistance mechanisms that are still
not entirely understood (Kim, 2021). Furthermore, there is still a substantial lack of defined
in vitro and in vivo selectivity and potency of small molecule modulators of 26S proteasome
activity for their target proteins and an incomplete understanding of their mechanism of action.
These factors can largely influence the physiological outcome of using proteasome activation
as a therapeutic approach (Njomen and Tepe, 2019). Moreover, it is known that different
pathological substrates with varying domain compositions and biophysical properties influence
the rate of their degradation. Hence, the activation of 26S proteasome function by the same
means can have a vastly different effects on eliminating various pathological targets from
different neurodegenerative disorders. Better understanding of the regulatory mechanisms

employed upon 26S proteasome malfunction would not only allow a much deeper
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understanding of disease mechanisms but could also provide a better understanding and
possibly broader application of 26S proteasome activation as a therapeutic approach in

neurodegenerative diseases.

1.5. Regulation of 26S proteasome under malfunctioning
conditions

1.5.1. Potential rescue mechanisms of malfunctioning 26S proteasomes

In addition to the homeostatic 26S proteasome regulation, the regulatory mechanisms
employed under conditions that lead to impaired 26S proteasome function such as exposure to
proteotoxic agents or encounter with individual toxic proteins discussed in Section 1.4.1 are of
particular importance. Several potential modes involved in the rescue of the 26S proteasome’s
function, or its adaptation have been identified. However, the underlying mechanisms and their
limitations are still poorly understood despite their possible application in disease treatment
(Chondrogianni et al., 2015).

One of the adaptation mechanisms of the 26S proteasome function to increased
substrate flux is a dynamic exchange and redistribution of proteasome activator complexes
observed upon inhibition of proteasome activity (Shibatani et al., 2006). In particular, it was
suggested that recruitment of PA28 activators to the 26S proteasome and formation of the so-
called hybrid proteasome might serve as a cellular response to compromised proteasome
function (Welk et al., 2016). In hybrid proteasome complexes, the PA28 activator is bound to
the free end of 20S CP in the 26S proteasome complex. PA28 binding is thought to
allosterically regulate catalytic activity and/or induce gate opening for more efficient product
release when the 26S proteasome could get clogged (Kopp et al., 2001; Welk et al., 2016).
Several other studies also implicate dynamic interchange of proteasome activators as a
mechanism to counteract 26S proteasome impairment under harsh cellular conditions (Guo et
al., 2018; Tsvetkov et al., 2015; Wang et al., 2017).

One of the proposed rescue factors of the 26S proteasome is the E3 ligase UBE3C, a
126 kDa protein that was shown to bind the 26S proteasome and assemble Lys29 and Lys48
linked polyubiquitin chains. UBE3C’s activity, even under non-stress conditions, is crucial for
the degradation of a particular set of proteins that are inherently challenging to degrade. This
challenge can stem from protein’s high folding energy, bulkiness or another biophysical

characteristic that impedes proteasomal function. In the absence of UBE3C, the proteasomal
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degradation of such stable proteins was only partial and yielded truncated degradation products
(Aviram and Kornitzer, 2010). It was also observed that cells lacking UBE3C show decreased
fitness in comparison to wild-type cells upon treatment with an inhibitor of molecular
chaperone Hsp90. Such treatment causes an increase in proteasomal substrate load due to a
higher rate of protein misfolding. These findings implicated UBE3C in the maintenance of 26S
proteasome function to meet the degradation demands (Chu et al., 2013). Initially, it was
hypothesized that either UBE3C ubiquitination activity is used for substrate retargeting to the
proteasome in order for a substrate to get fully degraded or, alternatively, the constant addition
of polyubiquitin chains on the substrate influences its overall stability and renders it more
degradable (Carroll et al., 2021; Chu et al., 2013). Moreover, UBE3C was found to be
extensively recruited to the functionally impaired 26S proteasome upon proteasome inhibition,
heat stress or arsenite intoxication and it selectively modifies Rpnl3 subunit of the 26S
proteasome (Besche et al., 2014). Another study confirmed this finding and additionally
assigned UBE3C a sensor role of acute protein unfolding in cells (Gottlieb et al., 2019). Taking
it all together, Besche et al. suggested that UBE3C performs two distinct roles depending on
whether it is bound to the 26S proteasome under normal or stress conditions. Under normal
conditions, 26S-bound UBE3C promotes degradation by the proteasome. However, when
bound to functionally impaired 26S proteasome, UBE3C catalyzes Rpn13 polyubiquitination
to halt further substrate binding to the 26S proteasomes impaired by stalled substrates. This
prevents engagement with multiple substrates, which might be even more toxic for the
proteasome and ultimately for the cell (Besche et al., 2014).

Valosin-containing protein (VCP) or p97 (Cdc48 in yeast) is another component of the
UPS implicated in the rescue of malfunctioning 26S proteasome. VCP subunits belong to the
same family of AAA+ ATPases as Rpt subunits of the 19S RP and in a similar fashion form a
hexameric ring. In a complex with its heterodimeric cofactor Ufd1/Npl4, VCP recruits
polyubiquitinated substrates to extract them from membranes or molecular complexes to
facilitate their subsequent degradation (Bodnar and Rapoport, 2017). Likewise, it was proposed
that VCP can exert its segregation activity to pull out misfolded substrates stuck in the
translocation channel of the 26S proteasome. VCP was also shown to act upstream of the
proteasome and prepare stable substrates for degradation by exposing unstructured regions
required for engagement with the ATPase motor of the 19S RP (Isakov and Stanhill, 2011;
Olszewski et al., 2019). Whether VCP contribution in substrate processing by the 26S

proteasome is a result of direct interaction or factor-mediated interaction or proximity-based
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or combination of those is still not entirely understood due to discrepancies among different
studies (Besche et al., 2009; Isakov and Stanhill, 2011; Olszewski et al., 2019).

Lastly, posttranslational modifications of some of the proteasome subunits have been
shown to increase the degradation capacity of the 26S proteasome against misfolded disease-
related proteins. The 19S RP subunit Rpn6 was found to be phosphorylated on serine residue
at position 14 (Rpn6S14) by the cAMP-PKA pathway (VerPlank et al., 2020). The 26S
proteasomes with phosphorylated or phosphomimetic Rpn6S14 have enhanced peptide and
ATP hydrolysis rates, which results in an increased degradation of preexistent regulatory
proteins and also of misfolded proteins that are the hallmarks of neurodegenerative diseases
such as mutant tau, SOD1, and FUS (VerPlank et al., 2020). Apart from its effect on the activity
of the 26S proteasome, Rpn6S14 phosphorylation also increases the abundance and stability of
26S proteasome complexes. Similarly, the Rpt6 subunit of the ATPase motor was found to be
phosphorylated at a position S119 (Rpt6S119) in cells that were exposed to various proteotoxic
conditions. The presence of phosphorylated or phosphomimetic Rpt6S119 in the 26S
proteasomes mitigates the aggregate formation of mHTT103Q when compared to cells
containing 26S proteasomes with Rpt6S119A mutation preventing phosphorylation at this
residue (Marquez-Lona et al., 2017). These findings indicated that this modification might also

play a role in relieving impaired 26S proteasome function (Marquez-Lona et al., 2017).

1.5.2. 26S proteasome regulation by ZFAND protein family

Among different eukaryotic organisms, a group of proteins possessing zinc finger
domain of AN1 type (Zf-AN1) has been identified to interact with the 26S proteasome. Their
role in the regulation of the 26S proteasome function under conditions where high protein
turnover is required or in the presence of proteotoxic agents have been investigated by
numerous studies (Glinka et al., 2013; Hassan et al., 2009; Lee et al., 2018; Sok et al., 2001,
Turakhiya et al., 2018). In humans, four different Zf~AN1 domain (ZFAND) proteins that
associate with the 26S proteasome have been identified, namely ZFANDS, ZFANDI (Cuzl in
yeast), ZFAND2a and ZFAND2b (AIP-1 in Caenorhabditis elegans). All human ZFAND
proteins, and their homologs in other organisms, contain at least one copy of the Zf~AN1
domain that is predominantly positioned at the N-terminus of the protein. Zf~AN1 domain
contains six cysteine residues and two histidine residues that could coordinate two zinc atoms

(Linnen et al., 1993). The C-terminal region of ZFAND proteins has diverged and can contain
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different domains which attribute distinct regulatory functions to individual ZFAND proteins
(Figure 1.12).
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Figure 1.12. AlphaFold structure prediction of ZFAND proteins and schematic representation of
assigned domains. AN1 — zinc finger AN1 domain, A20 — zinc finger A20 domain, UBL -
ubiquitin-like domain, UIM — ubiquitin- interacting motif, VIM — VCP-interacting motif, h —

human, y - yeast, ¢ — Caenorhabditis elegans.

The ZFANDS protein is normally expressed in the eye, heart, and brain. It was also
found to be induced in skeletal muscles undergoing atrophy caused by denervation or fasting.
Consequently, mice with deleted ZFANDS were resistant to muscle atrophy induced by
denervation and showed increased accumulation of ubiquitinated proteins (Hishiya et al.,
2006). ZFANDS contains two zinc finger domains, N-terminal Zf-A20 and C-terminal Zf-AN1
domain connected by a very long flexible linker region (Figure 1.12). Zf-A20 domain is
essential for binding to ubiquitin conjugates whereas full-length protein is required for
ZFANDS interaction with the 26S proteasome and observed functional changes. Upon binding,
ZFANDS enhances several different activities of the proteasome complex. Interaction through
the Zf-AN1 domain stimulates all three peptidase activities. Moreover, interaction with the Zf-
A20 domain elevates ATP hydrolysis and is essential for the increased protein degradation by

the ZFANDS5-bound 26S proteasome (Lee et al., 2018). Unlike other inducible ZFAND
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proteins, ZFANDYS is not induced under proteotoxic conditions. Hence, it was suggested that
ZFANDS plays a role in the enhancement of overall protein turnover through direct interaction
and activation of the 26S proteasome in cells with increased need of proteolysis, and not under
conditions where toxic proteins accumulate.

Two parallel studies identified a protein in yeast that directly interacted with both
components of the UPS, the 26S proteasome and Cdc48 (VCP in mammals). They named this
protein Cuzl (Cdc48-associated UBL/zinc finger protein-1) (Hanna et al., 2014; S&-Moura et
al., 2013). Though Cuzl1 is not essential for growth under normal conditions and causes an only
mild defect in UPS function when deleted, it was indispensable for cell survival upon treatment
with certain proteotoxic agents, such as metalloids that induce protein misfolding (Hanna et
al., 2014). Cuzl contains an N-terminal Zf-AN1 domain, a short and disordered linker region,
and a C-terminal ubiquitin-like (UBL) domain. The Zf-AN1 domain together with the linker
region was shown to be sufficient for binding to the 26S proteasome and the UBL domain was
shown to be required for binding to the Cdc48 (Figure 1.12) (Sa-Moura et al., 2013). Both
studies suggested that Cuzl plays a role in the removal of accumulated misfolded proteins
under arsenite intoxication through its interaction with Cdc48 and the 26S proteasome.
Whether this is achieved through substrate delivery by Cuzl to either of the two complexes,
by integrating the function of Cdc48 and 26S proteasome (by shuttling unfolded substrates
from Cdc48 to the 26S proteasome) or by promoting substrate release from Cdc48 and/or 26S
proteasome, is still undefined. The human homolog of Cuzl, called ZFANDI, contains one
more additional Zf-AN1 domain when compared to Cuzl (Figure 1.12) and it was also shown
to interact with VCP and 26S proteasome upon arsenite intoxication (Turakhiya et al., 2018).
ZFANDI is essential for 26S and VCP recruitment to the stress granules to promote their
efficient clearance during recovery from proteotoxic stress inferred by arsenite treatment.
When ZFANDI failed to bind and recruit either of the two complexes or was unable to interact
with the stress granules; consequently, the formed stress granules persisted much longer. These
granules contained additional protein load such as defective ribosomal products and could only
be resolved by autophagy (Turakhiya et al., 2018). Interestingly, a nonsense mutation in
ZFANDI1 (ZFANDI1-R130%*) resulting in truncated ZFANDI missing UBL domain was
identified in ovarian, prostate, lung, and colorectal cancers. Truncated ZFANDI1-R130*
showed a similar defect in clearance of stress granules, providing an insight into the underlying
mechanism of cancer development caused by ZFANDI mutations (Lavalée et al., 2021,

Turakhiya et al.,, 2018). As for Cuzl, the exact mechanisms employed by ZFANDI1 to
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coordinate and co-localize VCP and 26S proteasome functions to efficiently battle challenged
UPS are still largely uninvestigated.

In C. elegans, protein termed AIP-1 (Arsenite Inducible Protein 1) was identified as an
important factor in the regulation of proteasomal adaptation to proteotoxic stress and in the
maintenance of animal life span (Yun et al., 2008). AIP-1 contains ubiquitin-interacting motif
(UIM) at both of its termini connected via two Zf~AN1 domains (Figure 1.12). It is assumed,
based on interaction studies with other Zf-AN1 proteins that AIP-1 interacts with the 26S
proteasome through its Zf-AN1 domain, while UIMs bind polyubiquitinated substrates. AIP-1
is a constitutively expressed protein, albeit at lower levels under normal conditions and the
expression is increased under proteotoxic conditions. Thus, AIP-1 is assumed to have a
function similar to shuttle ubiquitin receptors Rad23b and Dsk2. AIP-1 most likely delivers
substrates to the proteasome and by introducing more conformational flexibility in substrate
accommodation, enables more efficient protein degradation (Yun et al., 2008). Indeed, AIP-1
overexpression enhances degradation of model proteasome substrate and the degradation of
toxic and poorly degradable proteins such as AB42 peptide and polyQ fusion proteins, hallmarks
of Alzheimer’s and Huntington’s disease, respectively. AIP-1’s ability to increase general
protein degradation attenuates and delays symptoms of neurodegeneration in C. elegans
Alzheimer’s disease model (Hassan et al., 2009).

In mammals, aip-1 gene has diverged into two separate genes encoding an inducible
ZFAND2a (also called AIRAP, Arsenite-Inducible RNA-Associated Protein) and a
constitutively expressed ZFAND2b (also called AIRAPL, Arsenite-Inducible RNA-Associated
Protein-Like) (Yun et al., 2008). ZFAND?2a contains two Zf-AN1 domains connected with a
flexible linker region and has lost additional binding modules, whereas ZFAND2b contains
two Zf-AN1 domains at its N-terminus and two UIMs at its C-terminus (Figure 1.12). In
addition, ZFAND2b contains a VCP-interacting motif (VIM) positioned in between Zf-ANI1
and UIM motifs. Both, ZFAND2a and ZFAND2b have been implicated in the maintenance of
folding capacity and regulation of protein degradation under proteotoxic conditions (Glinka et
al., 2013; Rossi et al., 2010).

Interaction studies regarding ZFAND2b role in UPS have shown that ZFAND2b
interacts with polyubiquitinated substrates through UIMs, with VCP N-terminal domains
through VIM and it associates with the 26S proteasome upon proteotoxic conditions (Glinka
et al., 2013; Rahighi et al., 2016; Yun et al., 2008). Such an interaction network highly
resembles the one of ZFANDI. It is unknown if ZFAND1 and ZFAND2b bind the 26S

proteasome simultaneous or mutually exclusive or whether they perform partially redundant or

39



completely individual roles. ZFANDI1 function is implicated in later stages of proteotoxic
response in removing stress granules and ZFAND2b seems to operate on a level of individual
misfolded protein substrates. An observation that functionally impaired ZFAND2b leads to
accelerated aging and protein aggregation was important for the discovery of a more
constitutive role of ZFAND2b in the delivery of misfolded proteins that failed to get
translocated into the ER to VCP and subsequently promoting their removal by the 26S
proteasome (Braunstein et al., 2015).

Of all the ZFAND proteins, ZFAND2a’s role is the most uncharacterized and hardest
to speculate because it only contains two Zf-AN1 domains that mediate 26S proteasome
binding and none of the other functional domains. Zfand2a gene is a canonical heat shock gene
under the control of the HSF-1 transcription factor (Rossi et al., 2010). Apart from its
expression upon heat shock, ZFAND2a is induced upon treating the cells with proteotoxic
agents such as arsenite or proteasome inhibitors (Rossi et al., 2014; Scomazzon et al., 2019;
Stanhill et al., 2006). In multiple myeloma cancer cells, ZFAND2a downregulation sensitizes
cells to bortezomib-induced cell death, whereas ZFAND2a overexpression contributes to cell
resistance towards the drug (Scomazzon et al., 2019). In mouse fibroblasts transiently treated
with arsenite, polyubiquitinated substrates accumulate until the point of ZFAND2a induction
after which their levels are maintained constant and upon recovery, they decline. In contrast to
wild-type cells, ZFAND2a knockout cells accumulated much more polyubiquitinated
substrates and required more time to recover after arsenite removal. The observed phenotype
in ZFAND2a knockout cells was reversed when ectopic expression of ZFAND2a was
introduced (Stanhill et al., 2006). These observations support ZFAND2a’s direct role in
regulating the removal of misfolded and toxic proteins by the 26S proteasome. The same study
also found that the majority of expressed ZFAND2a was in a complex with the 26S proteasome,
mapping the interaction to the Rpnl subunit of the 19S RP. However, only a minority of
proteasomes purified from arsenite treated cells contained ZFAND2a indicating that the
interaction is most likely transient and the levels of ZFAND?2a are tightly regulated in response
to the extent of proteotoxic insult (Stanhill et al., 2006). Since proteasomes purified from
arsenite treated ZFAND2a knockout mouse fibroblasts were found to be associated with more
and not less polyubiquitinated substrates, the authors argued against ZFAND2a’s role in
substrate delivery. Recently published work suggested a rather specific role for ZFAND?2a in
rescuing arsenite-inhibited Rpnl1 through zinc atom donation and exchange for Rpnl1-bound

arsenite since Rpnl1 DUB requires Zn?" for its activity (Sukenik et al., 2021).
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In summary, findings point towards ZFAND2a’s role in the regulation of proteasome
function under proteotoxic conditions (arsenite intoxication, heat stress) or direct proteasome
impairment (proteasome inhibition). However, there is neither clear evidence regarding which
functional aspect (substrate recruitment, accommodation, unfolding and/or degradation) does
this regulation addresses nor how is this regulation achieved mechanistically. It is thus
necessary to envision a broad range of plausible regulatory roles that ZFAND2a might perform
upon its binding to 26S proteasome based on current knowledge and a general understanding

of the 26S proteasome structure, function, and regulation (Figure 1.13).

i v

Enhance Enable Proteasome Recruitment of
degradation degradation of chaperone additional
specific substrates factors

Figure 1.13 Hypothesized roles of ZFAND2a in rescuing malfunctioning 26S proteasomes.

ZFAND2a induced expression and binding to the malfunctioning 26S proteasome could either
play an active role in the regulation of the degradation of toxic proteins (by enhancing overall
protein turnover or enabling degradation of specific toxic substrates) or its binding would have a
more structure-based role (by maintaining complex stability under harsh conditions or recruiting

other PIPs).

The 19S RP oversees the rate-limiting steps during substrate degradation and is also a
platform to which many regulatory proteins bind to ensure selective degradation. Thus,
ZFAND?2a binding through Rpn1 subunit might serve a functional role and ensure more rapid
degradation of proteins overall or allow processing of specific, hard-to-degrade substrates
whose accumulation in cells is otherwise toxic. This could be achieved by introducing
preferential conformational states of the proteasome such as stabilizing substrate processing
states or open-gate state that ensures more rapid or efficient processing. This idea is supported

by the observation that when the proteasome degrades a substrate that contains a more stable
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domain that causes slippage of ATPase motor, the proteasome revisits Sa state more frequently.
The revisiting of Sa state might cause a delay or even a complete termination of degradation
and result in release of partial and toxic intermediate degradation products (Jonsson et al.,
2021). If the revisiting of Sa state would be prevented or at least decreased in frequency, such-
hard-to degrade substrates might have higher chance of getting completely degraded.
Alternatively, ZFAND2a binding could play a more passive, structural role such as
chaperoning and providing stability and integrity to the 26S proteasome complex under harsh
conditions since the equilibrium of different proteasome complexes seems to play an important
role in battling proteotoxicity (Guo et al., 2018). Furthermore, it could be a combination of the
functional and structural role in a way that ZFAND?2a binding prefers a certain conformational
state of the 19S RP which is more likely to recruit other regulatory proteins such as E3 ligases.
It could also be the other way around and ZFAND2a binding could disable binding or lead to
dissociation of already bound regulatory proteins such as DUBs. This type of selectivity
towards a certain profile of bound regulatory proteins on the 19S RP could eventually result in
more efficient degradation of all or specific substrate proteins.

While scarce functional information on the ZFAND2a-bound 26S proteasome complex
exists, the structural data is completely missing. Due to the implication of C. elegans
ZFAND2a homolog AIP-1 in providing greater ability to handle toxic proteins related to
neurodegenerative disorders, the elucidation of all aspects of ZFAND2a regulatory role in
adapting 26S proteasome function would potentially provide new avenues in applications that

use the 26S proteasome as a therapeutic target.
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2. Aims of the study

The main aim of this study was to characterize the regulation of the human 26S
proteasome by Zinc-finger AN1-domain 2a (ZFAND2a) protein. Published work has shown
that ZFAND?2a directly binds the 26S proteasome under proteotoxic conditions, whereas
ZFAND2a homolog in C.elegans AIP-1 enabled more efficient removal of toxic, disease-
related proteins such as AP peptide and polyQ-containing proteins and delayed disease onset.
Based on the previous findings, I set out to investigate the possibility of ZFAND2a’s rescue
role in adapting the 26S proteasome function when encountered with toxic substrates that
impair its function thus jeopardizing or preventing their own and degradation of other cellular
proteins.

To reach this aim, I set the goals to determine both functional and structural
characteristics of the 26S proteasome complex in the presence of ZFAND2a. With the
functional investigation, I aimed to test whether ZFAND2a binding to the 26S proteasome
would increase overall protein degradation using in vitro degradation assay with non-toxic
control substrate lacking the impairment element. Moreover, I aimed to test if ZFAND2a
binding can enable the 26S proteasome to completely degrade toxic substrate proteins that
contain impairment element. The impairment element used in this study contained long polyQ
stretch found in proteins whose accumulation and inefficient removal causes several
neurodegenerative disorders. By using the polyQ as an impairment element, the results
obtained in this study could provide a potential therapeutic benefit; besides, contributing to a
general advancement in the understanding of 26S proteasome regulation mechanisms.

There is no available structural information on the ZFAND2a-bound 26S proteasome
complex. Hence, I set out to structurally characterize the ZFAND2a-bound 26S proteasome
complex in the presence of a toxic substrate. I aimed to determine ZFAND?2a binding site on
the 26S proteasome and its effect on the 26S conformational state. Due to the large size and
high flexibility of the complex, I decided to use single-particle cryo-EM approach for structure
determination. This analysis would allow me to gain insights into the underlying molecular
mechanisms of potential ZFAND2a rescue role when the 26S proteasome encounters a toxic
substrate. Alternatively, it could provide information about any other potential roles behind

ZFAND?2a binding to the 26S proteasome apart from direct influence on substrate processing.

43



3. Materials and Methods

3.1. Materials

3.1.1. Standard chemicals

Adenosine 5’-triphosphate disodium salt (ATP) (Roth), agar (Sigma Aldrich), bis(2-
hydroxyethyl)aminotris(hydroxymethyl)methane (BisTris) (Sigma Aldrich), bovine serum
albumin (BSA) (Sigma Aldrich), dithiothreitol (DTT) (Sigma Aldrich), D-Maltose
monohydrate (Research Products International), ethanol (VWR Chemicals), glycerol (Sigma
Aldrich), kanamycin (Km) (Sigma Aldrich), L-glutathione reduced (GSH) (Roth), magnesium
chloride (Sigma Aldrich), magnesium sulfate (Sigma Aldrich), phenylmethylsulfonyl fluoride
(PMSF), polyethylene glycol (PEG) (Sigma Aldrich), potassium chloride (Sigma Aldrich),
sodium chloride (Sigma Aldrich), sodium dodecyl sulfate (SDS) (Sigma Aldrich), Sterile
MonoQ (Molecular biology service, IMP), sucrose (Sigma Aldrich), tris-(hydroxymethyl)-
amino-methane (Tris) (Sigma Aldrich), Tween 20 (Sigma Aldrich).

3.1.2. Stains and reagents

Bromophenol blue (Sigma Aldrich), SateBlue (Molecular Biology Service, IMP), Protein
Assay Dye Reagent Concentrate 5x (Bio-Rad), SYBR™ Safe DNA Gel Stain (Invitrogen).

3.1.3. Standards, commercial Kkits, and enzymes

PageRuler prestained protein ladder 180 kDa (Thermo Scientific), PageRuler unstained protein
ladder 200 kDa (Thermo Scientific), Precision plus protein standards 250 kDa (Bio-Rad),
MiniPex 3inl kit (Molecular Biology Service, IMP), benzonase nuclease (Molecular Biology
Service, IMP), FastDigest Dpnl (ThermoScientific), Q5® HotStart High-Fidelity (New England
BioLabs).

3.1.4. Escherichia coli strains, mammalian cell lines and expression plasmids
E. coli strains: BL21 (DE3), Rosetta 2, Arctic Express

Mammalian cell lines: HeLa, HEK293GP

Expression plasmids: pETM44, pETM33
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3.1.5. Bacterial and cell culture media

Medium

Component

Autoinduction medium (Molecular biology

service, IMP)

7Y medium (10 g/L tryptone and 5 g/L
yeast extract)

P (25 mmol/L (NH4)2SO4, 100 mmol/L
KH>PO4, 100 mmol/L Na,HPOj)

5052 (0.5% (v/v) glycerol, 0.05% (w/v)
glucose, 0.2% (w/v) a-lactose)

1 mmol/L MgSO4

0.05 mg/L Km

1000x Trace Metal Mix

50 umol/L FeCls, 20 umol/L CaCl,,

10 pmol/L MnCls, 10 pmol/L ZnSOs,

2 umol/L CoCly, 2 pmol/L CuCla, 2 pmol/L
NiClz, 2 pmol/L NaxMoOs, 2 pmol/L
NaySeO3, 2 umol/L H3BO3

Lysogeny broth (LB) liquid and solid
medium (Media kitchen, IMP)

5 g/L yeast extract, 10 g/L tryptone, 10 g/L
NaCl, 0.05 g/L Km, (+ 15 g/L agar for solid
LB medium)

Super optimal broth (SOC) (Media Kitchen,
IMBA)

5 g/L yeast extract, 20 g/L tryptone,
10 mmol/L NaCl, 2.5 mmol/L KCI,
10 mmol/L MgCl,, 10 mmol/L MgSOs,

20 mmol/L glucose

Cell culture medium for HEK293GP cells

Gibco™ FreeStyle™ 293 Expression
Medium

3.2. Methods

3.2.1. Molecular cloning

3.2.1.1. Polymerase chain reaction (PCR)

Polymerase Chain Reaction (PCR) was used to amplify desired DNA constructs, vector

backbones, or inserts. The total volume of the reaction was 50 pL. The PCR reaction mixture

contained template DNA (20-50 ng) added with 1 pL. from the stock, forward and reverse
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primer (0.5 umol/L each) (Microsynth) from a 100 umol/L stock, 25 uL of 2x Q5® HotStart
High-Fidelity 2X MM (New England BioLabs) and 23 pL of Sterile MonoQ H>O (Media
Kitchen, VBC). The PCR reaction was run using C1000 Touch Thermal Cycler (Bio-Rad) with
the following program: 1 cycle of initial denaturation at 95 °C for 3 min, 30 cycles consisting
of denaturation step at 95 °C for 15 s, an annealing step at varying temperatures (55-72 °C)
depending on the primer’s annealing region for 15 s and an extension step at 72 °C for varying
time (12 s — 1.5 min) depending on the size of the DNA template. The program was ended with
a final extension step at 72 °C for 10 min. The PCR reactions were held at 4 °C until the PCR

products were purified.

3.2.1.2. Agarose gel electrophoresis

PCR products were analyzed on a 1% (w/v) agarose gel prepared by mixing the
corresponding amount of agarose (SigmaAdldrich) with 1xXTAE buffer and dissolving the
agarose by heating the mixture in the microwave. After cooling the mixture to sub-boiling
temperature, 5 uL. of SYBR™ Safe DNA Gel Stain (/nvitrogen) was added, and the solution
was poured into Mupid-One Electrophoresis system (Genetics) with pre-inserted comb and let
to solidify. Once the gel solidified, the comb was taken out. The PCR samples were prepared
by mixing 5 uL of PCR product with 1 pL of Gel Loading Dye Purple 6x (BioLabs) and loaded
into the gel wells. Electrophoresis was run at room temperature and 100 V for 30 min. The gel
was imaged on a ChemiDoc MP Imaging System (Bio-Rad), using the SYBR Safe channel to
detect resolved DNA bands.

IXTAE buffer: 40 mmol/L Tris/HCI pH 8.0, 1 mmol/L EDTA, 20 mmol/L acetic acid

3.2.1.3. PCR product purification

Plasmids and PCR products were purified using the MiniPex 3inl kit (Molecular
Biology Service, IMP) according to the manual’s instructions. For PCR product purification
5 volumes of Buffer B were added and the sample was applied onto a binding column. The
columns were centrifuged at 21,130xg at 4 °C for 1 min. The flowthrough was discarded, and
a column wash was performed by applying 750 uL of Buffer W and centrifuged at 21,130xg

at 4 °C for 1 min. Flowthrough was again discarded, and the columns were additionally
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centrifuged at 21,130xg at 4 °C for 1 min to remove residual Buffer W. The columns were
transferred to clean 1.5 mL microcentrifuge tubes and 30 puL of Sterile MonoQ H>O (Media
Kitchen, IMBA) was added onto the column resin and incubated for 1 min. The plasmid was
eluted by centrifugation at 21,130xg at 4 °C for 1 min. DNA concentration was determined

using Nanodrop DS-11 FX + Spectrophotometer (DeNovix).

3.2.1.4. Gibson assembly

A Gibson assembly reaction was used to incorporate desired fragments of DNA inside
vectors to obtain affinity-tagged variants of proteins of interest. The input to the Gibson
assembly reaction was vector backbone (100 ng) and the insert was added in 10x molar excess
to the vector. The total volume of the reaction was 20 puL. The reaction contained the
corresponding volumes of vector backbone and insert (usually around 1 pL. from the stock),
10 puL of Gibson Master mix 2x (Molecular Biology Service, IMP), and 8 pL Sterile MonoQ
H>O (Media Kitchen, IMBA). The mixture was incubated for 1 h at 50 °C and transferred on
ice. Then the template DNA was digested by addition of 1 pL FastDigest Dpnl
(ThermoScientific) and 2 uL 10x FastDigest buffer (ThermoScientific) and the sample was
incubated for 1 h at 37 °C. The Gibson assembly reaction was directly used to transform DH5a

E. coli cells.

3.2.1.5. Transformation of chemically competent DHSa E. coli cells

Gibson assembly products or purified recombinant DNA were introduced into DH5a
cells for vector propagation. 4 uL. of a Gibson assembly reaction or 100 ng of the finalized
vector was mixed with 50 pL. of competent cells on ice. The cells were incubated for 15 min
on ice followed by a heat shock for 1 min at 42 °C in a ThermoMixer (Eppendorf) and
immediately transferred back on ice. 250 pL. SOC media (Media kitchen, IMBA) was added to
the cells, and the cells were grown for 1 h at 37 °C. 100 pL of cells was plated onto an agar
plate (LB solid medium, Media Kitchen, IMBA) supplemented with ampicillin or kanamycin

antibiotic. The colonies were grown overnight at 37 °C.
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3.2.1.6. Miniprep and sequencing

Single colonies were inoculated in 5 mL LB liquid media (Media Kitchen, IMBA)
supplemented with ampicillin (0.1 mg/mL) or kanamycin (0.05 mg/mL). The cultures were
grown overnight at 37 °C and 180 rpm. The next day cells were pelleted by centrifugation at
4,186%g at 4 °C for 10 min. The supernatant was removed, and the plasmids were purified
using the MiniPex 3inl kit (Molecular Biology Service, IMP) according to the manual’s
instructions. The cell pellet was resuspended in 250 pL ice-cold Buffer R1 and transferred to
microcentrifuge tubes. 250 uL of Buffer L2 was added and the tube was inverted 4 times.
350 uL. Buffer N3 was added, and the tubes were again inverted 4 times. The sample was
centrifuged at 21,130xg at 4 °C for 10 min. Supernatants were collected and applied onto a
binding column. The columns were centrifuged at 21,130xg at 4 °C for 1 min and the
flowthrough was discarded. Columns were washed by applying 750 uL. of Buffer W,
centrifuged at 21,130xg at 4 °C for 1 min and flowthrough was discarded. Additional
centrifugation at 21,130xg at 4 °C for 1 min was performed to remove residual Buffer W.
Columns were transferred into clean 1.5 mL microcentrifuge tubes, 30 pL of Sterile MonoQ
H,O (Media kitchen, IMBA) was applied onto a column, and plasmids were eluted by
centrifugation at 21,130xg at 4 °C for 1 min. DNA concentration was determined using
Nanodrop DS-11 FX + Spectrophotometer (DeNovix). Purified plasmid sequences were
verified using an in-house Sanger sequencing service (Molecular Biology Service, IMP).

Plasmids were stored at -20 °C.

3.2.2. Biochemical methods

3.2.2.1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Samples for analysis on SDS-PAGE were prepared by mixing the sample with 5x SDS-
PAGE loading dye. For the analysis of proteins with polyQ stretches 2 mol/L urea was added
to 5x SDS-PAGE loading dye to ensure complete protein denaturation. Denaturation by
incubation at 95 °C was not possible due to its effect on diminishing EGFP fluorescence.
Prepared samples were loaded in the wells of a 4-15% or 4-20% precast gel (Criterion TGX
Stain-free Precast gel, Bio-Rad) positioned inside Criterion™ Vertical Electrophoresis Cell

(Bio-Rad) filled with 1x SDS-PAGE running buffer (Media Kitchen, IMBA). For detection of
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individual protein band molecular weights, 5 uL of PageRuler prestained protein-ladder
(180 kDa) (Thermo Scientific) and/or PageRuler unstained protein ladder (200 kDa) (Thermo
Scientific) was also loaded. The gel was run for 35 min at room temperature at 200 V using the
PowerPac Basic Power Supply (Bio-Rad). The gels were imaged in a ChemiDoc MP Imaging
System (Bio-Rad) using a StainFree channel that visualizes Tryptophan fluorescence or
Fluorescein channel that visualizes EGFP fluorescence. In addition, the gels on which time
points of degradation assays were analyzed were stained overnight in 20 mL SafeBlue solution
(Molecular Biology Service, IMP), de-stained in MonoQ H>O for 1h, and imaged in a
ChemiDoc MP Imaging System (Bio-Rad) with a Coomassie channel.

1x SDS-PAGE Running buffer: 30% (w/v) Tris base, 14.4% (w/v) glycine, 1% (w/v) SDS

5x SDS-PAGE loading dye: 250 mmol/L Tris-HCl pH 6.8, 10% (w/v) SDS, 50% (w/v)
glycerol, 0.5 mol/L DTT, 0.25% (w/v) bromophenol blue

SafeBlue solution: 8.5% (w/v) Coomassie Brilliant Blue G-250, 6.6% (v/v) ethanol, 4% (v/v)
ortho-phosphoric acid, 0.55% (w/v) beta-cyclodextrin

3.2.2.2. Western blot

Western blot analysis was performed using Nitrocellulose Membrane 0.45 pL (Bio-
Rad). The protein transfer was performed using Trans-Blot Turbo Transfer System (Bio-Rad)
with following settings: 1.3 A, 25V for 7 min. The membrane was blocked for 10 min in
10 mL EveryBlot Blocking Buffer (Bio-Rad). Corresponding primary and secondary
antibodies were diluted according to the manufacturer’s instructions in 10 mL EveryBlot
Blocking Buffer (Bio-Rad). Membrane washes were performed 3x10 min in 20 mL 1xTBS-T
at room temperature after blocking and incubation with antibodies. Incubation with antibodies
was carried out for 1 h. All incubation and wash steps were performed on a seesaw shaker at
room temperature. Chemiluminescence was visualized on a ChemiDoc MP Imaging System
(Bio-Rad) using Clarity™ Western ECL Substrate mixture (Bio-Rad) and Chemiluminescence

channel.
TBS-T - 1xTBS (Molecular Biology Service, IMP), 1% Tween 20

Primary antibodies: Strep II Tag Mouse monoclonal antibody MB2017 (Lucerna-Chem),
GST Tag Monoclonal Antibody (8-326) HRP (Thermo Fisher Scientific)
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Secondary antibodies: Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP 31430 (Thermo
Fisher Scientific)

3.2.2.3. Analytical size exclusion chromatography

Frozen 55 pL aliquots of ubiquitination reactions were thawed in hands and centrifuged
in an Eppendorf™ 5424 Microcentrifuge (Eppendorf) at 21,113xg and 4 °C for 1 min.
Complete volume of 55 uLL was injected on a Superdex 200 5/150G (Cytiva) analytical size-
exclusion column preequilibrated with 1 CV of Analytical SEC buffer. The sample was eluted
with 1.2 CV isocratic elution with Analytical SEC buffer at a flow rate of 0.12 mL/min and
50 uL fractions were collected after the void volume of the column. 8 pL of selected fractions
were mixed with 2 pL of 5x SDS-PAGE loading dye to prepare samples for subsequent SDS-
PAGE analysis. Fractions containing the majority of polyubiquitinated substrate separated
from the non-ubiquitinated substrate protein were pooled and immediately used in subsequent

degradation or reconstitution assays.

Analytical SEC buffer: 25 mmol/L BisTris, 50 mmol/L KCI, 5 mmol/L MgCl, 5% glycerol,
0.5 mmol/L TCEP, 150 mmol/L NaCl

3.2.2.4. Determination of protein concentration

Depending on the sample, the protein concentration was determined using one of the
three methods: Bradford assay, Fluoro-Standard assay, or absorbance at 280 nm.

Protein concentration measurement using Bradford assay was performed using a
standard curve prepared by mixing Bovine serum albumin (BSA) solution at known
concentrations (2, 4, 6, 8, 10, 12, 14 and 16 pg/mL) with 1 mL of Protein Assay Dye Reagent
Concentrate 1x (Bio-Rad). Samples whose concentration was being measured were prepared
by mixing 2 pL of protein sample with 1 mL of Protein Assay Dye Reagent Concentrate 1x
(Bio-Rad). The sample-reagent mixture was incubated for 2-3 min at room temperature and
then absorbance was measured at 595 nm on the BioPhotometer Plus (Eppendorf). The
absorbance values measured with BSA standard were plotted against known used
concentrations to create a standard curve. The concentration of the protein sample was

subsequently calculated from the standard curve based on the measured absorbance.
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The Fluoro-Standard assay was performed by preparing standard curve with protein
standard solutions containing EGFP protein with known concentrations (0, 0.625, 1.25, 2.5, 5,
10, 20, 40 pg/mL). The standard curve was created using DS-11 FX + Spectrophotometer
(DeNovix) by measuring the EGFP emission of standard solutions. Subsequently, the sample
for measuring was diluted 1:200 in 50 mmol/L HEPES pH 7.3, 300 mmol/L NaCl, 0.5 mmol/L
TCEP, 10 mmol/L glutathione (the same buffer in which standards were prepared). Using the
created standard curve, protein concentration was determined by measuring EGFP emission
using DS-11 FX + Spectrophotometer (DeNovix).

Absorbance at 280 nm (A2g30) was used to measure protein concentrations when the
molar extinction coefficient (¢[L mol! cm™]) for the protein could be calculated (single protein
samples). The mass concentration (g/L) was determined by measuring the A2go for 1% (1 g/L)
protein mixture using a DS-11 FX + Spectrophotometer (DeNovix) and calculated using the
provided molar extinction coefficient (¢'”[L mol! ¢m™']) that was estimated using Exspasy’s

ProtParam tool (Gasteiger et al., 2005).

3.2.2.5. Sucrose density gradient ultracentrifugation

Continuous 10-30% sucrose gradients were prepared from 10% (w/v) and 30% (w/v)
sucrose solutions prepared in 25 mmol/L BisTris, 50 mmol/L KCIl, 5 mmol/L MgCl,,
4 mmol/L ATP or ADP and 1 mmol/L DTT. The solutions were added with a syringe and a
thin needle (BBraun/BD) into the SW60 tubes (Sefon) and the sucrose gradient was made using
the Gradient master 108 (Biocomp). 200 pL volume was removed from the top of the gradient
and replaced with 200 pL of the sample. The gradients were then ultracentrifuged at 100,000xg
and 4 °C for 16 h using Optima XE-90 Ultracentrifuge, SW60Ti rotor (Beckman Coulter). The
gradients were manually fractionated into 200 pL fractions in the 96-deep-well plate
(Biocompare). 12 pL of each or every second fraction was mixed with 3 uL of 5x SDS-PAGE
loading dye and subsequently analyzed on SDS-PAGE.
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3.2.3. Recombinant protein expression and purification

3.2.3.1. Transformation of chemically competent E. coli cells

Purified and sequence-verified plasmid DNA was introduced into BL21(DE3) cells for
expression of ZFAND2a-MBP-His construct or into Arctic Express and Rosetta2 cells for
expression of control substrate and stalling substrate constructs. Plasmid DNA (100 ng) was
mixed with 50 pl of competent cells and the following transformation protocol was identical

to the one described in Section 2.2.1.5.

3.2.3.2. Protein expression in autoinduction media

Single colonies containing DNA constructs of interest were inoculated in 25 mL of LB
liquid media (Media kitchen, IMBA) supplemented with ampicillin (0.1 mg/mL) or kanamycin
(0.05 mg/mL). The cultures were grown overnight at 37 °C and 180 rpm. The autoinduction
media was prepared by mixing 2L of ZY media, 100 mL 20xP, 40 mL 50x52 and
supplementing with ampicillin (0.1 mg/mL) or kanamycin (0.05 mg/mL) (Fw, 2005). For
ZFAND2a-MBP-His expression 2 mL of 1000x Trace metal-mix was added. 12.5 mL of
overnight culture was inoculated into 2 L of prepared autoinduction media, and the culture was
initially grown for 5.5 h at 37 °C at 180 rpm and then switched to overnight growth at 18 °C at
180 rpm. The cell pellets were collected the next day by centrifugation at 4,000xg for 20 min
at4 °C and the supernatant was discarded. The cell pellets were collected in a plastic bag, flash-

frozen in liquid nitrogen, and stored in a -69 °C freezer.

3.2.3.3. Cell lysis

The frozen cell pellet was thawed on ice and resuspended on a magnetic stirrer (/KA®
WERKE) in the cold room (4 °C) in the Lysis buffer in 1:1 ratio for cell lysis using the sonicator
or 1:3 ratio using the French press. Resuspended cells expressing ZFAND2a-MBP-His were
lysed using the Constant cell Disruption System (/&L Biosystems) operating at 1.4 kbar
pressure whereas cells expressing control substrate and stalling substrates were lysed using the
Branson Digital Sonifier® (Marshall Scientific) with the following settings: 60% amplitude,
1 s on, and 1 s off for 6 min in 1.5-min intervals and 3-min break between intervals. Lysed

cells were centrifuged in Sorvall LYNX 6000 centrifuge, rotor F9-6x1000 (7Thermo Scientific)
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for 45 min at 18,500xg at 4 °C. The supernatant was collected as cleared cell lysate and filtrated

once through miracloth.

MBP Trap Lysis buffer (ZFAND2a-MBP-His purification): 50 mmol/L. HEPES pH 8§,
300 mmol/L NaCl, 0.5 mmol/LL. TCEP, 2x protease inhibitor cocktail tablet, 2x benzonase,
1 mmol/L PMSF

GST Trap Lysis buffer (substrate protein purification): 50 mmol/L HEPES pH 7.3,
500 mmol/L NaCl, 0.5 mmol/L TCEP, 5% glycerol, 2x protease inhibitor cocktail tablet,
2x benzonase, 1 mmol/L PMSF

3.2.3.4. MBPTrap affinity chromatography

MBPTrap affinity chromatography was used as a first step to purify the ZFAND2a-
MBP-His construct. The MBP Trap column (Cytiva) was equilibrated with 2 CV H>O followed
by 5 CV MBPTrap Binding buffer with a flow rate of 5 mL/min. Cleared cell lysate was
applied onto the column using a sample pump with a flow rate of 2.5 mL/min. After sample
application, the column was washed with 25 CV MBPTrap Binding buffer. The protein was
eluted from the column in two steps: the first step was a gradient elution from 0% to
100% MBP Trap Elution buffer with 10 CV, followed by a step with fill 100% MBPTrap
Elution buffer with 5 CV. Elution was fractionated into 1.5 mL fractions using a fraction
collector. Fractions showing a peak in 280 nm UV absorbance were analyzed on SDS-PAGE
and fractions containing the protein of interest were pooled and concentrated using Amicon

Ultra-4 concentrators with 10 kDa cutoff (Merck) to 10 mL.

MBPTrap Binding buffer: 50 mmol/L HEPES pH 8, 300 mmol/L NaCl, 0.5 mmol/L TCEP
MBPTrap Elution buffer: 50 mmol/L. HEPES pH 8, 150 mmol/L NaCl, 0.5 mmol/L. TCEP,

10 mmol/L D-maltose

3.2.3.5. MagneGST Glutathione Particles affinity purification

MagneGST Glutathione Particles were used to purify GST-tagged substrate proteins.
1.5 mL of settled magnetic beads were washed three times using 10 mL of MagneGST Binding
buffer. The beads were then resuspended in the final volume of 5 mL of MagneGST Binding
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buffer and added to the cleared cell lysate (approximately 1.5 mL of settled beads was used for
140 mL of cleared cell lysate). The beads were then incubated overnight with the cleared cell
lysate on a RCT basic rotating platform (Denley) in the cold room at 4 °C. The next morning,
the beads were settled down by centrifugation at 1,000xg for 5 min at 4 °C and the flowthrough
fraction was collected. The beads were then washed three times with 20 mL of MagneGST
Binding buffer by incubating the beads on a RCT basic rotating platform (Denley) for 10 min
at 4 °C and repeating the beads settling using centrifugation at 1,000xg for 5 min at 4 °C and
collecting wash fractions. The protein was eluted by incubating the beads three times with
3 mL MagneGST Elution buffer and collecting the elution fractions by settling down the beads
using centrifugation at 1,000xg for 5 min at 4 °C. All collected fractions were analyzed on

SDS-PAGE and good fractions were frozen in LNz and stored in a -69 °C freezer.

MagneGST Binding buffer: 50 mmol/L HEPES pH 7.3, 500 mmol/L NaCl, 0.5 mmol/L TCEP,
5% glycerol

MagneGST Elution buffer: 50 mmol/L HEPES pH 7.3, 300 mmol/L NaCl, 0.5 mmol/L TCEP,
5% glycerol, 10 mmol/L L-Glutathione

3.2.3.6. Ion-exchange chromatography

Ion-exchange chromatography was used as a second step in ZFAND2a-MBP-His
purification. A Resource MonoQ 5/50 GL 1 mL column (GE Healthcare) was equilibrated with
1 CV H20 and 5 CV IEX Binding buffer. The sample from the MBP Trap affinity purification
step was diluted to 50 mmol/L NaCl and applied using sample pump onto the column with a
flow rate of 3 mL/min. The column was washed with 5 CV IEX Binding buffer. The protein
was eluted from the column using linear elution from 0-37% with 20 CV IEX Elution buffer
followed by 5 CV elution wash with 100% IEX Elution buffer. 1.5 mL fractions were collected
and fractions with the peak at 280 nm UV were analyzed on SDS-PAGE. Fractions containing

the protein were pooled for the next purification step.

[EX Binding buffer: 50 mmol/L HEPES pH 8.0, 50 mmol/L NaCl, 0.5 mmol/L TCEP
IEX Elution buffer: 50 mmol/L HEPES pH 8.0, 2 mol/L NaCl, 0.5 mmol/L. TCEP
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3.2.3.7. Size-exclusion chromatography

Size-exclusion chromatography was used as a third purification step in ZFAND2a-
MBP-His purification to further increase the sample purity. For this purpose, a Superdex™
75 16/600 column (GE Healthcare) was equilibrated with 1 CV H,O followed by 1 CV of SEC
Buffer 1. The concentrated protein sample from ion-exchange chromatography (10 mL) was
applied using a sample pump at a flow rate of 1 mL/min and the protein was eluted using the
isocratic elution of 1.2 CV. 1.5 mL fractions were collected after 0.2 CV has passed through
the column and fractions with the peak at 280 nm UV were analyzed on SDS-PAGE. Fractions
containing the protein were pooled, protein concentration was measured, the protein was

aliquoted, frozen in LN, and stored in a -69 °C freezer.

SEC Buffer 1: 50 mmol/L HEPES pH 8.0, 200 mmol/L NaCl, 0.5 mmol/L TCEP

3.2.4. Purification of human 26S proteasomes

3.2.4.1. Purification from HeLa cytoplasmic extracts using GST-UBL
method

HeLa cytoplasmic extract provided from H. Stark lab (MPI Géttingen) was used for
purifying HeLa 26S proteasomes. Before thawing, the extract was supplemented with
1 mmol/L DTT, 4 mmol/L ATP, 0.1 mmol/L PMSF, and 1x benzonase and thawed in water
bath (ThermoScientific) at 37 °C. The extract was placed in a cold room on a magnetic stirrer
and drop-by-drop a solution of 50% (w/v) PEG 8,000 was added to a final concentration of
4% (w/v) and the extract was incubated for 15 min. The extract was centrifuged in Sorvall
LYNX 6000 centrifuge, rotor F9-6x1000 (Thermo Scientific) at 16,000xg and 4 °C for 15 min
after which the supernatant was collected, and the pellet discarded. The supernatant was placed
in the cold room on a magnetic stirrer and drop-by-drop a solution of 50% (w/v) PEG 8,000
was added to a final concentration of 20% (w/v) and the supernatant was incubated for 15 min.
The supernatant was centrifuged at 12,000xg and 4 °C for 15 min. After the centrifugation, the
supernatant was discarded and a short centrifugation for 1 min at 12,000xg and 4 °C was done
to remove any residual liquid. The remaining liquid was removed, and the pellet was dissolved
in 1x work buffer supplemented with 10% glycerol, 4 mmol/L ATP, and 1 mmol/L DTT. Into
dissolved cell extract 5 mg of GST-UBL (purified by 1. Grishkovskaya) and 1 mL of settled
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MagneGST Glutathione beads (Promega) were added. The extract, GST-UBL, and beads were
incubated overnight in the cold room at 4 °C on a RCT basic rotating platform (Denley) to
allow UBL binding to the 26S proteasome and GST binding to the beads. The next day the
beads were settled using centrifugation at 1,000xg at 4 °C for 5 min and flowthrough was
collected. The beads were washed three times with 40 mL 1x work buffer supplemented with
10% glycerol, 4 mmol/L ATP, and 1 mmol/L DTT in the cold room at 4 °C on RCT basic
rotating platform (Denley). After collecting the last wash, bound protein complexes were eluted
with 2x5 mL of 2 mg/mL hHisUIM (purified by 1. Grishkovskaya) in 1x work buffer
supplemented with 10% glycerol, 4 mmol/L ATP, and 1 mmol/L DTT. The elution was carried
out in the ThermoMixer (Eppendorf) at 8 °C and 500 rpm for 1.5 hour. After the second elution
the beads were washed once more with 5 mL 1x work buffer supplemented with 10% glycerol,
4 mmol/L ATP, and 1 mmol/L DTT. hHisUIM competes with 26S proteasome for GST-UBL
binding hence collected flowthrough contained free 26S and excess hHisUIM while GST-UBL
— hHisUIM complex remained bound to the beads. Beads were additionally eluted with 4 mL
GSH elution buffer for 10 min at 8 °C and 500 rpm on ThermoMixer (Eppendorf). HisTrap
Excel 1 mL column (GE Healthcare) was washed with 1 CV water and equilibrated with 5 mL
Ix work buffer supplemented with 10% glycerol, 4 mmol/L. ATP, and 1 mmol/L DTT.
Separate runs were performed for two elution samples with hHisUIM and one wash sample
after hHisUIM elutions. The samples were applied onto a column using a sample loop at a flow
rate of 0.5 mL/min and 1.5 mL flowthrough fractions were collected. The column was washed
with 5 CV 1x work buffer supplemented with 10% glycerol, 4 mmol/L ATP, and
1 mmol/L DTT between sample runs. hHisUIM was eluted from the column with Step fill
100% 10 CV HisTrap Elution Buffer.

1x work buffer: 25 mmol/L Bis-Tris pH 6.5, 50 mmol/L KCl, 5 mmol/L MgCl,
HisTrap Elution Buffer: 25 mmol/L Tris pH 7.4, 150 mmol/L NaCl, 500 mmol/L imidazole

3.2.4.2. Purification from HEK293GP cells using Streptavidin affinity
chromatography

The stable HEK293GP cell line expressing hRpn11-HTBH (His-TEV-Biotin-His) (gift
from Dr. Daniel Finley’s lab, Harvard Medical School) were grown in Gibco™ FreeStyle™

293 Expression Medium (Thermo Scientific) to a density of 2x10° cells/mL. The suspension
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culture was centrifuged at 15,000xg and 4 °C for 20 min. The supernatant was discarded, and
the cell pellet was resuspended in ice-cold 1xPBS (100 mL of 1xPBS was used per 2 L of
centrifuged suspension culture). Resuspended cells were subjected to an additional round of
centrifugation at 4,000xg and 4 °C for 15 min. The supernatant was discarded, and the cell
pellet was collected in 50 mL falcon, resuspended in 1:1 volume ratio in Lysis buffer, frozen
in LN, and stored in a -69 °C freezer until used. For affinity purification of the 26S
proteasomes, fresh 4 mmol/L ATP, 1 mmol/L DTT, 0.1 mmol/L. PMSF, protease inhibitor
cocktail tablet, and 1x benzonase were added to still frozen resuspended cells. The cells were
then thawed in water bath (Thermo Scientific) prewarmed at 37 °C. Cells were lysed using
Dounce homogenizer by first pressing 15x with the type A and then 15x with the type B pestle.
The lysate was incubated on ice for 15 min and cell debris was subsequently removed by
ultracentrifugation at 100,000xg and 4 °C for 1 h. The cleared supernatant was filtered through
a double layer of miracloth and 0.45 um filter and applied with 0.2 mL/min flow rate onto a
I mL HP Streptavidin column (GE Healthcare) equilibrated with 10 CV Wash buffer. The
column was then washed with 10 CV Wash buffer 1, 10 CV Wash buffer 2, and again 10 CV
of Wash buffer 1. Using the loop, 2 mL of Elution buffer 1 containing GST-TEV protease
(Molecular Biology Service, IMP) was applied onto a column and the column was incubated
overnight at 4 °C. GSTrap FF 1 mL column (Cytiva) was equilibrated with 10 CV Wash buffer
1 and attached below HP Streptavidin column. Cleaved 26S proteasome complexes and GST-
TEV were eluted from the column using isocratic elution with 10 CV Wash buffer 1 with a
flow rate of 0.2 mL/min. GST-TEV protease remained bound to the attached GSTrap FF
column, while the 26S proteasomes were collected in 1.5 mL fractions. GSTrap FF column
was eluted with 10 CV Elution buffer 2 and 1.5 mL fractions were collected. All collected
fractions were analyzed on SDS-PAGE. Fractions containing proteasomes were pooled and
protein concentration was measured using Bradford assay. Purified 26S proteasomes were

frozen in 50 pl aliquots and stored in a -69 °C freezer.

Lysis buffer: 25 mmol/L BisTris pH 6.5, 50 mmol/L KCI, 5 mmol/L MgCl,, 10% glycerol,
0.1% NP-40 (freshly added 4 mmol/L ATP, 1 mmol/L DTT, 0.1 mmol/L PMSF, 1x protease
inhibitor cocktail tablet, 1x benzonase).

Wash buffer 1: 25 mmol/L BisTris pH 6.5, 50 mmol/L KCI, 5 mmol/L MgCl, 10% glycerol,
4 mmol/L ATP, 1 mmol/L DTT

Wash buffer 2: 25 mmol/L BisTris pH 6.5, 50 mmol/L KCl, 5 mmol/L MgCl,, 10% glycerol,
4 mmol/L ATP, 1 mmol/L DTT, 150 mmol/L NaCl
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Elution buffer 1: 25 mmol/L BisTris pH 6.5, 50 mmol/L KCl, 5 mmol/L MgCl,, 10% glycerol,
4 mmol/L ATP, 1 mmol/L DTT, 3.3 mg GST-TEV

Elution buffer 2: 25 mmol/L BisTris pH 6.5, 50 mmol/L KCl, 5 mmol/L MgCl,, 10% glycerol,
10 mmol/L L-Glutathione reduced

3.2.5. In vitro assays

3.2.5.1. Ubiquitination assay

A large-scale ubiquitination reaction of model proteasome substrates was performed
using two different combinations of E2/E3 enzymes to prepare K11/K63-type and K48-type
polyubiquitinated model proteasome substrates. Reactions were performed in 1 mL volume
using 20 mmol/L HEPES pH 7.3 as a ligase buffer supplemented with 50 mmol/L NaCl for the
reaction with SuperE2 and 200 mmol/L NaCl for the reaction with the APC/C.

For the synthesis of K48-type ubiquitin chains, the reaction contained E1 Ubal
(1.5 pmol/L) (purified by I.Grishkovskaya), Super E2 (2 pmol/L) (purified by S.J.Amann),
ATP (10 mmol/L), free ubiquitin (0.2 mmol/L) (purified by H.L.Brunner), and a model
proteasome substrate protein (10 pmol/L). All reaction components, apart from substrate, were
premixed on ice and the ubiquitination enzymes were primed by incubating the substrate-free
enzyme mixture for 15 min at 30 °C in a ThermoMixer (Eppendorf). The substrate was added
after priming, the reaction was gently resuspended with a pipette to ensure proper mixing of
components and placed in a ThermoMixer (Eppendorf) preheated at 30 °C for 22 h.

For the synthesis of K11/K63-type ubiquitin chains the reaction contained E1 Ubal
(1 wmol/L) (purified by I.Grishkovskaya), E2 Ubch10 (1 umol/L), APC/C E3 (100 nmol/L),
Cdhl activator (0.66 pmol/L), ATP (10 mmol/L), free ubiquitin (0.25 mmol/L) and a model
proteasome substrate protein (2 umol/L). Ubchl10, APC/C and Cdhl were purified and
provided by N.G.Brown’s lab (UNC School of Medicine). All reaction components were mixed
on ice with ubiquitin being added last to start the ubiquitination reaction. The reaction was
gently resuspended with a pipette to ensure proper mixing of components and placed in a
ThermoMixer (Eppendorf) preheated at 30 °C for 22 h.

For both ubiquitination reactions, control reactions with omitted ATP or substrate were
set. The reaction progress was monitored by taking 8 pL aliquots at chosen time points and

quenched with 2 pL of 5X SDS-PAGE loading dye. The taken time points were analyzed on
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SDS-PAGE. Successful ubiquitination reactions were transferred on the ice after 22 h,

aliquoted into 55 pL aliquots, frozen in LN, and stored in a -69 °C freezer.

3.2.5.2. Degradation assay

In vitro degradation of model proteasome substrates was performed in 20 pL or 110 pLL
volume using Activity buffer. The Eppendorf tubes used in the activity assay were blocked
with 150 pL Activity assay buffer for 1 h at 37 °C.

Initial degradation assay screen was performed with ubiquitination reaction as input for
a substrate. HeLa 26S proteasomes (25 nmol/L) were mixed with 10 pL of ubiquitination
reaction and Activity buffer was added to a final volume of 20 puL. Control reaction without
proteasomes was performed by mixing 10 pL. Activity assay buffer with 10 uL. ubiquitination
reaction. Reaction with USP21 deubiquitinating enzyme was set by mixing 10 pL
ubiquitination reaction with USP21 (2.5 pmol/L) and Activity assay buffer was added to a final
volume of 20 pL. Reactions were incubated for 24 h at 37 °C in a ThermoMixer (Eppendorf)
at 300 rpm. At time points 0 and 24 h, 7 puL aliquots were taken and the reaction was quenched
with 3 uL 5X SDS-PAGE loading dye.

Degradation assay with ZFAND2a was performed by mixing HEK293GP 26S
proteasomes (50 nmol/L) with polyubiquitinated model proteasome substrate (<5 nmol/L)
after analytical size exclusion (36 pL of a chosen fraction), ZFAND2a (1 pmol/L) and Activity
assay buffer was added to a final volume of 110 pL. Reaction without ZFAND2a was
performed by mixing HEK293GP 26S proteasomes (50 nmol/L) with polyubiquitinated model
proteasome substrate (<5 nmol/L) after analytical size exclusion (36 pL of a chosen fraction)
and the Activity buffer was added to a final volume of 110 pL. A master mix containing
appropriate concentrations of 26S proteasomes and polyubiquitinated model proteasome
substrate was prepared and equally distributed to reaction with and without ZFAND?2a to
ensure more equal enzyme/substrate input. Control reaction containing only polyubiquitinated
model proteasome substrate (<5 nmol/L) and Activity buffer was also set. Reactions were
incubated at 37 °C in a ThermoMixer (Eppendorf). At chosen timepoints 8 uL aliquots were
taken and the reaction was quenched with 2 uL. 5X SDS-PAGE loading dye supplemented with

2 mol/L urea.
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Collected timepoints were analyzed on SDS-PAGE. The gel was imaged using
ChemiDoc MP Imaging System (Bio-Rad) with StainFree and Fluorescein channels. The gel

was also stained with SafeBlue solution.

Activity buffer: 25 mmol/L Tris pH 7.5, 5 mmol/L MgClz, 5% glycerol, 10 mmol/L ATP,
I mmol/L DTT, 2 mg/mL BSA

3.2.5.3. Reconstitution assay

Reconstitution reactions were performed in ~200 pL volume using Reconstitution
buffer. The control reconstitution reaction contained polyubiquitinated model proteasome
substrate (<5 nmol/L) after analytical size exclusion (40 uL of a chosen fraction) and
ZFAND?2a (9 umol/L) and the Reconstitution buffer was added to a final volume of 200 pL.
The reconstitution reaction without ZFAND2a contained HEK293GP 26S proteasomes
(150 nmol/L), polyubiquitinated model proteasome substrate (<5 nmol/L) after analytical size
exclusion (48 uL of a chosen fraction) and ATP (4 mmol/L). Reconstitution reaction with
ZFAND?2a contained HEK293GP 26S proteasomes (150 nmol/L), polyubiquitinated model
proteasome substrate (<5 nmol/L) after analytical size exclusion (30 puL of a chosen fraction),
ZFAND?2a (6.7 umol/L), ADP (4 mmol/L), D-Glucose (20 mmol/L) and hexokinase (10 mU).
After combining all components on ice, reactions were incubated for 35 min at 37 °C in
ThermoMixer (Eppendorf). After incubation, the complete volume of reconstitution reaction
was applied on a 10-30% continuous sucrose gradient and the sample was processed further as

described in Section 3.2.2.5. of Materials and Methods.

Reconstitution buffer: 25 mmol/L BisTris, 50 mmol/L KCI, 5 mmol/L MgCl>, 10% glycerol

3.2.6. Cryo-electron microscopy

3.2.6.1. Sample preparation

Sucrose gradient fractions containing the ZFAND2a-bound 26S proteasome complex
in the presence of stalling model proteasome substrate were buffer exchanged into a sucrose-

free desalting buffer using a Zeba™ Spin Desalting columns, 7K MWCO, 0.5 mL (Thermo
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Scientific). The storage buffer in the desalting column was removed by centrifugation at
1,500xg and 4 °C for 1 min. The desalting column was then equilibrated with 4x300 uL of a
desalting buffer by centrifugation at 1,500xg and 4 °C for 1 min. The desalting column was
placed in a clean 1.5 mL Eppendorf tube, 150 pL of sucrose gradient fraction was applied on
the top of the desalting column and centrifuged at 1,500xg and 4 °C for 2 min.

Quantifoil® R3.5/1 grids (Electron Microscopy Sciences) with holey carbon film were
glow-discharged for 60 s at 20 mA in SCD 005 Sputter Coater (Bal-Tec) with holey carbon
surface facing up. Around 33 pL of the buffer exchanged sample was placed in a small hole of
an ice-cold metal holder in a way to achieve a perfectly flat surface. A small piece of additional
2 nm thick layer of continuous carbon film was placed on the surface of the sample and the
glow-discharged grid was added on top of the carbon film with a holey carbon surface facing
down. Grids were incubated with the sample for times ranging from 10-20 min. Sample
vitrification was performed using a Leica EM GP grid plunger (Leica Microsystems). After
incubation, grids were picked up with forceps and attached to a freezing device. 4 uLL droplet
of double distilled H,O was added on the carbon film side of the grid, blotted for 2 s against a
Whatman No.l paper at 4 °C and with 80% humidity. After blotting, the grids were
instantaneously plunged frozen in liquid ethane. Vitrified grids were stored in an LN tank until

further processing.

Desalting buffer: 25 mmol/L BisTris pH 6.5, 50 mmol/L KCl, 5 mmol/L MgCl,, 10% glycerol,
4 mmol/L ATP or 4 mmol/L ADP, 1 mmol/L DTT

3.2.6.2. Grid screening and data collection

Vitrified grids were clipped inside autogrids (Thermo Scientific) to be screened with
ThermoScientific™ Glacios™ Cryo-TEM Microscope (VBC Electron Microscopy Core
Facility, Vienna) at an acceleration voltage of 200 kV. Glacios Cryo-TEM microscope is
equipped with a high-brightness field emission gun (X-FEG) as an electron source and a
Falcon3 Direct Electron Detector for imaging. Each grid was screened to assess the ice quality
and particle concentration and quality with the purpose to identify the best grid for the
collection of a large data set. Images were taken at 2-3 different regions of the grid using a total
dose of 50 e A? with an exposure time of 1.99s and a magnification of 155,000 x

corresponding to a pixel size of 0.98 A/pxl.
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The best grid was used for the collection of data set on FEI Titan Krios G2 (FEI) Cryo-
TEM Microscope (eBIC, Thermo Fisher Scientific and Diamond Light Source) at an
acceleration voltage of 300 kV using Bio Quantum K3 detector and Gatan energy filter slit
width set at 20 nm. In each chosen grid hole 14 movies were collected using a total dose of
48.76 ¢ A2, fractionated into 50 frames with an exposure time of 4 s at varying defocus range
from -1.3 to -2.1 um in 0.2 um steps at a magnification of 81,000 x corresponding to a pixel

size of 1.06 A/pxl. In total 10,070 movies were collected.

3.2.6.3. Movie preprocessing and 2D image processing

Initial movie preprocessing and subsequent 2D image processing were performed using
CryoSPARC v3.3.1 (Punjani et al., 2017). Movies were imported and motion correction was
performed using Patch Motion and CTF parameters were estimated using Patch CTF estimation
(multi). During patch motion correction, the individual movie frames of the same imaged area
are combined into a micrograph by aligning smaller regions of each frame to correct for beam-
induced motion and movements of the sample holder during the data acquisition (Li et al.,
2013). After alignment and before the final micrograph is constructed, a dose weighting is
performed to account for the radiation damage accumulated in later frames in a way that high-
frequency information of the final micrograph is derived mostly from the earlier frames. Since
the data acquisition is done with a user-defined defocus to assure enough contrast in the
micrographs, the micrographs suffer from signal aberrations and delocalization (Wade, 1992).
CTF estimation models these aberrations to correct them later during 3D processing.

Around 1,000 particles were manually selected from several different micrographs,
extracted and 2D classification was performed. During 2D classification randomly oriented
selected particles are in a reference-free manner aligned and compared to be grouped in user-
defined number of 2D class averages based on their similarities. The resulting 2D class
averages have a much better signal-to-noise ratio when compared to the individual particle
images. 2D class averages representing different orientations of the 26S proteasome were
selected and used as 2D templates for the Template picker to, in an automated manner, identify
as many as possible 26S proteasome particles in all 10,070 micrographs. Using Inspect Picks
option, NCC score and power threshold sliders were used to optimize picking coordinates to
eliminate false positives. Selected particles were extracted from micrographs with a box size

of 600 pxl and subsequently Fourier cropped to a box size of 480 pxl to decrease the
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computational load. Extracted particles were subjected to two rounds of 2D classification. After
each round of 2D classification, 2D class averages that showed nice and clear features of 26S
proteasome in different orientations were selected for further 3D processing. Before 3D
processing, the selected particles were re-extracted with a box size of 600 pxl and subsequently

Fourier cropped to a box size of 440 pxl.

3.2.6.4. 3D processing

A subset of particles from selected good 2D class averages was used to calculate the ab
initio model of the 26S proteasome in CryoSPARC v3.3.1 (Punjani et al., 2017). CryoSPARC
uses Stochastic gradient descent algorithm to perform unsupervised ab initio 3D classification
for which it does not require any prior structural knowledge to determine low-resolution 3D
states of a complex. The ab initio model is required for subsequent 3D refinement of all particle
images to obtain a 3D reconstruction of the complex of interest at a higher resolution. This is
achieved through an iterative projection-matching approach in which 2D particle projections
are matched to 3D projections generated from an input reference model. Throughout 3D
refinement, the particles are assigned to two shift values and three Euler angles that describe
their relative 3D orientations (Agard et al., 2014).

All selected and re-extracted particles and calculated ab initio model were exported
from CryoSPARC to Relion v4.0 (Kimanius et al., 2021). Using 3D-Autorefine, a cryo-EM
map of the 26S complex was calculated. ZFAND2a masks of varying sizes were created using
Chimera (Pettersen et al., 2004) and Mask Create option in Relion and used in multiple rounds
of focused 3D classifications to separate ZFAND2a-bound and ZFAND2a-free 26S
proteasome particles. Particles belonging to the ZFAND2a-bound 26S proteasome stack were
further sorted for conformational heterogeneity using CryoDRGN v0.3.3/4 (Zhong et al., 2021)
and additional focused 3D classification with ZFAND2a mask was performed in Relion
(Kimanius et al., 2021). A single 3D class containing ZFAND?2a density was selected and 3D-
Autorefine was performed to obtain the final cryo-EM map of ZFAND2a-bound 26S
proteasome. Local resolution estimation of final cryo-EM maps was obtained in CryoSPARC
using the Local Resolution option. The average resolution of the final structures was estimated
by Fourier shell correlation (FSC) which measures the correlation between two independently
refined half-sets of particles as a function of spatial frequencies. The final resolution of the map

is estimated at an FSC curve value of 0.143 (Rosenthal and Henderson, 2003).
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4. Results & Discussion

4.1. In vitro approach for investigation of ZFAND2a-bound 26S
proteasome complex

The 26S proteasome complex contains all the necessary structural and enzymatic
requirements to carry out the degradation of polyubiquitinated proteins in cells and in an in
vitro setup. However, to face the challenge of more than a thousand structurally different
substrates and varying degradation demands in cells, the 26S proteasome binds different
regulatory proteins that contribute to its overall processivity. One such factor, ZFAND2a, was
found to be induced and directly bind the 26S proteasome under proteotoxic conditions when
a higher degradation rate is required and when the 26S proteasome function might be impaired.
This implicates ZFAND?2a in the regulation of malfunctioning 26S proteasomes. However,
there is no evidence of which aspect of the 26S proteasome activity ZFAND2a influences and
how this regulation is achieved mechanistically. Therefore, I aimed to investigate the potential
rescue role of ZFAND?2a binding to the 26S proteasome under malfunctioning conditions. For
this purpose, I chose an in vitro approach to address functional and structural aspects of this
biological question. The required preparation steps included affinity purification of ZFAND2a
and 268 proteasome complex; in addition to the generation of model proteasome substrate with

and without a structural element that causes 26S proteasome malfunction.

4.1.1. Affinity purification of human 26S proteasome complexes

The proteasome complexes have been routinely purified for many years by several
different groups. Hence, the established purification protocols are proven to be reproducible
across labs and if executed properly result in yields high enough for in vitro activity assays and
structural analysis by single particle cryo-EM. For the purposes of this study, I purified human
26S proteasome complexes from two different cell lines using two different protocols since the
availability of the required cell material varied throughout the duration of the study.

In the first approach, 26S proteasomes were affinity purified from a stable HEK293GP
suspension cell line that expresses a tagged hRpnl1-HTBH (His-TEV-Biotin-His) subunit,
which is one of the constitutive subunits of the 19S RP subcomplex. Cells and purification
protocol were kindly provided by the Finley lab (Harvard Medical School) and adapted

according to the experience in proteasome purification in the Haselbach lab. The general
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outline of the affinity purification procedure is depicted in Figure 4.1 A. and described in
Section 3.2.4.2 of Materials and Methods. The purification contained a wash step with NaCl
(150 mmol/L) to remove the bound proteasome interacting proteins (PIPs) such as
deubiquitinating enzymes, E3 ligases, and extrinsic ubiquitin receptor proteins. This is possible
since their interaction with the 26S proteasome was shown to be sensitive to higher salt
concentrations (Besche et al., 2009). I introduced this step to obtain a homogenous 26S
proteasome sample and remove additional regulatory proteins that could influence the 26S
proteasome activity. All steps during the purification were analyzed on SDS-PAGE (Figure
4.1 B).
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Figure 4.1. Affinity purification of hRpn11-HTBH 26S proteasome complexes from HEK293GP
cells.

A) Schematic representation of affinity purification steps.

B) SDS-PAGE analysis of the purification. On the right, the positions of corresponding
subcomplexes/subunits of the 26S proteasome complex and the position of GST-TEV protease are
indicated. The image was taken using a Stain-free channel. FT — flowthrough, W — wash, M —

PageRuler unstained protein ladder.
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26S proteasomes were detected in the first three collected fractions after the cleavage
(26S elution — A1-A3). Only fractions 26S elution — A1 and A2 were pooled together and
stored, as fraction 26S elution — A3 contained a substantially lower amount of proteasomes.
The protein concentration of pooled fractions was determined using the Bradford assay. On
average, | obtained ~12 mg of HEK293GP 26S proteasomes from 30 mL of cell pellet. GST-
TEV protease was efficiently removed from the final 26S proteasome sample and eluted
separately in fractions GST-TEV elution - A1-A4. The fraction 26S elution - A3 was submitted
for mass spectrometry analysis (K. Mechtler lab, Protein Chemistry facility, IMBA, Vienna
Austria). Protein identification analysis confirmed the presence of all constitutive 26S
proteasome subunits and their relative abundance was much higher compared to all other
detected proteins (Supplementary Table 1). Even though, the NaCl wash removed large
amount of PIPs, the final sample still contained in sub-stochiometric amounts extrinsic
ubiquitin receptors RAD23A and RAD23B, deubiquitinating enzymes USP14 and UCHLS, E3
ubiquitin ligase UBE3A, and in trace amounts adaptor protein ECM29 and VCP complex
(Supplementary Table 1). Having a 26S proteasome sample completely depleted of the PIPs,
would have been better to eliminate their effects on the 26S proteasome degradation assays,
but this requires the use of higher NaCl concentration. However, higher salt wash could
compromise the stability of the 26S proteasome, as it was shown that under high salt
concentrations the 26S proteasome complex disassembles into 19S RP and 20S CP (Leggett et
al., 2002; Sonn-Segev et al., 2020).

In the second approach, the 26S proteasomes were purified from cytoplasmic HeLa cell
extracts (kindly provided by H. Stark lab, MPI Gdéttingen) using the protocol adapted from
(Besche and Goldberg, 2012). The general outline of the affinity purification procedure is
depicted in Figure 4.2 A. and described in Section 3.2.4.1 of Materials and Methods. In this
protocol, the bait protein GST-UBL was used to affinity purify 26S proteasomes. The UBL
domain of the bait protein corresponds to Ubiquitin Like Domain derived from the human
RAD23B, an extrinsic ubiquitin receptor that binds Rpn10 subunit of the 19S RP. The elution
of the 26S proteasomes was done with hHisUIM that contains human Rpn10’s Ubiquitin
Interacting Motif (UIM) that competes with Rpn10 for UBL binding. All the purification steps
were analyzed on SDS-PAGE (Figure 4.2 B). The band pattern of the 26S proteasome complex
can be seen in fraction hHisUIM elution and in fractions HisTrap FT - A2-A6. The fractions
containing proteasomes after HisTrap were pooled together, and protein concentration was
measured using the Bradford assay. On average, I obtained ~1 mg of HeL.a 26S proteasomes

from 50 mL of cytoplasmic extract.
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Figure 4.2 Affinity purification of 26S proteasome complexes from HeLa cells.

A) Schematic representation of affinity purification steps.
B) SDS-PAGE analysis of the purification. On the right, the positions of corresponding

subcomplexes/subunits of the 26S proteasome complex are indicated. After the elution of 26S
proteasomes from GST-UBL, GST-UBL itself was eluted using GSH containing buffer and the
position of corresponding GST-UBL band is indicated with the arrow on the right. W1 lanes
represent the wash after GST-UBL + 26S proteasome binding and W2 lane represents the wash
done after hHisUIM elution of 26S proteasomes from GST-UBL in order to collect the remaining

26S proteasomes. The image was taken using a Stain-free channel. FT — flowthrough, W — wash,

M - PageRuler unstained protein ladder.

The fraction HisTrap FT - A2 was submitted for mass spectrometry analysis (K.
Mechtler lab, Protein Chemistry facility, IMBA, Vienna Austria). As for 26S proteasome
sample from HEK293GP cells, all constitutive 26S proteasome subunits were identified with

their relative abundance being higher compared to identified PIPs (Supplementary Table 2).

67



The detected PIPs were the same to the ones found in the sample from HEK293GP cells and
in addition, TXNL1, HASPB1 and PAAF1 were also detected (Supplementary Table 2).

4.1.2. Purification of recombinant ZFAND2a-MBP-6xHis protein

Human ZFAND2a protein is a small protein with a molecular mass of ~20 kDa
predicted to contain two terminal Zinc finger-AN1 domains connected via a flexible linker.
Due to its small size and previously published work with recombinant ZFAND?2a, I chose the
E.coli expression system to recombinantly produce the ZFAND?2a protein which I then used
for functional and structural analysis with the 26S proteasome. Hence, human ZFAND2a
protein was cloned with a C-terminal double affinity tag consisting of a Maltose binding protein
(MBP) derived from E.coli followed by a polyhistidine tag (6xHis tag). A 3C cleavage site was
introduced between the C-terminal end of ZFAND2a protein and the double-affinity tag
(Figure 4.3 A). The affinity tag was placed at the C-terminus because it was reported that the
N-terminal tag on ZFAND?2a can obstruct proteasome binding (Stanhill et al., 2006).

Recombinant ZFAND2a-MBP-6xHis was purified in a three-step protocol described in
detail in Section 3.2.3 of Materials and Methods. After each step, collected fractions were
analyzed on SDS-PAGE (Figure 4.3 B, C and D). After the first purification step the protein
was detected in a broad range of fractions (Figure 4.3 B). After the second purification step,
the protein was detected in a fewer number of fractions compared to the elution profile from
the previous step (Figure 4.3 C). However, the protein concentration in a single fraction
seemed to be in the same range, assessed by the visual inspection of band intensities, thus
indicating a loss in protein yield. Moreover, the second step did not significantly improve the
overall sample purity. To improve the purity of the protein, a third purification step was
performed (Figure 1.3 D). Similar to the previous step, the protein concentration in a single
fraction seemed to be in the same range, assessed by visual inspection of the band intensities,
thus indicating an additional loss in protein yield. Again, the overall sample purity did not seem
to have improved significantly. Nevertheless, the fractions contained ZFAND2a-MBP-6xHis
purified to >70% purity were pooled together, the protein was concentrated, and final protein
concentration was measured based on the absorbance at 280 nm (A2s0). On average, [ was able

to obtain 0.6 mg of protein from 44 g of bacterial cell pellet.
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Figure 4.3. Purification of recombinant ZFAND2a-MBP-6xHis

A) Hlustration of ZFAND2a construct. Cartoon scissors represent the 3C protease cleavage site.
AN1 - Zinc Finger AN1 domain, MBP — Maltose Binding Protein, HHHHHH - 6xHis.

B) SDS-PAGE analysis of immobilized metal affinity chromatography (IMAC) purification step.
C) SDS-PAGE analysis of ion-exchange chromatography (IEX) purification step.

D) SDS-PAGE analysis of size-exclusion chromatography (SEC) purification step.

On the right, the position of the band corresponding to the monomeric ZFAND2a-MBP-6xHis
protein (62.6 kDa) is indicated by the arrow. FT- flowthrough, W - wash, SN — supernatant,
M - PageRuler unstained protein ladder, IN — input.
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Although I introduced a cleavage site in the construct to obtain tag-less ZFAND?2a, I
could notproduce a ZFAND?2a protein without MBP-6xHis tag. A possible reason could be the
formation of soluble protein aggregates at high protein concentrations potentially obstructing
the 3C-protease cleavage site. Hence, for all experiments containing ZFAND?2a, I used the

tagged protein version.

4.1.3. Generation of proteasomal substrates

General requirements for a protein to be successfully degraded by the 26S proteasome
have been characterized by many studies (Amici et al., 2004; Bragan¢a and Kraut, 2020;
Kahana et al., 2005; Martinez-Fonts et al., 2020; Petroski and Deshaies, 2003). These studies
used a wide range of “model” proteasomal substrates. Nevertheless, the design of the substrates
was highly influenced by the overall aim of those studies. Model proteasomal substrates usually
contain at least three common elements: an unstructured initiation region, a proteasome
targeting signal, and a stably folded domain. The unstructured initiation region is often
arbitrarily chosen, or it is derived from known proteasomal substrates and often varies in length
and sequence among different studies (Prakash et al., 2004). For the targeting signal, the
substrate protein is usually expressed in-frame with a linear tetraubiquitin or a single ubiquitin
which serves as an acceptor ubiquitin in ubiquitination reaction to build different types of
polyubiquitin chains (Petroski and Deshaies, 2003). Alternatively, proteasome binding
domains such as the UBL domain derived from RAD23B can be fused to deliver substrates to
the 26S proteasome (Martinez-Fonts et al., 2020). Among folded protein domains, the most
popular choice is the enzyme dihydrofolate reductase (DHFR) because it is possible to monitor
its degradation by measuring an enzymatic activity or to manipulate its degradability through
stabilization with substrate analog methotrexate (Johnston et al., 1995). Other commonly used
model substrate is green fluorescent protein (GFP) or its variants, enhanced GFP (EGFP) or
circular permutant GFP (cpGFP). They can be used as direct reporters of 26S proteasome
activity using fluorescence measurement (Braganc¢a and Kraut, 2020). Guided by the sum of
knowledge from the above-mentioned studies, I designed different versions of model
proteasomal substrates that should cause 26S proteasome malfunction through the introduction
of a polyQ element assumed to stall 26S proteasome degradation. I also designed a control

version that is efficiently degraded because it does not contain stalling element.
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4.1.3.1. Strategy in substrate protein design

I have designed a total of seven different substrate proteins as potential candidates for
investigating ZFAND?2a’s influence on 26S proteasome degradation (Figure 4.4). Each
substrate protein contained the following domains listed from N- to C-terminus with their
respective molecular weights indicated in brackets: first 95 amino acids derived from human
Cyclin B (CycB(N95), 10.5 kDa), human dihydrofolate reductase (DHFR, 21.5 kDa),
enhanced green fluorescent protein (EGFP, 26.9 kDa) and human ubiquitin (UB, 8 kDa)
(Figure 4.4). CycB(N95) contains destruction box motif recognized by E3 ligase APC/CCd"!
complex and serves as an unstructured initiation region. DHFR represents stably folded protein
domain that requires ATP-dependent proteasome unfolding to get degraded whereas EGFP is
used for detection through fluorescence imaging. Finally, C-terminal ubiquitin serves as an
acceptor for the building of polyubiquitin chains necessary for substrate delivery to the 26S
proteasome. For protein purification and western blot purposes, the substrate proteins were
tagged on both N- and C-terminus, respectively. His-GST affinity tag (26.6 kDa) was attached
to the N-terminus followed by a 3C protease cleavage sequence (depicted with cartoon scissors
in Figure 4.4) and TwinStrep affinity tag (3.3 kDa) was attached to the C-terminus.

To cause proteasome malfunction, I have decided to introduce a long polyQ stretch,
previously indicated to stall the processive 26S proteasome degradation. It was previously
shown that shorter, non-pathological, polyglutamine stretches (<35Q) do not cause proteasome
stalling while longer, pathological stretches stall the proteasome and render it malfunctioning,

thus causing premature termination of protein degradation (Holmberg et al., 2004).
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Figure 4.4. Schematic illustration of domain composition of designed substrate proteins.
A) Control substrate protein without an introduced polyQ stretch as proteasome stalling element.
B) Potential stalling substrate proteins that contain varying sizes and positions of introduced

polyQ stretches as proteasome stalling elements.

The potential mechanism by which longer polyQ stretch causes the stalling of the 26S
proteasome degradation is still not completely understood. One possibility could be that an
encounter of a longer polyQ sequence with pore-1 loops of ATPase motor in charge of substrate
translocation results in slippage or weaker pulling force by the proteasome’s ATPase motor
similar to the suggested stalling mechanism by glycine-alanine repeats (GAr) (Hoyt et al.,
2006). This might render the 26S proteasome unable to unfold the protein domain following
the longer polyQ stretch and terminate substrate processing. Alternatively, it is still a matter of
debate whether the 26S proteasome stalling originates from inability of the proteasome to
cleave inside a longer polyQ sequence (Pratt and Rechsteiner, 2008; Venkatraman et al., 2004).
In case the 26S proteasome can only cleave at the border of a polyQ stretch, an uncleavable
polyQ stretch, longer than 35 residues, that is already translocated inside the 20S CP, could
potentially lead to clogging of the proteolytic chamber and halt further substrate processing.

In this study, I decided to introduce two sizes of polyQ stretches. A stretch of 19 (Q19)

and/or 89 (Q89) glutamines were introduced into a sequence of substrate proteins in front of

72



and/or following the folded domain of DHFR (Figure 4.4 B). Hence, for model proteasome
substrates designed in this study I expected that substrates containing Q19 (Q19-DHFR and
DHFR-Q19) are, just like the control NoQ substrate, completely degradable by the 26S
proteasome, while the degradation of substrates containing Q89 (Q89-DHFR, DHFRQ-QS89,
Q19-DHFR-Q89, and Q89-DHFR-Q19) by the 26S proteasome is stalled and/or terminated at
the position of where Q89 start. The size of degradation products after degradation of different
substrates should be observed as a ~21 kDa difference when analyzed on SDS-PAGE,
corresponding to the molecular size of DHFR domain that is either following or preceding the

introduced Q89 stretch.

4.1.3.2. Purification of designed substrate proteins

Genes encoding for substrate proteins were ordered as synthetic genes, cloned,
recombinantly expressed in E.coli cells and purified using affinity purification described in
Section 3.2.3.5 of Materials and Methods. The steps during purification were analyzed on SDS-
PAGE (Figure 4.5). All seven substrate proteins were successfully purified with varying yields
as can be seen when comparing Elution 1 (E1) and Elution 2 (E2) lanes from different substrate
proteins in Figure 4.5. Double bands are detected in Elution lanes due to EGFP taking on
different folding states which have distinct migration properties in polyacrylamide gel because
of only partial denaturation in SDS sample buffer (Martinez-Fonts et al., 2016). Since E.coli
cells also express their endogenous GST, a strong band corresponding to the size of GST (22.8

kDa) is also detected in Elution lanes.
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Figure 4.5. SDS-PAGE analysis of affinity purification of designed substrate proteins.

On the right the enclosing brackets and dashed squares on the gel image mark the positions of
individual bands corresponding to substrate proteins and the arrow indicates the position of
endogenous E.coli GST (Endo. GST) co-pulled with tagged protein. The upper panel represents
a Stain-free image, and the lower panel represents an image of EGFP fluorescence. M —
PageRuler unstained protein ladder, P — pellet, SN — supernatant, FT — flowthrough, W — wash,

E — elution.

The purified proteins were concentrated, and the protein concentration was measured
using EGFP fluorescence to avoid overestimation of protein concentration due to the presence
of co-purified endogenous GST. In the shown purification example only Q19-DHFR-Q89
substrate protein was not purified in a measurable amount. However, subsequent repetition of
the same purification yielded comparable amounts of this substrate protein compared to the
others (Supplementary Figure 2). The purification yield varied among different substrate
proteins and on average, [ obtained 5-18 mg of protein from 25-30 g of bacterial cell pellet.

The proteasomal substrate proteins I designed in this study have a molecular weight
between 90 and 112 kDa, the protein size considered to be challenging for the successful
expression in E.coli cells (Rosano and Ceccarelli, 2014). Therefore, to make sure that the
substrate proteins were expressed and purified as intact proteins, anti-GST western blot was
performed against N-terminal GST tag in combination with anti-Strep western blot against C-

terminal Twin-Strep tag (Figure 4.6). Western blot against either of the tags detected double
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bands in Elution (E) lanes, as observed previously in the Fluorescence image of substrate
protein purification (Figure 4.5). The same bands were detected using anti-GST and anti-Strep
antibodies, albeit with different intensities mostly due to different binding and detection
efficiencies of two antibodies. The detection of both termini being present confirmed that the
substrate proteins were purified as full-length substrate proteins. In addition, anti-GST western
blot confirmed that the strong band detected at ~25 kDa is indeed endogenous GST (Figure
4.6).
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Figure 4.6. Western blot analysis of affinity purification of substrate proteins.

The upper panel represents anti-GST western blot, and the lower panel represents anti-Strep
western blot. On the right, the position of endogenous E.coli GST (Endo. GST) co-pulled with
tagged proteins is indicated together with double-band positions corresponding to substrate
proteins. The nitrocellulose membranes were visualized using a Chemiluminescence channel. P —

pellet, SN - supernatant, FT — flowthrough, W — wash, E — elution.

In addition to the western blot analysis, all resolved protein bands for the substrate
proteins were excised from the polyacrylamide gels and submitted for mass spectrometry
analysis (K. Mechtler lab, Protein Chemistry facility, IMBA, Vienna Austria). Peptide
identification analysis showed the presence of peptides originating from full-length substrate

proteins (Supplementary Table S3). This result further confirms that the substrate proteins

75



were expressed and purified as intact protein species and that both bands visualized on the

SDS-PAGE correspond to full-length proteins.

4.1.3.3. Ubiquitination of substrate proteins

In cells, the protein needs to carry a degradation tag, most often in a form of a
polyubiquitin chain, to be targeted to the 26S proteasome for degradation (Hershko et al.,
1980). For this purpose, purified substrate proteins were polyubiquitinated using two different
ubiquitination reactions. The reactions differed in the type and number of polyubiquitin chains
added to the substrate protein as this can infer different degradation properties by the 26S
proteasome (Martinez-Fonts et al., 2020).

The most common type of polyubiquitin chain that targets the proteins for degradation
in cells is the K48-type ubiquitin chain (Gordon et al., 2003). To build K48-type ubiquitin
chains, substrate proteins were polyubiquitinated in a reaction catalyzed by E1 enzyme Ubal
that activates ubiquitin in an ATP-dependent manner and E3-independent E2 enzyme SuperE2
that adds activated ubiquitin on an existing ubiquitin present at the C-terminus of substrate
proteins. Consequently, substrate proteins were polyubiquitinated with a single linear K48-
type polyubiquitin chain positioned at the protein’s C-terminus (Figure 4.7). Different time
points during ubiquitination reaction were analyzed on SDS-PAGE and substrate species were
visualized using EGFP fluorescence to confirm that the reaction was indeed taking place
(Figure 4.7). After 3 hours, the appearance of higher molecular weight bands (marked by Ubn-
Sub) can be observed, indicating successful building of K48-type polyubiquitin chains. Due to
the high molecular weight of substrates containing Q19/Q89, instead of individual bands, the
polyubiquitinated species are observed as a smear above the non-ubiquitinated substrate
protein (marked as Sub). As a control, if no ATP was added to the reaction, which is required
for the ubiquitin activation by Ubal, there were no higher molecular weight species observed

at the final time point.
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Figure 4.7. SDS-PAGE analysis of ubiquitination reaction of substrate proteins catalyzed by

Ubal/SuperE2.

In the bottom left corner, a schematic of SuperE2 K48-polyubiquitinated control NoQ substrate
is illustrated. On the right of each gel panel, the arrow indicates the band corresponding to
substrate protein without any added ubiquitin moieties (Sub), while the enclosed brackets

indicate the polyubiquitinated substrate species (Ubn-Sub). For control reactions, - Substrate and
- ATP, only final time-points were analyzed on SDS-PAGE. The image was taken using the

Fluorescein channel.
Although SuperE2-mediated substrate protein ubiquitination was overall successful,

the reaction efficiency did not reach 100% which would correspond to complete

polyubiquitination of all substrate protein species. The SuperE2-mediated substrate

ubiquitination had very low efficiency, albeit sufficient to produce enough material required

for performing degradation and reconstitution assays.
In addition to K48-type polyubiquitination, certain proteins in cells, such as important
cell cycle regulators cyclin B and securin, can be targeted to the 26S proteasome by being
marked with branched K11/K48-type ubiquitin chains (Meyer and Rape, 2014). This type of
polyubiquitination is carried out by APC/CC! in conjunction with Ubch10/Ube2S E2 enzymes
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(King et al., 1995). Both securin and cyclin B1 contain destruction box (D-box) sequence motif
that is recognized by Cdh1 adaptor protein which brings together the enzymatic machinery to
carry out the ubiquitination (Penas et al., 2012). In this study, designed substrate proteins
contained on their N-terminus first 95 amino acids derived from human cyclin B1 with D-box
motif. Since Ube2S was unintentionally omitted from the reaction, the substrate proteins were
in the end K11/K63-polyubiquitinated on their N-terminus in a reaction catalyzed by Ubal,
Ubch10, and APC/CC!, Later communication with N.G Brown lab (UNC School of Medicine)
led to the realization that in APC/C® mediated ubiquitination reaction a KI11/K63-
polyubiquitin chain on the C-terminal ubiquitin was also built due to the presence of a lysine
residue nearby. Hence, APC/C®"! K11/K63-polyubiquitinated substrate proteins contained
branched polyubiquitin chains positioned at the N-terminal CycB(N95) and at the C-terminal
ubiquitin. Only NoQ and DHFR-Q89 substrate proteins were used as inputs for APC/C¢dh!
ubiquitination assay. During ubiquitination reactions, aliquots were taken at different time
points and analyzed on SDS-PAGE. Substrate species were visualized using EGFP
fluorescence to confirm the reaction was indeed taking place (Figure 4.8). After 5 hours,
polyubiquitination can be observed by the appearance of higher molecular weight species
(marked with Ubn-Sec in lanes 5h and O/N). The APC/C¢! polyubiquitinated species are only
visualized as a smear instead of individual bands as was the case with K48-polyubiquitinated
substrates. This is most likely due to the much longer polyubiquitin chains built by APC/C®4h!,
For control purposes, the omittance of ATP in the same reaction, abolished ubiquitination
reaction as no visible higher molecular weight species appeared even after an overnight

incubation.
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Figure 4.8. SDS-PAGE analysis of ubiquitination reaction of control NoQ and stalling DHFR-

Q89 substrate proteins catalyzed by APC/C™!, Ubch10, and Ubal.
On the left, a schematic of APC/C“™ K11/K63-polyubiquitinated control NoQ substrate is

illustrated. On the right of each gel panel, the arrow indicates the band corresponding to substrate
protein without any added ubiquitin moieties (Sub), while the enclosed brackets indicate the
polyubiquitinated substrate species (Ubn-Sub). O/N — overnight. The image was taken using the

Fluorescein channel.

Although slightly more efficient than E2-mediated ubiquitination reaction, the
overall efficiency of APC/C®"! mediated ubiquitination was still quite low, with
approximately half of the initial amount of substrate protein (Sub) remaining without any
polyubiquitin chain added. Nevertheless, the amount of polyubiquitinated substrate (UbnSub)
was sufficient to carry out degradation assays.

The reasons for the low efficiency of both types of ubiquitination reactions most likely
originate from input substrate proteins, as the same enzymes used under the same conditions
and concentration ratios with different substrate proteins in the Haselbach lab resulted in much
higher ubiquitination efficiency. It is probable that the elements required by ubiquitination

machinery, C-terminal ubiquitin, and D-box in CycB(N95), were not easily accessible for

ubiquitin conjugation either due to steric clashes with surrounding protein elements or more

likely because of the partial aggregation of substrate proteins in solution.
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4.1.3.4. Initial degradation screen with K48-polyubiquitinated substrates

First, I performed an initial degradation assay screen with K48-polyubiquitinated
proteasomal substrates to test whether the control substrate was getting efficiently degraded by
purified 26S proteasomes in vitro and which of the designed stalling substrates stalled
proteasomal degradation and caused 26S proteasome malfunction. For this purpose, HeLa 26S
proteasomes were added directly to the ubiquitination reaction together with additional ATP
necessary for substrate unfolding and translocation into the 20S CP for degradation. In
addition, a reaction with the deubiquitinating enzyme USP21 was carried out to depict the
different outcomes when the proteasomal substrate is only deubiquitinated in comparison to
when it is being deubiquitinated and degraded. The control reaction without any enzymes was
performed to monitor the stability of EGFP fluorescence over time as the assay is performed
overnight at 37°C. Initial and final timepoints were sampled and analyzed on SDS-PAGE
(Figure 4.9). To focus the analysis on the fate of substrate protein, detection of EGFP
fluorescence was used. Visualizing all proteins present in the reaction would interfere with
distinguishing which bands correspond to the substrate protein and which correspond to
components of ubiquitination machinery.

In control reaction without any enzymes (Sub Ctrl lanes) EGFP fluorescence only
slightly faded over the time course of the reaction, and after 24h the bands of non-ubiquitinated
(Sub) and polyubiquitinated species (Ubn-Sub) were still present (Figure 4.9). The appearance
of higher molecular weight species after 24h in some of the Sub Ctrl lanes is probably a result
of a partial protein aggregation over time. Due to a loading error, this control is absent in one
of the reactions with Q89-DHFR-Q19. USP21 successfully deubiquitinated all substrate
species as can be observed by the disappearance of Ubn-Sub bands in the USP21 24h lane
compared to USP21 Oh lane from USP21 reaction (Figure 4.9). The reactions containing 26S
proteasomes also showed deubiquitination activity when comparing lanes 26S Oh and 26S 24h,
albeit at a lower efficiency when compared to USP21 (compare lanes USP21 24h and 26S 24h)
(Figure 4.9). More importantly, in the presence of 26S proteasomes after 24h protein bands
with a molecular weight lower than the size of the full-length substrate protein accumulated
(Deg-Sub). The accumulation of such bands is indicative of substrate degradation by the 26S

proteasome.
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Figure 4.9. SDS-PAGE analysis of initial degradation assay with K48-polyubiquitinated

substrates and HeL.a 26S proteasomes.
On the right the arrow indicates the band corresponding to substrate protein without any added

ubiquitin moieties (Sub), the enclosed brackets indicate the polyubiquitinated substrate species
(Ubn-Sub), and the bands corresponding to degradation intermediates (Deg-Sub). The initial
degradation assay screen did not involve Q19-DHFR-Q89 substrate because this substrate
protein was not available at the time. I assumed that reaction with Q19-DHFR-Q89 substrate

would give the same result as the reaction with DHFR-Q89 substrate. The image was taken using

the Fluorescein channel.

The smallest accumulating degradation fragment detected has a molecular weight of
~37 kDa. Since this fragment shows a signal when detecting EGFP fluorescence and the
degradation is assumed to be initiated from the N-terminal part of the substrate protein, this
fragment corresponds to the size of the EGFP-Ub-TwinStrep region of the full-length substrate
protein. This ~37 kDa degradation fragment is observed in almost all reactions, including
reaction with control NoQ substrate, and is only not observed in the reaction with DHFR-Q89
substrate. These observations indicate that once the 26S proteasome reaches the EGFP part of
the model proteasomal substrate designed in this study, EGFP is not getting degraded with

100% efficiency by the 26S proteasome in vitro. Moreover, the lower efficiency of EGFP
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processing by the 26S proteasome is occurring regardless of the presence of polyQ stretches.
This is evident since in reaction with control NoQ substrate the same EGFP-Ub-TwinStrep
degradation fragment is detected as in reactions with substrates that do contain polyQ stretches
(Q19-DHFR, DHFR-Q19, Q89-DHFR, Q89-DHFR-Q19) (Figure 4.9). These results are in
agreement with previous observations made by others showing that different GFP variants have
different susceptibility to getting degraded by the 26S proteasome in vitro due to differences
in intrinsic protein stabilities (Braganga and Kraut, 2020). Among them, the EGFP was shown
to be least efficiently degraded as it most likely represents the biggest unfolding challenge for
the proteasomal ATPases due to its compact B-barrel structure (Braganga and Kraut, 2020).

The only exception to described degradation pattern was observed in the reaction with
DHFR-Q89 substrate in which the smallest degradation fragment detected by the accumulation
of intensity in this gel area has a size of ~55 kDa (Figure 4.9). This indicates that the
degradation of this substrate protein was terminated earlier in the protein sequence compared
to other substrate proteins. The fragment size comprising of Q89-EGFP-Ub-TwinStrep would
have a mass of ~50 kDa which is close to the observed smallest degradation fragment size in
the reaction with DHFR-QS89 substrate. Here it is important to note that long polyQ stretches
in proteins can interfere with protein mobility in polyacrylamide gels (Holmberg et al., 2004).
Hence, it is not entirely trustworthy to base conclusions solely upon the apparent protein size
but to consider the relative position differences between the smallest fragments observed in
reactions with other substrates and the ones observed in reaction with DHFR-Q89 substrate. In
summary, the detection of ~55 kDa band as the smallest degradation fragment in reaction with
DHFR-Q89 substrate indicates that most likely the Q89 stretch positioned upstream of EGFP
leads to stalling and causes 26S proteasome malfunction.

Surprisingly, I did not observe stalling of proteasomal degradation when the Q89 is
positioned in front of DHFR domain in Q89-DHFR and Q89-DHFR-Q19 substrates. This lack
of stalling effect confirms that pathological polyQ stretches stall 26S proteasome degradation
depending on the context in which they are present in the substrate in a similar fashion that was
observed for GAr (Daskalogianni et al., 2008). In this case, I reason that DHFR unfolding is
energetically less demanding than EGFP unfolding to allow translocation of the polypeptide
inside the 20S CP for degradation. In other words, the steric influence of the introduced Q89
region inside the polypeptide chain on substrate unfolding and translocation is perhaps not
severe enough for impeding DHFR unfolding by the ATPase motor and subsequent
degradation. Moreover, in this study I did observe that the 26S proteasome was able to degrade

through Q89 stretch present in Q89-DHFR and Q89-DHFR-Q19 substrates. This result speaks
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against the clogging of the proteolytic chamber with a too long uncleavable protein stretch as
an underlying mechanism of polyQ-mediated 26S proteasome malfunction as some studies

suggest (Venkatraman et al., 2004).

4.1.3.5. Separation of polyubiquitinated from non-ubiquitinated substrate
species

The initial degradation assay provided me with an insight into which of the potential
stalling substrates indeed cause proteasome stalling by the introduced polyQ stretches.
However, the input into the initial degradation reaction still contained enzymes of
ubiquitination machinery and free ubiquitin chains and monomers. These components could
potentially interfere with the kinetics of the substrate protein degradation. In particular, free
ubiquitin chains were shown to compete with proteasomal substrates for binding to the 26S
proteasome and slowing down their degradation in vitro (Thrower et al., 2000). To avoid this
inhibitory effect while investigating 26S proteasome degradation of control and stalling
substrate proteins in the presence or absence of ZFAND2a, the ubiquitination reaction was
subjected to size-exclusion chromatography. This chromatography step removes the
ubiquitination enzymes and free ubiquitin. Also, it allowed to a certain extent, the separation
of polyubiquitinated from non-ubiquitinated proteasomal substrate proteins.

Ubiquitination reactions containing K48(NoQ) and K48(Q19-DHFR-Q89) substrates
as well as K11/K63(NoQ) and K11/K63(DHFR-Q89) substrates were separated on an
analytical size-exclusion chromatography column and collected fractions were analyzed on
SDS-PAGE. Substrate bands were detected using EGFP fluorescence (Figure 4.10 and Figure
4.11). The separation of K48(NoQ) substrate resulted in almost complete separation of
polyubiquitinated from non-ubiquitinated species (lane 6, 7, and 8 in Figure 4.10 A), whereas
separation of K48(Q19-DHFR-Q89) substrate resulted in a single fraction (lane 1 in Figure
4.10 B) that reached the level of separation similar to K48(NoQ) substrate. The separation of
K11/K63(NoQ) and K11/K63(DHFR-Q89) substrates showed somewhat different behavior. A
big portion of total protein input got eluted in the void volume or close to it (lanes 1, 2 and, 3,
Figure 4.11 A and B). This indicated that a large amount of the protein aggregated, either
during the time course of ubiquitination reaction and/or upon freezing and thawing of
ubiquitination reaction. The majority of non-ubiquitinated species and polyubiquitinated

species with extremely long polyubiquitin chains (>200 kDa in molecular weight) but also one
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portion of polyubiquitinated species with moderate chain length (120-150 kDa) was present in
the void-volume fractions. I assume that the medium length (>9 ubiquitin moieties)
polyubiquitin chains could have contributed to better solubility and attenuated complete
aggregation of corresponding polyubiquitinated species. In contrast, the non-ubiquitinated
substrate and the substrate with longer polyubiquitin chains had a higher propensity to
aggregate. Indeed, it was previously shown in literature that very long polyubiquitin chains
tend to lead to aggregation due to decrease in folding stability of the ubiquitin in longer chains
(Morimoto et al., 2015). Despite the observed partial aggregation in the ubiquitination
reactions, there was still enough amount of soluble polyubiquitinated protein (Figure 4.11,
lanes 4-6 A) and lanes 5-10 B)). The remaining soluble species were separated to a workable
extent from non-ubiquitinated protein species. The fractions after SEC that contained soluble
polyubiquitinated substrates were used as an input for in vitro degradation assay or in vitro

reconstitution experiments.

A) B
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Figure 4.10. SDS-PAGE analysis of separation of K48-polyubiquitinated substrate species from
non-ubiquitinated substrate species using size-exclusion chromatography. Fractions 7, 8, and 9
from K48(NoQ) substrate and fractions 1 and 2 from K48(Q19-DHFR-Q89) substrate were used

in subsequent in vitro assays. The image was taken using the Fluorescein channel.
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Figure 4.11. SDS-PAGE analysis of separation of K11/K63-polyubiquitinated substrate species
from non-ubiquitinated substrate species using size-exclusion chromatography. Fractions 4-10
from K11/K63(NoQ) substrate and fractions 4-10 from K11/K63(DHFR-Q89) substrate were

used in subsequent in vitro assays. The image was taken using the Fluorescein channel.

4.3. Functional analysis of ZFAND2a-bound 26S proteasome
complex

Once I prepared all the necessary components and verified control and identified
stalling proteasomal substrates, I set out to test if, in the system with minimal components,
ZFAND?2a binding to the 26S proteasome would potentially result in the overall enhancement
of protein degradation by the 26S proteasome. I envision that increased 26S proteasome
activity upon ZFAND?2a binding could compensate for the observed insufficient handling of
substrate load by the UPS due to proteotoxic stress or expression of mutant, disease-related
proteins such as mHTT. Alternatively, I wanted to test the possibility that ZFAND2a might
also directly bind the malfunctioning 26S proteasomes stalled by toxic substrate. I hypothesize
that in such scenario, the ZFAND?2a binding could energetically favor and enable coordinated
conformational changes of proteasomal subunits to restore the 26S proteasome function.
Consequently, the 26S proteasome conformational movements upon ZFAND2a binding would
result in efficient processing of either misfolded proteins, or more specific, substrates with
stalling elements like pathological polyQ stretches. To test these hypotheses, I used an
established protocol for an in vitro degradation assay with purified components — 26S
proteasomes, ZFAND2a-MBP-6xHis and control NoQ substrate or stalling DHFR-Q89 or
Q19-DHFR-Q89 substrates carrying two different polyubiquitination signals.
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4.3.1. SDS-PAGE analysis of degradation assay

In vitro degradation assays were set under single-turnover conditions. The assay with
control K48(NoQ) or K11/K63(NoQ) substrate was performed to test if ZFAND2a binding
would enhance overall activity of the 26S proteasome. The assay with stalling K48(Q19-
DHFR-Q89) or K11/K63(DHFR-Q89) substrate was performed to investigate whether
ZFAND2a binding could rescue malfunctioning 26S proteasomes and enable complete
degradation of substrates with long polyQ stretches that otherwise stall the degradation.
Substrates after analytical size exclusion were mixed with purified human HEK293GP 26S
proteasomes in the presence or absence of ZFAND2a-MBP-6xHis in a stoichiometric ratio of
1:20 as described in Section 3.2.5.2 of Materials and Methods. Chosen time points throughout
the assay were taken and analyzed on SDS-PAGE (Figure 4.12 and Figure 4.13). In a similar
fashion to the initial degradation assay, a control reaction containing only substrate was
performed to control for the stability of EGFP fluorescence over time. In addition to imaging
fluorescence, the gels were also stained with SafeBlue to detect ubiquitin released upon
deubiquitination (Figure 4.12 and Figure 4.13, bottom panel).

Efficient degradation of K48(NoQ) substrate by the 26S proteasome could be observed
with the smallest degradation fragment having a molecular size of ~37 kDa (Figure 4.12 A).
This was in accordance with the result obtained in the initial degradation assay (Figure 4.9).
The same pattern of degradation fragments and extent of NoQ substrate degradation was
identified in the presence and absence of ZFAND2a, which suggests that the ZFAND2a
binding did not enhance the overall rate of protein degradation by the 26S proteasome.
However, after a more thoughtful analysis I rendered this assay as inconclusive since the first
sampled time point seemed to be taken after the degradation was already almost done.

In contrast to the control substrate K48(NoQ), only partial degradation of the stalling
K48(Q19-DHFR-Q89) substrate was observed. The smallest degradation fragment
corresponds to a molecular weight of ~55 kDa assessed by the end range of a smear below a
band representing full-length non-ubiquitinated substrate protein (Figure 4.12 B). This
outcome is also in agreement with the result of the initial degradation assay (Figure 4.9). Any
apparent difference in smear length could not be identified between the reaction containing
ZFAND?2a and the one that doesn’t contain ZFAND2a. However, if ZFAND2a binding to the
26S proteasome would have enabled uninterrupted processing through polyQ stretches by the
26S proteasome, I expected the smear length in the reaction containing ZFAND?2a to appear

lower in the gel than in the reaction with no present ZFAND2a. Hence, I concluded that in this
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in vitro setup and with our designed stalling Q19-DHFR-Q89 substrate, ZFAND2a does not
enable 26S proteasome processing of long polyQ stretches in (K48)-polyubiquitinated

substrate.
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Figure 4.12. SDS-PAGE analysis of in vitro degradation assay with HEK293GP 26S proteasomes
and control K48(NoQ) substrate or stalling K48(Q19-DHFR-Q89) substrate.

On the right side of the gel, the band position of non-ubiquitinated substrate (Sub) is indicated
with an arrow, the band range representing polyubiquitinated substrate (Ubn-Sub) and
degradation products (Deg-sub) is indicated with enclosing brackets. Ubiquitin band is indicated
with an arrow in the lower panel. The upper image was taken using the Fluorescein channel. The
bottom image was taken after overnight staining of the gel with SafeBlue and imaging with the

Coomassie channel.

The same in vitro degradation assay was performed using control K11/K63(NoQ)
substrate and stalling K11/K63(DHFR-Q89) substrate. By using differently polyubiquitinated
substrates, [ wanted to exclude the possibility that the type and number of polyubiquitin chains
might influence the regulatory function of ZFAND2a when bound to the 26S proteasome. In
this assay, I sampled more time points to avoid under-sampling as in the assay with K48-

polyubiqutinated substrates.
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Efficient degradation of the control K11/K63(NoQ) substrate can be observed up until
the EGFP as again the smallest detected degradation fragment had a molecular weight of ~37
kDa (Figure 4.13 A). Contrary, the stalling K11/K63(DHFR-Q89) substrate was only degraded
to the position of Q89 stretch preceding EGFP as the smallest detected degradation fragment
had a molecular weight of ~55 kDa (Figure 4.13 B). A slight decrease in the overall rate of
substrate deubiquitination was observed in the presence of ZFAND2a for both reactions.
However, experiments with increasing ZFAND2a concentrations showed that this effect could
be due to unspecific ZFAND2a-substrate interactions since when lower ZFAND2a
concentrations were used the effect was no longer observed (Figure S2). Hence, I assume that
the cause of decreased deubiquitination rate is probably due to unspecific interactions between
much longer, aggregation-prone polyubiquitin chains on K11/K63-ubiquitinated substrates and
ZFAND?2a soluble aggregates present at higher ZFAND2a concentrations. These interactions

most likely interfere with substrate binding and/or accommodation on the 26S proteasome.
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Figure 4.13. SDS-PAGE analysis of in vitro degradation assay with HEK293GP 26S proteasomes
and K11/K63(NoQ) or K11/K63(DHFR-Q89) substrate.

On the right side of the gel, the band position of non-ubiquitinated substrate (Sub) is indicated
with an arrow, the band range representing polyubiquitinated substrate (Ubn-Sub) and
degradation products (Deg-sub) is indicated with enclosing brackets. The position of smallest
degradation fragment EGFP-Ub-Strep is indicated with an arrow. Ubiquitin band is indicated
with an arrow in the lower panel. The upper image was taken using the Fluorescein channel. The
bottom image was taken after overnight staining of the gel with SafeBlue and imaging with the

Coomassie channel.

The results I report in this study from the in vitro degradation assay with
K11/K63(NoQ), also when repeated with decreased ZFAND2a concentrations to minimize the
inhibitory effect of unspecific interactions, suggest that ZFAND2a binding to the 26S
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proteasome in a minimal component system does not result in an increased rate of protein
degradation. This is in accordance with another study where they also did not observe an
increase in the degradation of tetraubiquitin-fused DHFR in the presence of N-terminally His-
tagged ZFAND?2a (Lee et al., 2018). However, these results were interpreted with caution since
another study showed that N-terminally tagged ZFAND2a is not able to bind the 26S
proteasome (Stanhill et al., 2006). Furthermore, the results of the in vitro degradation assay
with stalling K11/K63(DHFR-Q89) substrate I reported in this study agree with our
observations made with stalling K48(Q19-DHFR-Q89) substrate, that the 26S proteasome is
not able to process Q89 stretch positioned upstream from EGFP. The inability to process these
substrates was not influenced by different type of polyubiquitin chains or ZFAND2a presence.
Based on these assays, I concluded that ZFAND2a binding does not seem to influence 26S

proteasome to process substrates with long polyQ stretches in a minimal component system.

4.4. Structural analysis of ZFAND2a-bound 26S proteasome
complex

In the second part of this work, I aimed to provide structural characterization of the
ZFAND2a-bound 268S proteasome complex. Firstly, I wanted to identify the exact ZFAND2a
binding site on the 19S RP. Secondly, I searched for additional clues regarding the regulatory
nature and molecular mechanisms behind ZFAND2a binding to the 26S proteasome under
conditions that compromise its function and the potential role in rescuing the stalled system.

The information about the exact ZFAND?2a binding site on the 19S RP is fairly scarce
and there is, to my knowledge, no available structural data on ZFAND2a-bound 26S
proteasome complex. A study from 2006 identified Rpnl in an immunoprecipitation
experiment as the most likely subunit through which interaction between ZFAND2a and 26S
proteasome is established (Stanhill et al., 2006). The same study attempted to structurally
characterize the ZFAND2a-bound 26S proteasome complex by using negative stain single-
particle transmission electron microscopy (nsTEM). In this method, a sample containing a
complex of interest is applied onto an EM grid and is then embedded into a layer of a heavy
metal salt solution, the excess of which is removed by blotting to a thin filter paper, and the
grid is left to dry. Since the macromolecular complexes are then visualized based on the
exclusion of the electron-dense stain, the method was termed negative staining (Ohi et al.,

2004). This method allows quick and simple sample preparation to provide initial structural
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insights. However, its drawbacks in limited achievable resolution and a high chance of
macromolecular complex disintegration and architectural distortion restricts the quality of
attainable information. Therefore, the aforementioned analysis of ZFAND2a-bound 26S
proteasome complex by nsTEM was not high quality to discern individual subunits of the 19S
RP, and ZFAND?2a binding site (Stanhill et al., 2006).

Since then, another method named single-particle cryo-EM has been rapidly developed
and optimized. This method does not suffer from the same consequences and limitations of
nsTEM; besides, it can reach a higher resolution. In single-particle cryo-EM, the sample is not
embedded in stain, but is rather vitrified in a very thin ice on an EM grid. Such sample
preparation allows preservation of native macromolecular structures and, in an ideal case, does
not cause severe damage to the specimen (Frank, 2002). These advantages of single-particle

cryo-EM made it the method of choice for structural work during my doctorate studies.

4.4.1. Reconstitution of ZFAND2a-bound 26S proteasome complex

For structural analysis by single-particle cryo-EM, I used an in vitro reconstitution
approach to obtain ZFAND2a-bound 26S proteasome complex in the presence of stalling
substrate from individually purified components. Pull-down experiments in earlier studies
reported that binding of ZFAND proteins, namely ZFAND2a and ZFANDI, to the 26S
proteasome is compromised under ATP conditions and is enriched under ADP conditions
(Stanhill et al., 2006, Turakhiya et al., 2018). Initially, I reasoned that perhaps ADP nucleotide
condition favors certain 26S proteasome conformation that is preferably recognized and bound
by ZFAND2a. However, data reported in the literature do not suggest that ADP condition
results in a preference towards any particular 26S proteasome state under in vitro conditions,
but it only slightly alters conformational equilibrium when compared to ATP nucleotide
condition (Bard et al., 2018). It is also questionable whether a parallel can be drawn between
in vitro observations and pull-down experiments performed from a cellular environment which
contains all the other components of the UPS. One could imagine that one portion of the 26S
proteasomes from cell extracts is actively engaged with a substrate. A sudden depletion of the
ATP needed to actively translocate the substrate by conversion to ADP could potentially result
in the substrate “stalling” in the translocation channel. Such an event might reflect the 26S
proteasome stalling by toxic proteins or when treated with proteasome inhibitors, both

conditions are known to induce ZFAND2a expression and binding to the 26S proteasome

91



(Stanhill et al., 2006). However, complete elimination of ATP from all steps during in vitro
reconstitution reaction would impose a challenge in this study since the 26S proteasome
requires ATP to initiate substrate unfolding and translocation prior to stalling. The ATP to ADP
exchange most likely would not compromise the stability of the complex since ADP alone is
sufficient for maintaining stable association of the 19S RP and the 20S CP. Taking all the
aforementioned information, I reasoned that the presence of stalling substrate designed in this
study, which mimics proteotoxicity, even under initial ATP conditions, might also push the
26S conformational equilibrium towards the state recognized and bound by ZFAND2a.

Finally, the reconstitution reaction contained HEK293GP 26S proteasomes and an
excess of ZFAND2a-MBP-6xHis in the presence of low-nanomolar concentration of stalling
K48(Q19-DHFR-Q89) substrate. As controls, reactions containing stalling substrate together
with only ZFAND2a-MBP-6xHis or only 26S proteasomes were prepared (Figure 4.14 A).
The input sample containing HEK293GP proteasomes that was used already contained ATP
originating from the purification protocol described in Section 3.2.4.2 of Materials and
Methods. As discussed, the presence of ATP at the beginning of the reaction allowed initial
substrate engagement and translocation. After 10 min incubation on ice, the nucleotide
equilibrium was shifted towards ADP conditions by adding hexokinase and D-glucose upon
which hexokinase catalyzes the phosphorylation of D-glucose and converts ATP to ADP. ADP
conditions ensured complete halt of 26S processing and could simultaneously stabilize
ZFAND2a-bound 26S proteasome complex. Following the incubation and overnight
ultracentrifugation on a sucrose gradient, different molecular complexes from each reaction
were separated based on their densities. The gradients were manually fractionated and either
all fractions or fractions assumed to contain a complex of interest were analyzed on SDS-PAGE
(Figure 4.14).

In the gradient containing stalling K48(Q19-DHFR-Q89) substrate and ZFAND2a-
MBP-6xHis reaction, ZFAND2a-MBP-6xHis was identified in fractions throughout the whole
gradient with the major peak being in fractions 5-9 (Figure 4.14 B). According to ZFAND2a
construct’s molecular weight of ~62 kDa, ZFAND2a-MBP-6xHis was expected to remain at
the top of the sucrose gradient. However, my previous assumption that ZFAND2a-MBP-6xHis
forms soluble aggregates at higher concentrations due to its disordered nature was confirmed
by its rather broad distribution in the first half of the gradient. The stalling K48(Q19-DHFR-
Q89) substrate was similarly spread in the first half of the gradient. This was expected since
individual substrate monomers have different polyubiquitin chain lengths attached and hence

different densities. Throughout the gradient an additional subtle separation between non-
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ubiquitinated substrate and polyubiquitinated substrate was achieved (Figure 4.14 B). The
majority of non-ubiquitinated substrate remained in the first three gradient fractions, while the
polyubiquitinated substrate was present in gradient fractions 4-15. Trace amounts of the non-
ubiquitinated substrate could also be in fact detected throughout the whole gradient. I assume
that this is most likely because the substrate protein aggregated during freeze/thaw cycles or
simply over time due to the presence of aggregation-prone polyQ stretch.

In the gradient containing the reaction with all three components - the stalling
K48(Q19-DHFR-Q89) substrate, the ZFAND2a-MBP-6xHis, and the 26S proteasome - the
26S proteasome characteristic band pattern was detected in fractions 11-13 (Figure 4.14 C).
The protein peaks for ZFAND2a-MBP-6xHis and stalling substrate K48(Q19-DHFR-Q89)
coincided with the 26S proteasome peak in fractions 11-13 and are slightly shifted towards the
second half of the gradient when compared to the control gradient (Figure 4.14 B). Thus, I
predicted that fractions 11-13 contained ZFAND2a-bound 26S proteasome complex and the
stalling K48(Q19-DHFR-Q89) substrate. The presence of the 26S proteasome in the
reconstitution reaction resulted in a narrower distribution of polyubiquitinated substrate species
across the gradient. Since the 26S proteasome concentration is 10x the substrate concentration,
all polyubiquitinated substrate species were expected to be at least bound to, if not engaged
with the 26S proteasome. Moreover, the 26S proteasome species were expected to be in only
few gradient fractions. Consequently, the polyubiquitinated substrate species are detected only
in fractions that also contain the 26S proteasome complexes (Figure 4.14 C and D).

In the gradients that contained stalling K48(Q19-DHFR-Q89) substrate and 26S
proteasome with or without ZFAND2a-MBP-6xHis, additional bands are detected in the
gradient fractions 1-4 with an estimated molecular weight of ~75 kDa and ~60 kDa (Figure
4.14 C and D). This band size can be correlated with the size of degradation fragments I
observed previously in SDS-PAGE analysis of the in vitro degradation assay. This indicates
that the initial ATP conditions allowed engagement and partial processing of one portion of
polyubiquitinated substrates. Partial processing of all the stalling K48(Q19-DHFR-QS89)
substrate species was most likely prevented by depletion of ATP in the reconstitution reaction
and by the fact that the sucrose gradient was supplemented with ADP. The ADP condition
allowed the substrate species to remain bound or engaged with the intact 26S proteasome
during the overnight experiment before making the cryo-EM grid with final sample

preparation.
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Figure 4.14. SDS-PAGE analysis of in vitro reconstitution reaction separation on a sucrose density

gradient ultracentrifugation.

A) Schematic representation of different in vitro reconstitution reactions and the separation of

individual components and complexes in a sucrose density gradient.

B) Control in vitro reconstitution with stalling K48(Q19-DHFR-Q89) substrate and ZFAND2a-

MBP-6xHis.

C) In vitro reconstitution with 26S proteasome, ZFAND2a-MBP-6xHis, and stalling K48(Q19-
DHFR-Q89) substrate.
D) In vitro reconstitution with 26S proteasome and stalling K48(Q19-DHFR-Q89) substrate.
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On the right side of the Stain-free image, the positions of subunits of 26S proteasome
subcomplexes are indicated with enclosed brackets and the position of ZFAND2a-MBP-6xHis is
indicated with an arrow. On the right of the fluorescence image, the positions of polyubiquitinated
(Ub-Sub), non-ubiquitinated substrate (Sub) as well as degradation products (Deg-Sub) are
indicated. The bands of interest are enclosed with dashed squares on gel images. The gel was

imaged with the Stain-free channel and the Fluorescein channel.

It was hypothesized that the long polyQ stretches permanently inhibit the 26S
proteasome by staying stuck in the central channel; thus, inhibiting further binding and
degradation of other cellular proteins. In such scenario, the potential rescue mechanism would
include extraction of stalled substrates from the 26S proteasome, the role previously suggested
for the VCP segregase (Isakov and Stanhill, 2011). However, results obtained during my
doctorate studies suggest that the long polyQ stretch do not stay permanently stuck on the 26S
proteasome once their degradation is stalled. This is supported by the detection of degradation
intermediates in a separate fraction from 26S proteasomes indicating that upon the stalling of
degradation at the polyQ stretch, the partially processed stalling K48(Q19-DHFR-Q89)
substrate is being released from the 26S proteasomes, thus not leading to absolute and
irreversible 26S proteasome inhibition (Figure 4.14 C and D). When contrary would be the
case, | would expect the degradation intermediate bands to be detected in the same fraction
with the 26S proteasomes. Furthermore, the release of stalled K48(Q19-DHFR-Q89) substrate
took place regardless of whether the ZFAND2a-MBP-6xHis was present or not, arguing
against the possibility that ZFAND2a binding enabled the release of partially processed and

stalled substrates from the 26S proteasome central processing channel.

4.4.2. Cryo-EM analysis of ZFAND2a-bound 26S proteasome complex

The advantages of single-particle cryo-EM application made it a preferable method of
choice for the investigation of the ZFAND2a-bound 26S proteasome complex structural
features. For this purpose, fractions 12 and 13 from sucrose gradient with reconstitution
reaction  containing  26S  proteasome, ZFAND2a-MBP-6xHis, and  stalling
K48(Q19DHFRQ89) substrate (Figure 4.14 B) were subjected to buffer exchange to remove
sucrose and cryo-grids were frozen. After initial grid screening, the best grid was chosen for
data collection. The details and theory regarding data acquisition and processing steps are

described in Section 3.2.5 of Materials and Methods.
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In a single collection on a Titan Krios cryo-TEM microscope 10,070 micrographs were
collected (Figure 4.15 A) and imported in CryoSPARC software (Punjani et al., 2017) for
initial preprocessing. After Motion correction and CTF estimation, 1,115 particles were
manually picked from several randomly chosen micrographs and subjected to 2D classification.
The resulting 2D class averages were manually inspected, and representative averages (Figure
4.15 A) were selected as input for automated template-based particle picking. Initially,
2,019,271 particles were picked (Figure 4.15 C). After filtering and extraction 1,527,949
particles were subjected to 2D classification. This step removed most of the false-positive picks
containing empty micrograph regions, broken, aggregated or misfolded particles, or ice
contaminations. After two rounds of 2D classification, selected 2D class averages contained
648,037 particles (Figure 4.15 D). Most particles represented the 26S proteasome, with a
minor percentage of particles containing an additional 19S RP, thus representing the 30S
proteasome. A subset of selected particles was used to calculate the ab initio model of 26S
proteasome (Figure 4.15 E). The ab initio model is required as a reference for any further 3D

processing.
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Figure 4.15. Initial cryo-EM preprocessing, particle localization, and calculation of ab initio
model in CryoSPARC.

A) Representative cryo-EM raw micrograph after Motion correction.

B) 2D class averages used as templates for automated particle picking (template matching).

C) Representative micrograph with indicated picked particle locations after applying NCC Score
Threshold and Local Power filters.

D) Representative 2D class averages containing particles used in further 3D processing steps. An
example of a 2D class average representing the 26S proteasome is indicated with a purple box,
and an example of a 2D class average representing the 30S proteasome is indicated with a blue
box.

E) Ab initio model calculated from a subset of selected particles.

After initial preprocessing and 2D processing in CryoSPARC, the 3D processing was
performed in Relion (Kimanius et al., 2021). Selected particle locations in CryoSPARC were
re-extracted and after two rounds of repeated 2D classification to ensure that the extraction
produced similar particle images, 636,315 particles were exported for 3D processing. First 3D
refinement performed in Relion yielded a cryo-EM map of the mainly 26S proteasome
complex, though at lower thresholds; moreover, a density for the second 19S RP also appears

(Figure 4.16. A). Since this density was much weaker than the one on the other side of the 20S

97



CP, it was cut off from the figures. The overall complex architecture was identical to other
cryo-EM maps of the 26S proteasome (Dong et al., 2018). However, an additional density was
identified in the region of the 19S RP when comparing the 26S cryo-EM map shown in Figure
4.16. A with the ones reported in the literature. This type of density was never observed before,
neither in cryo-EM analyses of 26S proteasome alone, nor in the presence of polyubiquitinated
substrate. The identified additional density connects Rpnl subunit with Rpn3 and Rpn7
subunits. Previous report that ZFAND?2a interacts with the Rpn1 subunit of the 26S proteasome
(Stanhill et al., 2006) led me to assume that this density might represent the ZFAND2a bound
to the 26S proteasome. Hence, from here after, I will refer to the described additional density
as the ZFAND?2a density. The ZFAND2a density contained a very weak signal in comparison
to other proteasomal subunits. This was most likely because not all 26S proteasome particles
contained bound ZFAND?2a in the calculated cryo-EM map, but rather had partial occupancy.

In the next processing step, a mask surrounding the ZFAND2a density and partially
neighboring proteasomal subunits Rpn1, Rpn2, and Rpn3, was created and used in focused 3D
classification (Figure 4.16 B). With this step I aimed to identify and separate particles that
have ZFAND?2a bound from particles that do not contain ZFAND2a bound. This is achieved
by limiting the 3D class average calculation only on the part of the map surrounded by a
provided mask. The resulting 3D classes were visually inspected in ChimeraX (Pettersen et al.,
2021) (Figure 4.16 B) and particles belonging to the classes containing ZFAND2a density
were separated from particles belonging to classes that did not contain ZFAND2a density.
Subsequently, particles with ZFAND2a density and particles without ZFAND2a density were
further refined separately (Figure 4. 16 C). After 3D refinement of both classes, the class with
ZFAND?2a density contained better-defined features of ZFAND?2a density and binding regions
on the 26S proteasome than the previous cryo-EM map shown in Figure 4.16 A. 3D refinement
of particles with no ZFAND?2a density yielded, as expected, the 26S proteasome map without
ZFAND?2a density. Subsequently, a second mask surrounding now better-defined ZFAND2a
density and a very small portion of proteasomal subunits Rpnl and Rpn7 was created and used
in another round of focused 3D classification to further separate any remaining particles that
do not contain ZFAND?2a signal (Figure 4.16 D). This step resulted in only two out of ten 3D
classes showing the signal of ZFAND2a density in the region occupied by the mask (Figure
4.16 D). These two classes were again subjected to 3D refinement separately after which only
one class still showed clear ZFAND2a density (Figure 4.16 E). However, the overall map
quality did not improve after removing more of particles without bound ZFAND2a by focused

3D classification procedure.
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Figure 4.16. 3D processing in Relion.

A) Calculated cryo-EM map of the 26S proteasome complex after 3D refinement of particles
localized, extracted, and exported from CryoSPARC. The additional density representing bound
ZFAND?2a is encircled with a purple ellipse. The black arrows indicate the proteasomal subunits
Rpnl, Rpn3, and Rpn7 that are in the contact with ZFAND2a density. The brackets on the left
side indicate the map regions occupied by 19S RP and 20S CP density.

B) Resulting 3D classes after the first round of focused 3D classification. The classes that contain
ZFAND2a density are shaded in purple and classes without ZFAND2a density are enclosed in a
black square.

C) Calculated cryo-EM maps of the 26S proteasome complexes after 3D refinement representing
separated 26S proteasome class with ZFAND2a density and 26S proteasome class without
ZFAND2a density.

D) Resulting 3D classes after the second round of focused 3D classification. Two classes with
identified extra densities are enclosed in shaded blue and purple squares.

E) Calculated cryo-EM maps of 26S proteasome complexes after 3D refinement of blue and
purple shaded classes in panel D).

F) Final calculated cryo-EM map of 26S proteasome with ZFAND2a density after an additional

particle stack clean-up.

With the aim to achieve a better resolution, additional rounds of 2D and 3D
classification were performed on a selected particle stack to remove any remaining
contaminants and sort for heterogeneity that might have contributed to the poor resolution.
Further cleaned and sorted particle stack was once more subjected to 3D refinement. The
resulting cryo-EM map (Figure 4.16 F) still had the same quality as the previous one. This
result indicated that the resolution limit might be due to the overall data quality and not due to
conformational heterogeneity present in the sample or contamination particles.

In another attempt to improve the map quality, the particles belonging to the second
class from Figure 4.16 D were analyzed with CryoDRGN (Zhong et al., 2021) (Figure 4.17
A). CryoDRGN is a very powerful neural-network-based tool used for sorting compositional
and conformational heterogeneity as well as for the effective separation of bad or broken
particles from intact particles. For this purpose, two rounds of CryoDRGN heterogenous 3D
reconstructions and selection of good 3D class averages (Figure S3) resulted in a stack of
94,738 particles that were then re-imported back to Relion and subjected to 3D refinement
(Figure 4.17 B). The resulting cryo-EM map showed minimal visual improvement in overall

quality. Nevertheless, ZFAND2a density was much less noisy and distributed around. Hence,
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an additional round of focused 3D classification was repeated using a mask surrounding the
further improved ZFAND?2a density and the resulting 3D classes were inspected (Figure 4.17
C). Only one class containing most of the input particles, was selected and the particles
belonging to the respective class were subjected to 3D refinement (Figure 4.17 D). The final
obtained cryo-EM map resulted in similar quality as the one before the final focused 3D
classification procedure. This once more confirmed my hypothesis that the data quality, and
not the conformational heterogeneity, is most likely the cause of resolution limit in this data

set.
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Figure 4.17. 3D refinement in Relion after heterogeneity sorting procedure in CryoDRGN.

A) Starting cryo-EM map whose particles were imported into CryoDRGN heterogeneity analysis.
B) Resulting cryo-EM map after 3D refinement of particles curated through CryoDRGN
procedure.

C) Resulting 3D classes after final round of focused 3D classification. The class shaded in purple
contained most of the particles and ZFAND2a density.

D) Final cryo-EM map of the ZFAND2a-bound 26S proteasome complex obtained by 3D

refinement of particles belonging to the class shaded in purple from panel C).
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4.4.3. Comparison of ZFAND2a-bound and ZFAND2a-free 26S proteasome
complexes

After obtaining the final cryo-EM maps of ZFAND2a-bound and ZFAND2a-free 26S
proteasome, local resolution and corresponding angular distribution plots and Fourier Shell
Correlation curves were calculated in CryoSPARC software (Figure 4.18). Local resolution
estimation shows that the 20S CP in both cryo-EM maps is resolved to a much higher resolution
(<5A) than the 19S RP (>6A). Only the ATPase domains of the Rpt hexameric ring had a
resolution that was of a quality close to the 20S CP (Figure 4.18 A and B). Such distribution
of local resolution is commonly observed for the 26S proteasome complex. This is the case
because the 19S RP is a very flexible subcomplex, whereas the 20S CP undergoes rather short-
range conformational movements. ZFAND2a density was in the worst resolution range (>8A)
(Figure 4.18 B). This was partially expected because it is a disordered and most likely a
flexible protein. Moreover, ZFAND2a binds the 19S RP through Rpnl subunit located in one
of the most flexible regions of the whole complex, thus contributing to the poor resolution. The
angular distribution plots of both cryo-EM maps, though not filled, do have a feature tendency
of a tomographic series (Figure 4.18 C and D). This means that there are 360° views of the
specimen assigned. This distribution is most obvious in the angular distribution plot of
ZFAND?2a-free 26S proteasome cryo-EM map where a line with red-orange color code can be
followed almost throughout the whole plot (Figure 4.18 C). Contrary, in the ZFAND2a-bound
26S proteasome cryo-EM map plot the series is much weaker and the two preferred orientations
represented by red regions are easily detected (Figure 4.18 D). Lastly, the final resolution of
both cryo-EM maps was determined using Fourier Shell Correlation (FSC). According to the
gold-standard FSC criterion of 0.143 the determined overall resolution of ZFAND2a-free 26S
proteasome complex was 2.9A, and that of ZFAND2a-bound 26S proteasome complex 3.1A
(Figure 4.18 E and F).
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4.18. Analysis of final 26S proteasome cryo-EM maps in CryoSPARC.

A) and B) Local resolution map of ZFAND2a-free (A) and ZFAND2a-bound (B) 26S proteasome.
The density color corresponds to the local resolution value as indicated in the color bar. The
resolution range is from 2A (blue) to 8A (red).

C) and D) Angular distribution plot of ZFAND2-free (C) and ZFAND2a-bound (D) 26S
proteasome.

E) and F) Fourier shell correlation (FSC) curve of ZFAND2-free (E) and ZFAND2a-bound (F)

26S proteasome. Gold-standard FSC criterion of 0.143 was used to estimate the final resolution.

Next, I closely compared low-resolution cryo-EM maps of ZFAND2a-bound (Figure
4.19 A) and ZFAND2a-free 26S proteasome complex (Figure 4.19 B). The most striking
difference between the two cryo-EM maps can be observed in the conformational states of the
two complexes. The ZFAND2a-bound 26S proteasome is found in ground or substrate
accepting state. This state can be recognized by the absence of the contact between the Rpt4/5
coiled coil with the Rpn10 ubiquitin receptor (Figure 4.19 A). In contrast, the ZFAND2a-free

26S proteasome complex is found in an activated state in which Rpt4/5 coiled coil is in contact
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with the Rpn10 ubiquitin receptor (Figure 4.19 A). However, I did not observe any additional
density in the cryo-EM map of ZFAND?2a-free 26S proteasome complex that could be assigned
to the bound substrate. This could be due to the high substrate flexibility on the 19S RP in the
initial stages of substrate recruitment and engagement.

Finding ZFAND?2a bound only to 26S proteasome particles that are not engaged with a
substrate indicates that ZFAND?2a regulatory role is most likely exerted prior to substrate
recruitment. This further suggests that ZFAND2a binding potentially has no direct regulatory
influence on the 26S proteasome while the degradation is taking place. Such conclusion agrees
with the previous observations I made in this study that the degradation profile of model

proteasome substrate remained unchanged in the presence of ZFAND?2a.
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Figure 4.19. Comparison between ZFAND2a-bound and ZFAND2a-free 26S proteasome.

A) ZFAND2a-bound 268 proteasome with indicated ZFAND2a density.

B) ZFAND2a-free 26S proteasome.

Proteasome subunits surrounding ZFAND2a (Rpnl, Rpn3 and Rpn7) are indicated with an
arrow in both complexes. The major structural feature of conformational state (ground vs.
activated state) of both complexes is indicated with dashed ellipse and the relevant proteasome

subunits, Rpn10 and Rpt4/5 coiled coil (CC), are indicated with an arrow.
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4.4.4. Rigid body fitting of ZFAND2a predicted structure into ZFAND2a
density

Since there is no structure available for ZFAND?2a, I used AlphaFold (Jumper et al.,
2021) to predict the ZFAND2a structure (Figure 4.20 A, Supplementary Figure S5).
ZFAND?2a contains two zinc-finger AN1 domains positioned at the N- and C-terminus of the
protein connected with a linker. Previous pulldown experiments showed that both ANI1
domains are required and necessary for 26S proteasome binding (Figure 4.20 B) (Stanhill et
al.,2006). ZFAND?2a is predicted to be intrinsically disordered protein with only a small stretch
forming short a-helix in the linker region. The predicted ZFAND2a structure was overall
successfully docked inside the ZFAND2a density together with structures of surrounding
proteasome subunits Rpnl, Rpn3, and Rpn7 (Figure 4.20 C).

A) B)

N -

Zinc finger 26S proteasome +
AN1 domains binding

c)
X zranND2a

b

Figure 4.20. Rigid body fitting of ZFAND2a AlphaFold predicted structure and Rpnl, Rpn3, and
Rpn7 structures into the cryo-EM map of ZFAND2a-bound 26S proteasome complex.

A) Exemplary AlphaFold prediction of ZFAND2a structure. Zinc finger AN1 domains are
encircled with dashed ellipses.

B) Schematic of ZFAND2a structural elements and requirements for 26S proteasome binding.
C) Close-up of the 19S RP cryo-EM map region of ZFAND2a-bound 26S proteasome with docked
ZFAND2a predicted structure, Rpnl, Rpn3, and Rpn7 proteasome subunits represented in space-
filling preset (PDB ID: 6FVT).
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From the five different conformations of the predicted ZFAND2a structures, the
structure that is most elongated, fitted better in terms of size and length into the density.
ZFAND?2a density bridges the N-terminal region of the Rpnl ubiquitin receptor and the N-
terminal region of the Rpn7 subunit of the 19S RP lid. In this configuration of the 19 RP, the
Rpnl subunit that is otherwise rather free to rotate and change its position in relation to the
ATPase ring, is now linked by ZFAND?2a to a more static region of the 19S RP. I hypothesize
that such a link restricts Rpnl movements and potentially couples them with the movements
of the 19S RP lid. Such arrangement could have direct impact on the 19S RP’s functionality in
terms of polyubiquitinated substrates recruitment or the occupancy of different PIPs. The
nature behind this impact should ultimately benefit the 26S proteasome function under

proteotoxic conditions to allow more efficient substrate degradation.
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5. Summary and Conclusions

The impairment of the Ubiquitin-Proteasome System (UPS) is one of the central
research questions in neurodegenerative pathologies. The shared hallmark of many
neurodegenerative conditions is inefficient removal of disease-associated toxic proteins despite
them being targeted for degradation by the UPS (Ciechanover and Kwon, 2015). Consequently,
these proteins accumulate over time and form cytotoxic aggregates that ultimately disrupt
normal cellular functioning and lead to neuronal death (Soto and Pritzkow, 2018). As the main
proteolytic engine of the UPS, the 26S proteasome is considered to play a major role in the
development and progression of neurodegenerative diseases (Myeku and Duff, 2018).
Therefore, the 26S proteasome functional insufficiency and/or malfunction have been
suggested as the underlying causes of inefficient removal of toxic proteins.

One extensively studied example of 26S proteasome malfunction is caused by stalling
of substrates that contain stretches of glutamines (polyQ stretches) longer than 35 residues
(Holmberg et al., 2004). In the case of other substrate-stalled protein complexes, such as
ribosomes or DNA-polymerase, rescue mechanisms are known to resolve the malfunction
through binding to the stalled protein complex (Bengtson and Joazeiro, 2010; Edenberg et al.,
2014). However, thus far no such rescue mechanisms have been understood for the stalled 26S
proteasome, although candidate mechanisms can be found throughout the literature (Kopp et
al., 2001; Tsvetkov et al., 2015; Wang et al., 2017b; Welk et al., 2016). One candidate
proteasome rescue mechanism might involve zinc-finger protein ZFAND2a. The ZFAND2a
protein expression is induced under proteotoxic conditions where almost all ZFAND?2a in cells
associates with the 26S proteasomes, indicating that ZFAND?2a’s functional role is connected
with the 26S proteasome function (Rossi et al., 2014). On a cellular level, in the presence of
ZFAND?2a, the cells accumulate fewer misfolded proteins when treated with arsenite indicating
a role of ZFAND2a in regulating 26S proteasome turnover of misfolded proteins (Stanhill et
al., 2006). Moreover, ZFAND2a homolog in C.elegans, AIP-1 was shown to increase general
protein turnover and reduce the toxicity caused by AB-peptide and polyQ fusion proteins
present in Alzheimer’s and Huntington’s disease, respectively (Hassan et al., 2009; Yun et al.,
2008). Guided by these observations, I questioned if human ZFAND2a might show similar
functional properties in rescuing 26S proteasome stalled by substrate containing long polyQ

stretch and/or enhance the 26S proteasome’s degradation capacity in general.
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5.1. In vitro system preparation for investigation of ZFAND2a
potential role in rescuing stalled 26S proteasome complex

Inside cells, the 26S proteasome binds many different regulatory factors simultaneously
(Verma et al., 2000). This makes it hard to discern the exact regulatory role of an individual
factor when performing in vivo functional analyses. For this reason, many studies, including
the one I conducted in this work, take advantage of an in vitro approach with individual
components. One of the biggest caveats of an in vitro approach is the possibility that some
regulatory mechanisms might involve more than one factor. Since during this work I did not
have any information indicating this could be the case with ZFAND2a, I reasoned that
approaching the question with a minimal in vitro setup could serve as a starting point for
driving any further hypotheses and experiments.

Having a structural investigation in mind, I favored the in vitro approach in terms of
preparation of the required sample for the structural analysis. Aiming for the structural
investigation of the complex directly in the cellular environment would be much more
challenging as current state-of-the-art in situ structural biology is still largely mastered in only
a few labs in the whole world. Moreover, even if the expertise would not be a limiting factor,
the in situ structural approach highly depends on the molecular size of the complex of interest
as this determines the likelihood of finding the complex inside a crowded cellular milieu.

As part of the preparatory phase for the in vitro experimental approach, I purified 26S
proteasome complexes from cell extracts using two different methods and produced
recombinant ZFAND?2a protein. Furthermore, I constructed seven different substrates whose
backbone consisted of the following components fused from N- to C-terminus in a single
construct: first 95 amino acids from Cyclin B (N95CycB), dihydrofolate reductase (DHFR),
enhanced green fluorescent protein (EGFP), and ubiquitin (Ub). Individual substrates differed
in position, number, and lengths of polyQ stretches. I positioned either a polyQ stretch of non-
pathological length (polyQ19) and/or pathological length (polyQ89) in front of and/or after
DHFR in all possible combinations. Finally, all purified substrate proteins were marked for
26S proteasome degradation by attaching either a single linear K48 polyubiquitin chain or two

branched K11/K63 polyubiquitin chains.
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5.2. 26S proteasome degradation of model substrates in the
presence or absence of ZFAND2a

Despite many research efforts, it is still not entirely clear what is the exact mechanism
by which long polyQ stretch causes stalling of the 26S proteasome and terminates degradation
of substrate protein. The available literature reports are full of contradictory findings on almost
every suggested mechanism (Holmberg et al., 2004; Juenemann et al., 2013; Michalik and Van
Broeckhoven, 2004; Pratt and Rechsteiner, 2008; Venkatraman et al., 2004). However, some
consistency can be found throughout numerous reports, namely that the presence of long polyQ
stretch doesn’t necessarily lead to 26S proteasome stalling, but it depends on the protein
context around the polyQ stretch (Schipper-Krom et al., 2012). For example, positioning of
long polyQ stretch upstream from a stable protein domain that represents unfolding challenge
for proteasome’s ATPase motor results in 26S proteasome stalling (Holmberg et al., 2004).
However, when a long polyQ stretch is positioned downstream from a stable protein domain,
the stalling does not occur and protein degradation proceeds to completion, including the
degradation of polyQ stretch (Michalik and Van Broeckhoven, 2004). I observed similar polyQ
stalling pattern in the results of in vitro degradation assays performed in this study. Upon 26S
proteasome degradation of designed proteasome substrate only polyQ89 stretch preceding the
EGFP caused stalling of the 26S proteasome and resulted in partial substrate processing that
retained the polyQ89 stretch and everything downstream from the stretch. Intriguingly, when
polyQ89 stretch was positioned in front of a folded domain of DHFR, I did not observe 26S
proteasome stalling and both polyQ89 stretch and DHFR were successfully processed. Thus,
it appears that the domain downstream of long polyQ stretch needs to have a certain degree of
structural stability to result in 26S proteasome stalling mediated by long polyQ stretch.

Another poorly investigated biological question is what happens once the 26S
proteasome degradation is stalled by the long polyQ stretch. One possible scenario could be
that the 26S proteasome is permanently impaired, as suggested previously (Holmberg et al.,
2004), upon which a potential rescue factor that recognizes stalled 26S proteasomes is
recruited. The rescue factor could act to promote either efficient substrate processing or
disengaging of the stuck substrate to relieve impairment. Another possible scenario could be
that the impairment caused by the long polyQ stretch is not permanent, and the stalled substrate
can disengage on its own at some point. In this case, a rescue mechanism might act to ensure
that disengaging does not happen while at the same time it promotes efficient processing. The

results I obtained in this work partially support the latter scenario as I observed that the stalled
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polyQ substrate is at some point being released from the 26S proteasome. These results open
up the possibility that the 26S proteasome is not necessarily permanently impaired upon
degradation stalling by the polyQ stretch of pathological length as previous literature suggests
(Holmberg et al., 2004). The release of the partially processed substrate upon polyQ-mediated
stalling would also exclude the need for a rescue mechanism that would need to actively
disengage the stalled substrate from the translocation channel of the 26S proteasomes, the
mechanism previously suggested for potential VCP-mediated rescue (Isakov and Stanhill,
2011). Whether the substrate stalled by long polyQ stretch is being released on its own in cells
needs to be tested. It could also be that in cells the 26S proteasome bound E3 ligases counteract
this in vitro observed release of stalled substrate to ensure more time for the substrate to get
degraded.

Regardless of if the release is indeed taking place in cells, even the temporary nature of
stalling is more than sufficient to cause alterations in 26S proteasome processing capacity. This
is supported by the observed downregulation of caspase-like and chymotrypsin activities of the
20S CP together with the increased half-life of polyubiquitinated reporter substrate in cells
expressing model substrates containing long polyQ stretch (Hunter et al., 2007). In either case,
polyQ-mediated stalling renders the 26S proteasome incapable to meet degradation demands
while ever-increasing amount of aggregation-prone protein is being shuttled for degradation.
Furthermore, another issue related to the spontaneous release of partially processed polyQ-
containing substrates is the fact that the released protein fragments still contain aggregation-
prone long polyQ stretches. Meanwhile, only the complete removal of disease-related
aggregation-prone proteins from the cell’s interior proved to be the most efficient approach to
rescuing cells from neurodegeneration phenotype (Ortega and Lucas, 2014). Thus, achieving
the complete removal of toxic proteins through modulation of 26S proteasome function could
be an extremely promising therapeutic approach in treating neurodegenerative diseases.

In this work I investigated the potential rescue role of ZFAND2a protein in promoting
efficient degradation of substrates whose degradation is stalled by long polyQ stretch using an
in vitro degradation system. The results I obtained indicate that ZFAND?2a binding alone to the
26S proteasome does not lead to complete degradation of model proteasome substrate whose
degradation is stalled by long polyQ stretch. Additionally, I also did not observe any difference
in the processing rate of non-stalling model proteasome substrate by ZFAND2a-bound 26S
proteasomes in comparison to ZFAND2a-free 26S proteasomes, suggesting that ZFAND2a
binding does not influence the overall degradation by the 26S proteasome, as reported for AIP-

1 (Hassan et al., 2009). However, the conclusions drawn from the in vitro degradation assays

110



should always be taken with caution since the choice of individual substrate elements and their
combinations have an impact on the 26S degradation properties and have the potential to
influence the outcome that does not necessarily reflect the situation with native substrates
(Inobe et al., 2011; Martinez-Fonts and Matouschek, 2016). Hence, I cannot exclude that by
designing proteasome substrates that are not native by their composition, the obtained results
could have different outcome when investigating ZFAND?2a regulatory role. Taking this into
consideration, it would be worthwhile to perform in vitro degradation assay with ZFAND2a
that I established in this study with native substrates, both that are completely degradable and

stalling substrates containing long polyQ stretch such as mutant huntingtin.

5.3. Structural characteristics of ZFAND2a-bound 26S proteasome
complex

At the time I started this study little was known about ZFAND?2a interaction sites on
the 26S proteasome; moreover, the structure of ZFAND2a was not available. Earlier studies
have speculated that ZFAND2a might bind close to the DUB subunit Rpnl1 or indicated that
the binding site is on the ubiquitin receptor subunit Rpnl (Stanhill et al., 2006; Sukenik et al.,
2021). To fill in this important information gap, I determined the first low-resolution cryo-EM
map of the ZFAND2a-bound 26S proteasome in the presence of stalling proteasome substrate.

Although the overall map quality in the ZFAND?2a binding region was insufficient for
atomic model building, it did allow me to perform rigid body fitting of available atomic models
of individual proteasomal subunits. Since for ZFAND2a there was no atomic model available,
[ used AlphaFold (Jumper et al., 2021) to obtain the predicted structure, which I then fitted into
the cryo-EM density. In the obtained cryo-EM map of ZFAND2a-bound 26S proteasome, I
identified N-terminal regions of subunits Rpnl and Rpn7 of the 19S RP as ZFAND2a binding
sites. Additionally, some intermediate cryo-EM maps throughout the processing procedure
indicated another possible ZFAND?2a interaction site in the N-terminal region of subunit Rpn3.
In the future, binding assays with individual subunits and/or cross-linking mass spectrometry
approach could be undertaken to further verify and confirm these interactions.

The identified binding position of ZFAND2a on the 26S proteasome has two potential
functional implications. Firstly, ZFAND2a is positioned far away from the translocation
channel and Rpn11 subunit where the steps of active substrate processing physically take place.

This would refute previously suggested role of ZFAND?2a in rescuing catalytic activity of
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arsenite-bound Rpnll by zinc-arsenite exchange that assumes ZFAND2a binding close to
Rpnl1 (Sukenik et al., 2021). Secondly, the elongated shape and positioning of ZFAND2a acts
as a molecular bridge between the Rpn1 ubiquitin receptor and the rest of the 19S RP lid. Rpnl
ubiquitin receptor subunit is known to have large mobility and to change its relative location
on the ATPase ring, a characteristic most likely required to accommodate substrate initiation.
I would expect that with ZFAND2a bound, the Rpnl mobility might be restricted, or it might
be differently coordinated with the movements of the 19S RP lid compared to when this
molecular connection through ZFAND?2a is not present. It is possible that ZFAND?2a exerts its
regulatory role by introducing a change in the conformational freedom of the 19SRP.
Describing the nature of this change could further reveal functional implications behind
ZFAND?2a binding.

Today, with the advancements in computational algorithms, single-particle cryo-EM is
being routinely employed for not only determining the static structures of proteins and protein
complexes but it is also used for analyzing their dynamical properties (Zhong et al., 2021). This
is possible because upon sample vitrification, an equilibrium of different conformational and/or
occupancy states of protein of interest exist and are represented in the data set. In the case of
cryo-EM sample I prepared in this work, the sample contained an equilibrium of ZFAND2a-
bound and ZFAND2a-free 26S proteasomes, of which both species assumed certain and
different conformational states. Upon comparison of low-resolution cryo-EM maps of
ZFAND2a-bound and ZFAND?2a-free 26S proteasome, I identified that ZFAND2a-bound 26S
proteasome is mainly found in ground or substrate accepting state whereas ZFAND2a-free 26S
proteasome was mainly in activated or substrate processing state. This observation suggests
that the change in conformational landscape introduced by ZFAND2a binding is most likely
not involved, either directly or indirectly, in regulation of active substrate processing, thus
explaining the reported lack of functional effect observed. Obtaining a better resolved cryo-
EM dataset of ZFAND2a-bound 26S proteasome could allow a more in-depth investigation of
any subtle conformational differences between ground states of ZFAND2a-free and
ZFAND?2a-bound 26S proteasomes and whether ZFAND2a-bound 26S proteasome is even
able to engage substrates.

Taken all together, these results suggest that ZFAND2a protein might have more of a
structural than a functional role upon binding the 26S proteasome under proteotoxic conditions.
One possibility could be that ZFAND2a binding ensures structural integrity of the 19S RP
under harsh conditions, thus acting as a chaperone in between two active substrate processing

cycles. Another possibility could be that ZFAND2a binding stabilizes ground-like state that
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hinders substrate engagement until certain additional factors bind that are required for a more
complex regulation of the 26S proteasome under proteotoxic conditions, such as UBE3C or
another, yet unidentified regulator.

Hence, future studies on ZFAND2a role in regulation of malfunctioning 26S
proteasomes should preferably include the factor of cellular environment and potential
additional interactors. For this purpose, it might be useful for future structural and
conformational analysis of ZFAND2a-bound 26S proteasomes to obtain the complex directly
from cells. This would also allow a more in-depth investigation of the novel dynamic and
compositional properties introduced by ZFAND?2a binding and their implications in overall
functioning of the 26S proteasome. Ultimately, it would be interesting to investigate potential
effects of ZFAND2a expression in cellular models of different neurodegenerative diseases such
as Huntington’s to explore the potential of ZFAND2a-mediated regulatory pathway in
combating more efficient removal of disease-related proteins that cause proteasome

malfunction.
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6. Appendix

Table S1. Protein identification by mass spectrometry of affinity purification of 26S

proteasomes from HEK293GP cells

NaCl Elution
Gene Description Wash
Norm.Area
Norm.Area

PSMA1  Proteasome subunit alpha type-1 5.58E+05 5.03E+07
PSMA7  Proteasome subunit alpha type-7 2.29E+04  4.14E+07
PSMC2 268 proteasome regulatory subunit 7 2.29E+04 3.76E+07
PSMD3 §6S proteasome non-ATPase regulatory subunit 2 20E+04 3 7AB+07
PSMD6 268 proteasome non-ATPase regulatory subunit 2 20E+04 3 64E407
PSMD7 %68 proteasome non-ATPase regulatory subunit 220E+04  2.94E+07
PSMD4 368 proteasome non-ATPase regulatory subunit 220E+04  2.41E+07
PSMDI11 ??S proteasome non-ATPase regulatory subunit 220E+04  2.36E+07
PSMD14 ?‘6‘8 proteasome non-ATPase regulatory subunit 220E+04  2.32E407
PSMAS5  Proteasome subunit alpha type-5 2.29E+04  2.28E+07
PSMB7  Proteasome subunit beta type-7 4.72E+05 2.27E+07
PSMA2  Proteasome subunit alpha type-2 2.29E+04  2.07E+07
PSMC1 268 proteasome regulatory subunit 4 2.29E+04 2.03E+07
PSMC6  26S proteasome regulatory subunit 10B 2.29E+04 1.98E+07
PSMB2  Proteasome subunit beta type-2 2.29E+04 1.92E+07
PSMD2 368 proteasome non-ATPase regulatory subunit 2 20E+04 | 816407
PSMDI1 ?68 proteasome non-ATPase regulatory subunit 2 20E+04 | 76407
PSMD13 ?gs proteasome non-ATPase regulatory subunit 2 20E+04 | 58F407
PSMC5 268 proteasome regulatory subunit 8 2.29E+04 1.48E+07
PSMB6  Proteasome subunit beta type-6 1.74E+05 1.48E+07
PSMA6  Proteasome subunit alpha type-6 2.29E+04 1.22E+07
PSMB5  Proteasome subunit beta type-5 2.29E+04 1.01E+07
PSMB4  Proteasome subunit beta type-4 2.29E+04 9.89E+06
PSMDS §6S proteasome non-ATPase regulatory subunit 2 20E+04 R S0E406
PSMC4  26S proteasome regulatory subunit 6B 2.29E+04 8.28E+06
PSMA4  Proteasome subunit alpha type-4 2.29E+04 7.81E+06
PSMB1  Proteasome subunit beta type-1 2.29E+04 7.80E+06
ADRMI1  Proteasomal ubiquitin receptor ADRM1 2.29E+04 7.50E+06
PSMC3 268 proteasome regulatory subunit 6A 2.29E+04 6.86E+06
RAD23B UV excision repair protein RAD23 homolog B 1.16E+06 4.48E+06
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26S proteasome non-ATPase regulatory subunit

PSMDI12 12 2.29E+04  3.56E+06
PSMA3  Proteasome subunit alpha type-3 2.29E+04 3.46E+06
PSMB3  Proteasome subunit beta type-3 2.29E+04  2.53E+06

PSMD10 ?(6)8 proteasome non-ATPase regulatory subunit 2 20E+04 | 476406
UCHLS E;nqultln carboxyl-terminal hydrolase isozyme 2 20E+04 1 30F+06
TXNL1  Thioredoxin-like protein 1 5.01E+05 9.58E+05

VCP Transitional endoplasmic reticulum ATPase 2.29E+04 4.73E+05
PAAF1  Proteasomal ATPase-associated factor 1 2.29E+04 3.78E+05
USP14  Ubiquitin carboxyl-terminal hydrolase 14 2.97E+05 3.11E+05

KIAA0368 Proteasome adapter and scaffold protein ECM29  2.74E+05 1.21E+05
UBE3A  Ubiquitin-protein ligase E3A 2.29E+04 1.03E+05
RAD23A UV excision repair protein RAD23 homolog A 2.29E+04  2.74E+04

NOTE: Proteasome interacting proteins are marked in red.

Table S2. Protein identification by mass spectrometry of affinity purification of 26S

proteasomes from HeLa cells

o g Elution
Gene Description Norm.Area

RAD23B UV excision repair protein RAD23 homolog B 2.26E+10
PSMDI11 268 proteasome non-ATPase regulatory subunit 11 4.80E+08
PSMC2  26S proteasome regulatory subunit 7 4.45E+08
PSMC4 268 proteasome regulatory subunit 6B 4.57E+08
PSMC5 268 proteasome regulatory subunit 8 3.92E+08
PSMD3 268 proteasome non-ATPase regulatory subunit 3 3.61E+08
PSMD13 268 proteasome non-ATPase regulatory subunit 13 3.48E+08
PSMD7 268 proteasome non-ATPase regulatory subunit 7 3.21E+08
PSMD2 268 proteasome non-ATPase regulatory subunit 2 3.29E+08
PSMD6  26S proteasome non-ATPase regulatory subunit 6 3.14E+08
PSMD4 268 proteasome non-ATPase regulatory subunit 4 3.06E+08
PSMDS5 268 proteasome non-ATPase regulatory subunit 5 2.55E+08
VCP Transitional endoplasmic reticulum ATPase 2.40E+08
PSMD8 268 proteasome non-ATPase regulatory subunit 8 2.38E+08
PSMC1 268 proteasome regulatory subunit 4 2.64E+08
TXNL1  Thioredoxin-like protein 1 2.33E+08
USP14  Ubiquitin carboxyl-terminal hydrolase 14 2.31E+08
PSMDI12 268 proteasome non-ATPase regulatory subunit 12 1.99E+08
PSMD14 268 proteasome non-ATPase regulatory subunit 14 2.00E+08
PSMDI1 268 proteasome non-ATPase regulatory subunit 1 2.34E+08
PSMC3 268 proteasome regulatory subunit 6A 1.87E+08
UCHLS  Ubiquitin carboxyl-terminal hydrolase isozyme L5 1.69E+08
PSMC6 268 proteasome regulatory subunit 10B 1.84E+08
PSMDI10 26S proteasome non-ATPase regulatory subunit 10 1.26E+08
PSMA7  Proteasome subunit alpha type-7 1.12E+08
PSMA1  Proteasome subunit alpha type-1 9.22E+07
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PSMAS5  Proteasome subunit alpha type-5 9.19E+07

ADRMI1  Proteasomal ubiquitin receptor ADRM1 6.72E+07
PSMB2  Proteasome subunit beta type-2 7.66E+07
PSMB5  Proteasome subunit beta type-5 6.57E+07
PSMB1  Proteasome subunit beta type-1 6.25E+07
PSMA6  Proteasome subunit alpha type-6 6.58E+07
PSMB3  Proteasome subunit beta type-3 5.54E+07
PSMA3  Proteasome subunit alpha type-3 5.38E+07
PSMA4  Proteasome subunit alpha type-4 5.55E+07
PSMB6  Proteasome subunit beta type-6 4.94E+07
HSPB1  Heat shock protein beta-1 4.05E+07
PSMB7  Proteasome subunit beta type-7 3.60E+07
PSMA2  Proteasome subunit alpha type-2 4.58E+07
PSMB4  Proteasome subunit beta type-4 3.65E+07
UBE3A  Ubiquitin-protein ligase E3A 2.51E+07
UBE3C  Ubiquitin-protein ligase E3C 2.93E+06
PAAF1  Proteasomal ATPase-associated factor 1 1.34E+06
KIAA0368 Proteasome adapter and scaffold protein ECM29 7.24E+05

NOTE: Proteasome interacting proteins are marked in red.

Table S3. Peptide coverage of proteasome substrate proteins (NoQ, Q19-DHFR, Q89-DHFR,
DHFR-Q19, DHFR-Q89 and Q89-DHFR-Q19) determined by mass spectrometry.

Substrate
(Coverage
percentage)

Coverage details

NoQ
(63.23%)

MKHHHHHHNTSSNSMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDE
GDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKE
RAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHK
TYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYTAWPLQGWQATFGGGDHPPKSDLEVLFQGPMALRVTRNSKINA
ENKAKINMAGAKRVPTAPAATSKPGLRPRTALGDIGNKVSEQLOAKMP
MKKEAKPSATGKVIDKKILPKPLEKVPMLVPVPVSGSMVRPLNCIVAVS
ONMGIGKNGDLPWPPLRNEFKYFQRMTTTSSVEGKONLVIMGRKTWESI
PEKNRPLKDRINIVLSRELKEPPRGAHFLAKSLddALRLIEQPELASKVDM
VWIVGGSSVYQEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLGKYKLLPE
YPGVLSEVOQEEKGIKYKFEVYEKKDGSMVSKGEELFTGVVPILVELDGD
VNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQC
FSRYPDHMKOHDFFKSAMPEGYVQERTIFFKDdGNYKTRAEVKFEGDT
LVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKOQKNGIKVNFKI
HHNIEDGSVOLADHYOQONTPIGDGPVLLPDNHYLstOSALSKDPNEKRDH
MVLLEFVTAAGITLGMDELYKGSMOIFVKTLTGKTITLeVePSDTIENVK
AKIODKEGIPPDOORLIFAGKQLEDGRTLSDYNIOKESTLHLVLRIRSA

WSHPS ZFEKGGGSGGGSGGSAWSHPS ZFEK

Q19-DHFR
(61.74%)

MKHHHHHHNTSSNSMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDE
GDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKE
RAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHK
TYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYIAWPLQGWQATFGGGDHPPK SDLEVLFQGPMALRVTRNSKINA
ENKAKINMAGAKRVPTAPAATSKPGLRPRTALGDIGNKVSEQLQAKMP
MKKEAKPSATGKVIDKKLPKPLEKVPMLVPVPVSGSQQQQ0QQQQQQQQ
QQQQQQQGSMVRPLNCIVAVSONMGIGKNGDLPWPPLRNEFKYFQRMTT

TSSVEGKOQNLVIMGRKTWEFSIPEKNRPLKDRINIVLSRELKEPPRGAHFL

116



AKSLddALRLIEQPELASKVDMVWIVGGSSVYQEAMNQPGHLRLFVTRI
MQEFESDTFFPEIDLGKYKLLPEYPGVLSEVOEEKGIKYKFEVYEKKDGS
MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFIC
TTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKOHDFFKSAMPEGYVQER
TIFFKDdGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYN
SHNVYIMADKOQKNGIKVNFKIHHNIEDGSVOLADHYQONTPIGDGPVLL
PDNHYLstQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSMOQIFV
KTLTGKTITLeVePSDTIENVKAKIODKEGIPPDOQRLIFAGKQLEDGRTL

SDYNIS :KESTLHLVLRLRSAWSHPS FEKGGGSGGGSGGSAWSHPS zFEK

MKHHHHHHNTSSNSMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDE
GDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKE
RAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHK
TYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPMALRVTRNSKINA
ENKAKINMAGAKRVPTAPAATSKPGLRPRTALGDIGNKVSEQLQAKMP
MKKEAKPSATGKVIDKKLPKPLEKVPMLVPVPVSGSQQQQQQQQQQQQ
1010(0(000]6]0]0]0]0]0]0]0/0.0.0,0,0(0/0/6/066]6]6]000]0/0/0.0,0,0,0/0(6/6/66]6]00]0/0,

QQQQQQQQQQAQAQQQQQQAQQQAQQQQQQQGSMVRPLNCIVAVSQNM
Q89-DHFR GIGKNGDLPWPPLRNEFKYFQRMTTTSSVEGKQNLVIMGRKTWESIPEKN

(57.26%) RPLKDRINIVLSRELKEPPRGAHFLAKSL.ddALRLIEQPELASKVDMVWIV
GGSSYVYQEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLGKYKLLPEYPGV
LSEVOEEKGIKYKFEVYEKKDGSMVSKGEELFTGVVPILVELDGDVNGH
KFSYVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYP
DHMKOHDFFKSAMPEGYVOQERTIFFKDdGNYKTRAEVKFEGDTLVNRI
ELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIHHNIE
DGSVOLADHYOQONTPIGDGPVLLPDNHYLstOSALSKDPNEKRDHMVLL
EFVTAAGITLGMDELYKGSMOIFVKTLTGKTITLeVePSDTIENVKAKIOD
KEGIPPDOQRLIFAGKQLEDGRTLSDYNIOKESTLHLVLRLRSAWSHPQF
EKGGGSGGGSGGSAWSHPQFEK

MKHHHHHHNTSSNSMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDE
GDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKE
RAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHK
TYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPMALRVTRNSKINA
ENKAKINMAGAKRVPTAPAATSKPGLRPRTALGDIGNKVSEQLQAKMP
MKKEAKPSATGKVIDKKLPKPLEKVPMLVPVPVSGSMVRPLNCIVAVS
ONMGIGKNGDLPWPPLRNEFKYFQRMTTTSSVEGKQNLVIMGRKTWFSI

DHFR-Q19 PEKNRPLKDRINIVLSRELKEPPRGAHFLAKsLddALRLIEQPELASKVDM

(61.86%) VWIVGGSSVYQEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLGKYKLLPE
YPGVLSEVQEEKGIKYKFEVYEKKDGSQQQQQQQQQQQQQQQQQQQGS
MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFIC
TTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVOQER
TIFFKDdGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYN
SHNVYIMADKQKNGIKVNFKIHHNIEDGSVQLADHYQONTPIGDGPVLL
PDNHYLstQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSMOQIFV
KTLTGKTITLeVePSDTIENVKAKIQDKEGIPPDQORLIFAGKQLEDGRTL

SDYNIS :KESTLHLVLRLRSAWSHPS FEKGGGSGGGSGGSAWSHPS zFEK

MKHHHHHHNTSSNSMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDE
GDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKE
RAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHK
TYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYIAWPLQGWQATFGGGDHPPKSDLEVLFQGPMALRVTRNSKINA

DHFR-Q89 ENKAKINMAGAKRVPTAPAATSKPGLRPRTALGDIGNKVSEQLQAKMP

(57.37%) MKKEAKPSATGKVIDKKILPKPLEKVPMLVPVPVSGSMVRPLNCIVAVS
QNMGIGKNGDLPWPPLRNEFKYFQRMTTTSSVEGKQNLVIMGRKTWEFSI
PEKNRPLKDRINIVLSRELKEPPRGAHFLAKsLddALRLIEQPELASKVDM
VWIVGGSSVYQEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLGKYKLLPE
YPGVLSEVOEEKGIKYKFEVYEKKDGSQQQQQQQQQQQQQQQQQQQQQ
olelejejele]e]0(0(0]0]0l0(0 0]0]0(0 0 0 0 0 0 o]0 0 0 0 0 0 0 0 0 0 (0 0 0 00 0 0 0 0 0[0[0]0)
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QQQQQQQQQQQQQQQQQQQQQGSMVSKGEELFTGVVPILVELDGDVNG
HKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSR
YPDHMKQHDFFKSAMPEGYVQERTIFFKDdGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIHHN
IEDGSVQLADHYQONTPIGDGPVLLPDNHYLstQSALSKDPNEKRDHMVL
LEFVTAAGITLGMDELYKGSMQIFVKTLTGKTITLeVePSDTIENVKAKIQ
DKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRSAWSHP

QFEKGGGSGGGSGGSAWSHPQFEK
MKHHHHHHNTSSNSMSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDE
GDKWRNKKFELGLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKE
RAEISMLEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHK
TYLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYIAWPLQGWQATFGGGDHPPK SDLEVLFQGPMALRVTRNSKINA
ENKAKINMAGAKRVPTAPAATSKPGLRPRTALGDIGNKVSEQLQAKMP
MKKEAKPSATGKVIDKKLPKPLEKVPMLVPVPVSGSQQQQ0Q0QQQQQQQ
1010]6/0,0]00/610/0]06/0,0]00/610/0]0/6/6.0]00/610/0016/6.0]016/6(0/0]0]6(0,0]0/0/6.0/0]0)

QQQQQQQQAQQQAQQQQQQQAQQQAQQQQQQQGSMVRPLNCIVAVSQNM
Q89-DHFR-Q19  GIGKNGDLPWPPLRNEFKYFQRMITTSSVEGKQNLVIMGRKTWEFSIPEKN

(56.14%) RPLKDRINIVLSRELKEPPRGAHFLAKsLddALRLIEQPELASKVDMVWIV
GGSSVYQEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLGKYKLLPEYPGV
LSEVQEEKGIKYKFEVYEKKDGSQQQQQQQQQQQQQQQQQQQGSMVSK
GEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGK
LPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFK
DdGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNV
YIMADKQKNGIKVNFKIHHNIEDGSVQLADHYQONTPIGDGPVLLPDNH
YLstQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSMOQIFVKTLT
GKTITLeVePSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYN

I= zKESTLHLVLRLRSAWSHPs FEKGGGSGGGSGGSAWSHPS zFEK
NOTE: Each substrate component is represented by different color: 6xHis tag — green, GST tag

—brown, N(95)CyclinB - red, polyQ — pink, DHFR — blue/green, GFP — yellow, ubiquitin — purple,
TwinStrep tag — orchid. Only bold and underlined parts of the protein sequence contribute to

coverage percentage.

Table S4. Software and computational tools.

Software Version Reference
CryoSPARC 3.3.1 Punjani et al., 2017
Relion 4.0 Kimanius et al., 2021
CryoDRGN 0.3.3/4 Zhong et al., 2021
UCSF Chimera 1.14 Pettersen et al., 2004
UCSF ChimeraX 1.3 Pettersen et al., 2021
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Figure S1. SDS-PAGE analysis of affinity purification of Q19-DHFR-Q89.

On the right the enclosing brackets and dashed squares on the gel image mark the positions of
individual bands corresponding to substrate proteins and the arrow indicates the position of
endogenous E.coli GST (Endo. GST) co-pulled with tagged protein. P — pellet, FT — flowthrough,

SN — supernatant, W — wash, E — elution.

K11/K63(DHFR-Q89)
| |

Substrate  Substrate + Substrate + 26S + Substrate + 26S +
alone 26S ZF2a 0h ZF2a 3h
| | | | |
£ c<c SSoaw SR ZFAND2a
kDa S m S m © © OO0 O ~AN O O© O C © ~ N (oncentration/uM
250 = ; " &;
150 — |
L I Lk S s
4 : U ' - Sub
85— . : 1 . :" Deg-sub.
60 =— i
40— — NoEGFP-Ub-
Strep fragment
10 : « Ubiquitin

Figure S2. SDS-PAGE analysis of in vitro degradation assay with HEK293GP 26S proteasomes
and K11/K63(DHFR-Q89) substrate with increasing concentration of ZFAND2a.

On the right side of the gel the band position of non-ubiquitinated substrate (Sub) is indicated
with an arrow, the band range representing polyubiquitinated substrate (Ubn-Sub) and
degradation products (Deg-sub) is indicated with enclosing brackets and ubiquitin band is
indicated with an arrow in lower panel. The upper image was taken using Fluorescein channel.
Bottom image was taken after overnight staining of the gel with SafeBlue and imaging with

Coomassie channel.

119



Figure S3. 3D classification in CryoDRGN.
A) First round of 3D classification and resulting 3D class averages. Particles belonging to models
in white squares were selected for B) Second round of 3D classification and resulting 3D class

averages. Particles belonging to models in white squares were selected for further processing.
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Figure S4. ZFAND2a structure prediction with AlphaFold. Model 5 was used for rigid body
fitting into ZFAND2a cryo-EM density.
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