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1  Summary

Protein quality control systems are critical for cellular proteostasis and survival under
stress conditions. The ubiquitin proteasome system (UPS) plays a pivotal role in
proteostasis by eliminating misfolded and damaged proteins. However, exposure to the
environmental toxin arsenite results in the accumulation of polyubiquitylated proteins,
indicating an overload of the UPS. Arsenite stress induces the rapid formation of stress
granules (SGs), which are cytoplasmic assemblies of mRNPs stalled in translation
initiation. The mammalian proteins ZFAND2A/B (also known as AIRAP and AIRAPL,
respectively) bind to the 26S proteasome, and ZFAND2A has been shown to adapt
proteasome activity to arsenite stress. They belong to a small subfamily of ANI-type zinc
finger containing proteins that also comprises the unexplored mammalian member

ZFANDI and its yeast homolog Cuzl.

In this thesis, the cellular function of Cuzl and ZFANDI was investigated.
Cuz1/ZFANDI was found to interact with the ubiquitin-selective, chaperone-like ATPase
Cdc48/p97 and with the 26S proteasome. The interaction between Cuzl/ZFANDI and
Cdc48/p97 requires a predicted ubiquitin-like domain of Cuzl/ZFANDI. In vivo, this
interaction was strongly dependent on acute arsenite stress, suggesting that it is a part of
the cellular arsenite stress response. Lack of Cuzl/ZFANDI caused a defect in the
clearance of arsenite-induced SG clearance. ZFANDI recruits both, the 26S proteasome
and p97, to arsenite-induced SGs for their normal clearance. In the absence of ZFANDI,
SGs lack the 26S proteasome and p97, accumulate defective ribosomal products and
become aberrant. These aberrant SGs persist after arsenite removal and undergo
degradation via autophagy. ZFAND1 depletion is epistatic to the expression of pathogenic
mutant p97 with respect to SG clearance, suggesting that ZFANDI function is relevant to
the multisystem degenerative disorder, inclusion body myopathy associated with Paget’s
disease of bone and frontotemporal dementia and amyotrophic lateral sclerosis

(IBMPFD/ALS).






Zusammenfassung

Systeme zur Sicherung der Proteinqualitit sind von essentieller Bedeutung fiir die
zelluldre Proteostase und das Uberleben unter Stressbedingungen. Dabei spielt das
Ubiquitin-Proteasom-System (UPS) eine entscheidende Rolle: Es beseitigt fehlgefaltete
und beschédigte Proteine. Sind Zellen dem Umweltgift Arsenit ausgesetzt, kommt es zu
einer Akkumulation von polyubiquitinierten Proteinen, was auf eine Uberlastung des UPS
hinweist. Dieser durch Arsenit verursachte Stress bewirkt eine schnelle Bildung von
Stressgranula (SGs), einer cytoplasmatischen Ansammlung von mRNPs, die in der
Initiation der Translation blockiert sind. Die Séuger Proteine ZFAND2A/B (auch bekannt
als AIRAP und AIRAPL) binden an das 26S Proteasom. Zusédtzlich wurde gezeigt, dass
ZFAND2A die Aktivitdt des Proteasoms an durch Arsenit verursachten Stress, anpasst.
Diese Proteine gehoren zu einer kleinen Unterfamilie von Zinkfinger von ANI-type
enthaltenden Proteinen, zu der auch das bislang nicht erforschte Sduge Protein ZFANDI

und sein Hefehomolog Cuzl gehoren.

In dieser Arbeit wurde die zellulire Funktion von Cuzl und ZFANDI untersucht. Es
zeigte sich, dass Cuzl/ZFANDI1 mit dem 26S Proteasom und der Ubiquitin-selektiven,
Chaperon-dhnlichen ATPase Cdc48/p97 interagiert. Die Interaktion zwischen
Cuzl1/ZFANDI1 und Cdc48/p97 bendtigt eine vorhergesagte Ubiquitin-dhnliche Doméne
von Cuzl/ZFANDI. Diese Interaktion ist in vivo stark von akutem Arsenitstress
abhédngig, was darauf hindeutet, dass sie Teil der zelluldren Stressantwort gegen Arsenit
ist. Fehlt Cuz1/ZFANDI, so kommt es zu einer Storung bei der Beseitigung der von
Arsenit verursachten SGs. Normalerweise rekrutiert ZFANDI1 sowohl das 26S Proteasom
als auch p97 zu diesen SGs, um sie zu entfernen. Wenn ZFAND1 jedoch fehlt, sind auch
p97 und das 26S Proteasom nicht an den SGs lokalisiert. Dadurch sammeln sich dort
defekte ribosomale Produkte an, und die SGs werden abnormal. Auch nach Entfernung
des Arsenitstresses bestehen diese abnormalen SGs fort und werden schlielich iiber
Autophagie abgebaut. Bei der Beseitigung der SGs ist das Fehlen von ZFANDI
epistatisch zu der Expression einer pathogenen p97-Mutante, was darauf hinweirt, dass
ZFANDI bei der degenerativen Multisystemerkrankung Einschlusskorper-Myopathie
assoziiert mit Pagets Erkrankung der Knochen und frontotemporaler Demenz und

Amyotrophe Lateralsklerose (IBMPFD/ALS) eine Rolle spielt.






Introduction

2 Introduction

2.1 Protein quality control

Proteins are the major structural and functional component of all cell types in the body
and perform a variety of functions. Protein synthesis is therefore vital for the growth and
development of cells. In a cell, thousands of proteins, with half-lives ranging from
minutes to days, are produced every day. For optimal functioning, the cell continuously
needs to rid itself of damaged, misfolded and aggregated proteins, toxic conformers and
defective ribosomal products (DRiPs) (Balchin et al., 2016; Buchberger et al., 2010;
Yewdell, 2011). A balance between protein synthesis and degradation, termed protein
homeostasis, is critical in order to maintain the physiological protein concentration in

cells (Balchin et al., 2016; Labbadia and Morimoto, 2015).

For each protein to carry out its defined function, a correct protein conformation and
hence optimal folding mechanisms are crucial. Protein folding begins at the ribosome
itself, while amino acids are being added to the nascent polypeptide chain. Molecular
chaperones play a major role in maintaining each protein in its native state (Hendrick and
Hartl, 1995). Proteins face a constant threat of misfolding and aggregation during stress
conditions such as heat, osmotic stress, reactive oxygen species (ROS) production, or
heavy metals, leading to a perturbed protein homeostasis (Balchin et al.,, 2016;
Buchberger et al., 2010; Dobson, 2003). In order to cope with this, cells possess three
different highly efficient protein quality control (PQC) strategies. This includes refolding
assisted by molecular chaperones, degradation pathways and adaptive responses (Fig. 1)

(Balchin et al., 2016; Buchberger et al., 2010).

Chaperones assist the folding of unfolded or misfolded proteins into a native protein,
failure of which leads to formation of terminally misfolded proteins that are then targeted
for degradation (Hendrick and Hartl, 1995). Degradation of misfolded or aggregated
proteins occurs with the help of protein degradation machineries including the ubiquitin
proteasome system (UPS) and autophagy. The UPS plays a major role in recognizing and
degrading soluble proteins, whereas autophagy is responsible for degrading insoluble
protein aggregates and damaged organelles (Collins and Goldberg, 2017; Mizushima et
al., 2011). Apart from these mechanisms, cells have evolved different adaptive responses
including the upregulation of chaperones and folding helpers (e.g., UPR [unfolded protein
response]) or the reduction of bulk translation, accompanied by formation of stress

granules (SGs) (Rutkowski and Kaufman, 2003; Yamasaki and Anderson, 2008).
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Figure 1. Protein quality control systems. Schematic depicting the three major quality control
systems of cell — chaperones, ubiquitin proteasome system (UPS), and autophagy.

2.2 The ubiquitin proteasome system

2.2.1 Ubiquitin

About 80% of intracellular protein degradation occurs via the UPS. In this process,
soluble proteins destined for degradation are first marked with ubiquitin moieties in a
process called ubiquitylation (Hershko and Ciechanover, 1998; Komander and Rape,
2012). Ubiquitin is a small, 76 amino acid protein, and is highly conserved among all
eukaryotes. Ubiquitylation is a posttranslational modification where the C-terminus of
ubiquitin is covalently bound to the e-amino groups of target protein lysine residues via

an (iso)peptide bond (Hershko and Ciechanover, 1998).
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2.2.2 Ubiquitin conjugation

The process of ubiquitylation requires the catalytic cascade of three enzymatic activities,
carried out by the enzymes E1-E3 (Fig. 2). E1 (ubiquitin activating enzyme) activates
ubiquitin in an ATP-dependent reaction by C-terminal adenylation and formation of
thioester intermediate proteins (Ciechanover et al., 1981; Hass et al., 1982). The activated
ubiquitin is then transferred in a trans-esterification reaction to the active site cysteine of
E2 (ubiquitin conjugating enzyme). This is followed by E3 (ubiquitin protein
ligase)-mediated conjugation to target lysine residues (Pickart, 2001; Pickart and Eddins,

2004).

AMP Substrate —>» —» —>» Substrate

+ PPi
Ub
activation conjugation ligation

Substrate

Figure 2. Ubiquitin conjugation. Schematic depicting the enzymatic cascade leading to substrate
ubiquitylation. See text for details.

The process of ubiquitylation can modulate protein-protein interactions and can regulate
the degradation of proteins via the proteasome and autophagy. Apart from this, it can also
regulate activity and localization of proteins (Wang et al., 2018; Gregory et al., 2003).
Importantly, ubiquitylation is a reversible post-translational = modification.
Ubiquitin-linked chains bound to substrate proteins can undergo removal by

deubiquitinating enzymes (DUBs) (Komander and Rape, 2012).

2.2.3 Diversity of ubiquitin chains

Substrate proteins can be ubiquitylated either at a single or at multiple lysine residues in
the same protein molecule leading to either mono-/multi-monoubiquitylation or
poly-ubiquitylation (Komander and Rape, 2012). Morever, ubiquitin itself has seven
lysine residues (K6, K11, K27, K29, K33, K48, and K63) and the N-terminal amino
group (M1) that can be ubiquitylated (Fig. 3) (Akutsu et al., 2016). This increases the
permutations and combinations of the types and length of ubiquitin chains that can be

added to the substrate (Komander, 2009).
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Figure 3. Ubiquitin and its lysine residues. The structure of ubiquitin (green, PDB code 1UBQ)
and its seven lysine residues (red, with blue nitrogen atoms). All seven lysine residues (K6, K11,
K27, K29, K33, K48, and K63) and the N-terminus amino group (M1) residing on different
surfaces of the molecule are labeled (From Komander, 2009).

Depending on the lysine residue of ubiquitin that is linked to the substrate protein,
ubiquitin chains can be classified into eight different categories: K6, K11, K27, K29,
K33, K48, K63, and M1 chains. The type of ubiquitin chain decides the fate of the
substrate protein, and thereby not only increases the complexity, but also provides more
specificity to the process of substrate turnover (Fig. 4). K48-linked chains, which occur
most frequently, target the substrates to the 26S proteasome for degradation (Thrower et
al., 2000). By contrast, mono-ubiquitin or K63-linked chains target the substrate protein
to non-proteasomal pathways of protein turnover, including selective autophagy,
endocytocis, innate immunity, NF-kB signaling, and DNA repair (Spence et al., 1995;
Pickart and Fushman, 2004; Xu et al., 2009). K11-linked chains are mainly involved in
cell cycle quality control, while K6-linked chains are being studied for their role in DNA
damage and parkin-mediated mitophagy (Xu et al., 2009). M1-linked chains play a major
role in inflammatory and immune responses by regulating the activation of the

transcription factor NF-kB (Akutsu et al., 2016).
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Figure 4. Diversity of ubiquitin modification. The substrate protein can be ubiquitylated in three
different ways: monoubiquitylation, multi-monoubiquitylation, and polyubiquitylation.
Polyubiquitin chains are further subdivided into homotypic or heterotypic. Heterotypic chains can
also be branched where single ubiquitin can get ubiquitylated at two different lysine residues
(Adapted from Komander, 2009).

2.2.4 The 26S proteasome
In the eukaryotic cell, the 26S proteasome is responsible for the vast majority of protein
degradation. Given the critical role of the UPS in maintaining protein homeostasis in the

cell, the functionality of the 26S proteasome is of high importance.

The eukaryotic 26S proteasome is a 2.5 MDa large, highly evolutionarily conserved, and
one of the most complicated eukaryotic proteases (Bochtler et al., 1999). It is composed
of two subassemblies, the 19S regulatory particle (RP) and the 20S core particle (CP)
(Fig. 5) (Hershko and Ciechanover, 1998; Tanaka, 2009). The RP comprises the lid and
base subcomplexes. The lid contains 13 non-ATPase subunits (Rpnl-13) (Regulatory
Particle Non-ATPase) and the base contains 6 different AAA+ (ATPases associated)
ATPase subunits (Rptl-6) (Regulatory Particle Triple A) (Lander et al., 2012; Lasker et
al., 2012). The RP recognizes the ubiquitylated substrates, removes the ubiquitin moieties,
and translocates these substrates towards the CP for degradation (Smith et al., 2007;
Tomko et al., 2010). The ability of the RP to bind ubiquitylated substrates comes from the
subunits Rpnl, Rpn2, Rpnl0, and Rpn13 (Elsasser et al., 2002; Rosenzweig et al., 2012;
Deveraux et al., 1994; Husnjak et al., 2008). Importantly, Rpnl1 in the lid subcomplex
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acts as a DUB, removing ubiquitin moieties prior to targeting the substrates to the CP for

degradation (Fig. 5) (Verma et al., 2002; Yao and Cohen, 2002).

The cylindrical CP is a stack of four heteroheptameric rings a787p’7a’7, and houses
active proteolytic sites within the interior space, minimizing nonspecific proteolysis
(Groll et al., 1997). The two outer rings contain seven a subunits (al-a7), while the two
inner rings contain seven f subunits (31-7). The B1, 2 and B5 subunits present in the CP
harbor the catalytic sites of the proteasome, and are responsible for the proteolysis of
substrates (Groll et al., 2000; Groll and Huber, 2003).
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Figure 5. The 26S proteasome complex. (a) Schematic diagram depicting the two subassemblies
of the 26S proteasome: the 19S regulatory particle (RP) and the 20S core particle (CP). The RP
consists of Rpn and Rpt subunits, which forms cap on both ends of the CP. The CP consists of two
outer o rings and two inner B rings. (b) Cartoon representation of the human proteasome in two
perpendicular views. All RP subunits are color-coded (From Huang et al., 2016).

Proteasome activity can be perturbed upon acute oxidative stress, amino acid deprivation,
or heavy metal toxicity (e.g., arsenic) (Livnat-Levanon et al., 2014; Suraweera et al.,
2012; Yun et al., 2008). A defect in proteasome activity leads to an accumulation of
ubiquitylated substrate proteins and aggregated proteins (Kitajima et al., 2014). Several
reports have shown that a defect in proteasome activity is linked to aging and
neurodegenerative disorders such as Alzheimer’s (AD), Huntington’s (HD), Parkinson’s

diseases (PD) and Amyotrophic lateral sclerosis (ALS) (Balchin et al., 2016; Labbadia

10



Introduction

and Morimoto, 2015). Studies indicate that the other protein quality control system,
autophagy, shows increased activity under conditions of impaired proteasomal activity

(Nedelsky et al., 2008).

2.3 Macroautophagy

Autophagy is an evolutionarily conserved intracellular degradation process in eukaryotes.
Three different types of autophagy have been reported till date: chaperone-mediated
autophagy, microautophagy, and macroautophagy (Fig. 6). The central mechanism in all
three different types of autophagy involves the proteolytic degradation of cellular
components by the lysosome. Macroautophagy eliminates long-lived and aggregated
proteins, macromolecular assemblies as well as damaged organelles and intracellular

pathogens (Galluzzi et al., 2017).
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Figure 6. Types of autophagy. Schematic diagram representing three different types of
autophagy — microautophagy, chaperone-mediated autophagy, and macroautophagy.

In mammals, macro-autophagy (referred to as autophagy hereafter) is initiated primarily
at the lipid bilayer of the endoplasmic reticulum (ER), where the formation of an isolation
membrane (known as phagophore) starts. The phagophore expands and forms the
double-membrane bounded autophagosome, which engulfs cargo such as protein
aggregates, damaged organelles, and bacterial pathogens (Fig. 6). The cargo-loaded

autophagosome matures through fusion with the lysosome into an autolysosome, forming
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an acidic inner compartment containing lysosomal hydrolases (Fig. 6) (Noda and Inagaki,

2015; Antonioli et al, 2016).

During autophagy, the cytosolic form of a protein called microtubule-associated protein
1A/1B-light chain 3 (LC3-I) (a mammalian homolog of yeast Atg8) is first gets covalently
conjugated to phosphatidylethanolamine. This enzymatic process is facilitated by various
autophagy-related genes to form lipidated LC3 (LC3-II) (Kabeya et al, 2000), resulting in
its recruitment to the phagophore. The incorporated LC3-II then extends the phagophore,
eventually forming the autophagosome. The LC3 family of proteins also acts as a
receptor, which recruits adaptor proteins like p62, NBR1, and Nix/BNIP3L (Stolz et al,
2014; Wild et al, 2014). p62 binds to the ubiquitylated cargo proteins through its UBA
domain, and incorporates it into the autophagosome via LIR-motif mediated binding to
LC3-II (Lamark et al., 2009). p62 via its C-terminal UBA domain interacts preferentially
with long K63-linked chains (with more than 7 ubiquitins), but it can also bind short
chains linked through both K48 and K63 (Long et al., 2008; Tan et al., 2007; Wooten
et al., 2008).

Autophagy plays a significant role in the clearance of intracellular aggregates and is
essential for cellular survival and development. It has been suggested that its adaptive role
protects organisms against a variety of diseases including cancer (Amaravadi et al, 2016),
neurodegeneration (Menzies et al, 2015), cardiomyopathy (Shirakabe et al, 2016),
diabetes, liver disease, autoimmune diseases (Deretic et al, 2013; Zhong et al, 2016) and

infections (Deretic et al, 2013).

2.4 Stress granules

2.4.1 Formation of stress granules

In the physiological milieu, cells face a constant threat of environmental stress, and to
cope with these stress conditions cells have evolved mechanisms to protect
macromolecules vital for cellular viability and to conserve energy. Cells prioritize
synthesis of chaperones and enzymes required for stress adaptation over the synthesis of

house-keeping genes (Alberti et al., 2017).

Under normal physiological conditions, protein translation is initiated when nuclear
mRNPs (messenger ribonucleoprotein) are exported to the cytosol. These cytosolic
mRNPs are then bound by translation initiation factors and ribosomal subunits, and enter

into the translation initiation process (Kedersha et al., 1999). Under stress conditions,

12
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translation is halted and the polysome disassembles. As a result, mRNAs, ribosomal
subunits, translation initiation factors, and several RNA binding proteins (RBPs) assemble
into membrane-less compartments called stress granules (SGs) (Fig. 7) (Panas et al.,
2016; Protter and Parker, 2016). Phosphorylation of translational initiation factor elF2a
on Ser51 is a pre-requisite for the assembly of almost all types of SGs in cells exposed to
environmental stresses (Wek et al., 2006). Stalled mRNAs along with RBPs are kept
silent and protected from the degradation inside SGs, and can re-enter translation when

stress subsides (Alberti et al., 2017).

SGs are evolutionarily highly conserved membrane-less and highly dynamic cytoplasmic
structures formed via liquid liquid phase separation (LLPS). Super-resolution microscopy
studies revealed that SGs are composed of two compartments, a stable core and a phase-

separated shell (Wheeler et al., 2016).

It has been shown that different stress conditions can affect specific stages of SG
assembly, resulting in SGs of varying composition (Panas et al., 2016; Protter and Parker,
2016). SG assembly starts with mRNP aggregation mediated by protein(s) like TIA-1
(T-cell intracellular antigen 1), G3BP1 (Ras-GTPase-activating protein SH3-domain
binding protein 1), FMRP (fragile X mental retardation protein), among others (Fig. 7)
(Kedersha et al., 2000; Mazroui et al., 2002; Tourriere et al., 2003). SG assembly then
continues with the help of several protein-protein interactions. For example, the G3BP
protein has a dimerization domain that contributes to SG formation during arsenite stress
(Tourriere et al., 2003). Moreover, several RBPs (eg. TIA-1 and TIA-R) containing
Q/N-rich (glutamine/asparagine) prion-like domains are able to self-aggregate and play a
major role in SG assembly (Gilks et al., 2004; Cushman et al., 2010). The stable core of a
SG, surrounded by a shell assembly, forms microscopically visible SGs (Jain et al., 2016).
A dynamic exchange of proteins between the core and the shell is important and is
speculated to be regulated by chaperones. A defect in this dynamic exchange affects the

kinetics of SGs, and leads to the formation of aberrant SGs (Jain et al., 2016).
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Figure 7. Stress granule dynamics. Schematic representation of SG formation and clearance.
During translation, approximately 30% of newly synthesized proteins end up as DRiPs, which are
rapidly ubiquitylated and degraded by the 26S proteasome. During stress condition, mRNPs along
with vaious translation initiation factors accumulate as SGs in a reversible manner. Prolonged
stress leads to accumulation of SGs, which is targeted for autophagy in a process involving p97.
2.4.2 Disassembly or clearance of stress granules

Typically, within a few minutes after stress conditions subside, SGs undergo disassembly,
which is required for the recovery of translation. The mechanism underlying SG
disassembly is poorly understood. Due to the presence of various aggregation-prone RBPs
within SGs, a role for chaperones (eg. heat shock proteins) has been speculated and
several chaperones including Hsp70 and Hsp27 (a.k.a. HSPBS) have also been found to
localize to SGs (Fig. 7) (Kedersha et al., 1999; Gilks et al., 2004).
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SGs can be cleared via a process involving the HSPBS-BAG3-HSP70 chaperone complex
(Ganassi et al., 2016), and also with the help of p97 (Rodriguez-Ortiz et al., 2016).
Interestingly, the VCP gene has been shown to play an important role in
autophagy-mediated SG clearance. Disease-causing mutant of VCP causes perturbed
granulostasis possibly contributing to the pathogenesis of IBMPFD/ALS (Buchan et al.,
2013; Rodriguez-Ortiz et al., 2016). Importantly, a defect in SG clearance, resulting in
altered SG composition and dynamics, is linked with the pathogenesis of several
neurodegenerative  diseases, including amyotrophic lateral sclerosis (ALS),
frontotemporal lobar degeneration (FTLD), among others (Alberti et al., 2017;
Ramaswami et al., 2013; Taylor et al., 2016).

2.5 p97/Cdc48

2.5.1 p97 structure

p97 (also known as VCP, Cdc48 and Ter94) is a ubiquitin-selective AAA ATPase. p97 is
highly conserved among all eukaryotes and is a central regulator of the eukaryotic protein
quality control system. It contains an amino-terminal N domain, two Walker-type ATPase
domains, D1 and D2, and a carboxy-terminal, unstructured tail (Fig. 8a) (Meyer et al.,
2012; Stolz et al., 2011). Energy derived from ATP hydrolysis is used for segregation of
ubiquitylated proteins from their cellular environment (Braun et al., 2002; Jentsch and
Rumpf, 2007; Buchberger, 2010). The N domain and the C-terminus of p97 can bind to

various regulatory cofactors (see below).
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Figure 8. Structure of AAA ATPase p97. a) Schematic overview of the domain architecture of
p97; the N-domain (blue) is followed by the two ATPase domains D1 (green), and D2 (orange). b)
Sideward view of a p97 hexamer (colors as in a) ¢) View along the central axis (colors as in a)
(From Buchberger, 2006).

p97 forms homohexameric, ring-shaped complexes (Fig. 8b,c) and is involved in a vast

range of ubiquitin-related cellular processes. It binds to ubiquitylated proteins in the
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cellular environment, or extracts ubiquitylated proteins from larger complexes,
membranes, or chromatin, via its segregase activity (Buchberger, 2013; Meyer et al.,
2012). The majority of these ubiquitylated proteins is then targeted to the 26S proteasome
for degradation. In the past two decades, p97, apart from its role in PQC pathways like
ERAD (endoplasmic reticulum associated degradation), OMMAD (outer mitochondrial
membrane associated degradation), CAD (chromatin associated degradation), and RQC
(ribosomal quality control), has also been found to play a major role in several other
degradation pathways like cell cycle regulation, DNA damage repair, endolysosomal
trafficking, and autophagy (Meusser et al., 2005; Ramadan et al., 2007; Ju et al., 2009;
Tresse et al., 2010; Stolz et al., 2011; Verma et al., 2011; Xu et al., 2011; Verma et al.,
2013).

2.5.2 p97 cofactors

The role of p97 in distinct cellular processes is tightly regulated by cofactors. p97
cofactors can be subdivided into two main categories: substrate-recruiting and
substrate-processing cofactors (Fig. 9) (Jentsch and Rumpf, 2007). Substrate-recruiting
cofactors typically possess a ubiquitin-binding domain and mediate the interaction
between p97 and ubiquitylated substrate proteins. They can also recruit p97 to different
cellular compartments (Schuberth and Buchberger, 2008). The majority of cofactors
interact with p97 either by binding to the N domain or to the C-terminal tail. Most of the
substrate recruiting cofactors bind to the N domain of p97 via their ubiquitin regulatory X
(UBX), and UBX-like domains, or via linear sequence motifs including binding-site 1
(BS1), VCP-interacting motif (VIM), and VCP-binding motif (VBM) (Fig. 10)
(Schuberth and Buchberger, 2008; Buchberger, 2010; Buchberger et al., 2015). The two
most prominent and mutually exclusive substrate-recruiting cofactors are the
heterodimeric Ufd1-Npl4 complex and the Shpl/p47 (Schuberth and Buchberger, 2008;
Buchberger et al., 2015). On the other hand, substrate-processing cofactors possess E3-
ligase or DUB activity, and can change the fate of substrate proteins by manipulating their
ubiquitylation state (Rumpf and Jentsch, 2006). Some of these cofactors bind to the C-
terminal tail of p97 via peptide N-glycosidase/ubiquitin-associated (PUB) or PLAA, Ufd3
and Lubl (PUL) domains (Fig. 9) (Buchberger et al., 2015).
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Figure 9. Cdc48/p97 cofactors. Ubiquitylated substrate proteins (S) are recognized by substrate-
recruiting cofactors (green), and targeted towards the p97/Cdc48. On the other hand, substrate-
processing cofactors (blue) can manipulate the fate of the substrate proteins by modifying
ubiquitylation state (From Buchberger, 2006).

Importantly, V'CP is an essential gene, and mutations in the human VCP gene cause the
multisystem degenerative disorder IBMPFD/ALS (Nalbandian et al., 2011). Interestingly,
this age related disease could also be caused by pathogenic mutations in the SOSTM1
gene encoding the autophagy cargo adaptor p62, and in several genes encoding SG
components. This suggests a strong interplay between protein quality control, SG

homeostasis and disease (Alberti et al., 2017; Taylor et al., 2016).

2.6 Cellular responses to arsenite stress

2.6.1 Arsenic

Arsenic is a ubiquitous environmental toxin and carcinogen. However, arsenic has been
used medicinally for over 2,400 years. Arsenic has been shown to induce apoptosis and
inhibit proliferation, and used as a therapeutic agent for the treatment for acute
promyelocytic leukemia (APL) (Waxman and Anderson, 2001). Its use has declined since
the mid-1990s, due to concerns regarding its toxicity and carcinogenicity upon chronic

administration.
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In its trivalent oxidation state As(IIl), arsenic has been shown to damage cells via several
different mechanisms including DNA damage, ROS production, and dysregulated
transcription (Hughes, 2002; Khairul et al., 2017). However, the most dangerous and
immediate effect of arsenic is its proteotoxicity. Arsenic can directly perturb the 26S
proteasome and p97 functions (Stanhill et al., 2006; Tillotson et al., 2017). In order to
adapt to arsenite toxicity, cells strongly enhance the heat shock response, the unfolded
protein response, and also upregulate the amount of 26S proteasome (Guerra-Moreno et
al., 2015; Hanna and Finley, 2007; Stanhill et al., 2006). However, the molecular

mechanisms behind the proteasomal adaptation to arsenite stress are not well understood.

2.6.2 The ZFAND family

Proteins containing zinc finger domains of the AN1 type were found to play a role in
arsenite proteotoxicity (Isakov and Stanhill, 2011; Stanhill et al., 2006; Yun et al., 2008).
Bioinformatic analyses revealed that ZFAND1 and Cuzl, together with ZFAND2A and
ZFAND?2B, form a small family of proteins containing zinc fingers of the AN1 type (Kay
Hofmann, University of Cologne, personal communication). Members of this family are
found to contain either one or two N-terminal Zf AN1 finger domains. Interestingly, the
ZFANDI1/2A/2B family of proteins contains a distinct consensus sequence (LDFLP
motif) in the first AN1 finger (Sun et al., 2016), which is not present in other AN1-type
domain containing proteins (Fig. 10) (Kay Hofmann, University of Cologne, personal
communication). This subfamily also possesses a specific domain organization where
human ZFAND2A and ZFAND2B contain an archetypical triad of two ANI1 fingers
separated by a UBZ-like zinc finger (Hofmann, 2009). By contrast, human ZFANDI and
most of its homologs lack the central UBZ-like finger, and Cuzl and several fungal
homologs possess just the N-terminal AN1 finger. It has been shown that the AN1 type
zinc finger domain is required for binding to the 26S proteasome in case of Cuzl,
ZFAND2A and ZFAND2B (Sa-Moura et al., 2013; Stanhill et al., 2006; Yun et al., 2008),
suggesting that this is an evolutionarily conserved function. Interestingly, all three
members of ZFAND1/2A/2B subfamily contain a distinct C-terminal domain, which
might contribute specific functions (Fig. 10). Cuzl and its human homolog ZFANDI1
contain a ubiquitin-like domain (UBL) at the C-terminal region (Fig. 10), and in case of
Cuzl1, this UBL domain has been shown to be required for Cdc48 binding (Hanna et al.,
2014; Sa-Moura et al., 2013).
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Figure 10. Evolutionary conservation of the ZFAND1/2A/2B family. (A) Domain organization
of the ZFANDI1/2A/2B family members were retrieved from the Uniprot database. Blue: AN1
fingers; orange: ubiquitin-like (UBL) domain; yellow: known or presumed ubiquitin binding
domains (Z: UBZ type, M: MIU type, U: UIM type); green: known or presumed p97 binding
domains (V: VIM, UBX: UBX domain); grey: other domains. (B) Consensus sequence of the
family defining AN1 finger. The conserved sequence motifs defining the N-terminal AN1 finger
of the ZFAND1/2A/2B family are indicated by black arrowheads (Kay Hofmann, University of
Cologne, personal communication).

2.7 Aims

ANI-type zinc finger containing proteins including ZFAND2A and ZFAND2B are found
to interact with the 26S proteasome (Isakov and Stanhill, 2011; Stanhill et al., 2006; Yun
et al., 2008). However, specific cellular functions of Cuzl and ZFAND]1 have remained
elusive, with ZFANDI being completely uncharacterized till date. The major aim of this
thesis is therefore to characterize the role of the UBL domain found in Cuzl and

ZFANDI, and to elucidate their cellular functions.
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3 Results

3.1 Cuzl

3.1.1 Cuzl interacts via its UBL domain with the N domain of Cdc48

Cuzl was first identified as a novel binding partner of budding yeast Cdc48 in a yeast
two-hybrid screen (Bohm, 2011). To validate this finding, interaction studies between
Cuzl and Cdc48 were performed using a variety of experiments including in vitro

pulldown, yeast two-hybrid (Y2H), and immunoprecipitation (IP) experiments.

In order to characterize the interaction between Cuzl and Cdc48 and to identify the region
of Cuzl involved in Cdc48 binding, different Cuzl variants (Fig. 11a) were cloned into
pGAD and pGEX4T3 vectors for yeast two-hybrid (Y2H) assays (Fig. 11b) and
GST-pulldown experiments (Fig. 11c), respectively. A Y2H experiment was performed
using full length Cdc48 as bait and the various Cuzl variants as prey. Strong interactions
between Cdc48 and full length Cuzl as well as constructs lacking the AN1 ZF domain
were observed, whereas a Cuzl deletion variant lacking the UBL domain showed no

interaction with Cdc48 (Fig. 11b).
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Figure 11. Cuzl interacts via its UBL domain with Cdc48. (a) Schematic showing different
variants of Cuzl generated for Y2H experiments and in vitro pulldown. (b) Yeast two-hybrid
assay. Yeast cells of the reporter strain PJ69-4a expressing the indicated Gal4-AD and Gal4-BD
fusion proteins were spotted on SC plates lacking tryptophan and leucin (control) or additionally
lacking histidine (-His). (¢) GST pulldown assay. GST fusions of the Cuzl variants shown in (a)
were analyzed for their interaction with Cdc48.

In vitro binding assays were carried out using GST-Cuzl constructs or GST alone, as a
negative control. The proteins were immobilized on glutathione beads and then incubated
with recombinant Cdc48. Full-length Cuzl, but not GST alone, was able to bind to
Cdc48, indicating a direct interaction between Cuzl and Cdc48 (Fig. 1lc, lane 2,3).
Consistent with the Y2H assays, deletion of the UBL domain, but not the AN1 ZF
domain completely abolished Cdc48 binding (Fig. 11c, lane 7 and 4-6 respectively). This
indicates that the UBL domain of Cuzl is required for direct binding to Cdc48.
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Cdc48 interacts with its cofactors through either the N-terminal domain or the C-terminal
tail. In order to identify the Cuzl binding site of Cdc48, variants of Cdc48 lacking the
N domain (Cdc48AN) or comprising just the N domain (Cdc48-Nd) were recombinantly
expressed (Fig. 12a). Two different GST-Cuzl variants, full length and the UBL domain,
were tested for binding to the Cdc48 variants. As expected, both variants of Cuzl were
able to bind to the wild-type Cdc48 (Fig. 12b, lane 4 and 7). Cdc48AN showed no binding
to either construct of Cuzl (Fig. 12b, lane 6 and 9). On the other hand, Cdc48-Nd was
sufficient to bind Cuzl (Fig. 12b, lane 5 and 8). This indicates that the N domain of
Cdc48 is necessary and sufficient for binding to the UBL domain of Cuzl, in agreement

with a recent report (Sa-Moura et al., 2013) (Fig. 12b).
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Figure 12. Cuzl interacts with the N domain of Cdc48. (a) Schematic showing different
variants of Cdc48 generated for in vitro pulldown experiments. (b) GST pulldown assay. Different
Cdc48 variants shown in (a) were used to analyze the interaction with either full length (Cuzl 1274
or the UBL domain of Cuzl (Cuzl'%?*™). * indicates Cdc48-Nd.

3.1.2 Arsenite strengthens the interaction between Cuzl and Cdc48

In order to wverify the interaction between Cuzl and Cdc48 in cells,
co-immunoprecipitation experiments were performed. A yeast strain expressing
N-terminally HA-epitope tagged Cuzl (3HA-Cuzl) under the control of the ADHI
promoter was used. Indeed, a clear co-immunoprecitation of Cdc48 with 3HA-Cuzl was
observed (Fig. 13). In line with a previous report (Sa-Moura et al., 2013), the interaction
between Cuzl and Cdc48 was strongly increased in a time-dependent manner upon prior

addition of arsenite to the yeast culture (Fig. 13). These results, together with the
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previously published finding showing a strengthened interaction of Cuzl with the 26S
proteasome upon arsenite stress (Sa-Moura et al., 2013; Hanna et al., 2014), clearly

implicate Cuzl in the arsenite stress response of yeast cells.
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Figure 13. The interaction between Cuzl and Cdc48 is strengthened upon arsenite addition.
Immunoprecipitation (IP) of N-terminally 3HA epitope-tagged Cuzl was performed either in the
absence or presence of the indicated concentration of arsenite for different time intervals. WT
strain was used as a negative control. Western blot against Cdc48 and HA.

3.1.3 Phenotypic characterization of a Acuzl null mutant

In order to determine a potential role of Cuzl in the cellular stress response, the growth of
Acuzl cells under various stress conditions was analyzed on plates. No temperature
(Fig. 14a) or drug sensitivity (MMS, HU or cycloheximide) of Acuz/ in comparison to the
wild type was observed (Fig. 14b). As a positive control, the sensitivity of the deletion
strains Aradl8 to MMS and HU, Avmsl to cycloheximide, and Arpn4 to arsenite was

used. These results showed no hypersensitivity of the Acuz/ null mutant at all tested stress

conditions.

Figure 14. The Acuzl null

mutant exhibits no
..' i‘Q “ . . ’ Q ﬂ temperature sensitivity or
& * T o .. ] *3 hypersensitivity against

o5 °G 30 °C various drugs. (a) Five-fold
serial dilutions of cultures of
wild-type (WT) and Acuzl null
mutant strains were spotted
onto YPD plates and incubated
at the indicated temperatures.
MMS 0.03 % HU 100 mM (b) Five-fold serial dilutions of
cultures of the indicated strains
were spotted on YPD as
control (SD plates in case of
arsenite), and plates containing
either 0.03% MMS, 100 mM
hydroxyurea (HU) or 0.5 pg/ml
cycloheximide (CHX).
Sensitivity against arsenite was
checked wusing SD plates
containing 0.1 or 1mM

seers~lloo @5
Arad18 '.‘f'

sSD SD + 0.1 mM As,O, SD +1mMAs,O, arsenite.
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3.1.4 Role of Cuzl in the clearance of arsenite-induced stress granules

A specific cellular function of Cuzl during arsenite stress is still unknown. However, one
hallmark of arsenite stress is the rapid formation of stress granules (SGs) (Kedersha et al.,
1999). The strong interaction between Cuzl and Cdc48 in the presence of arsenite (Fig.
13) and the published role of Cdc48/p97 in SG clearance (Buchan et al., 2013) hinted
towards a potential involvement of Cuzl in SG metabolism. In order to test this
possibility, wild type, cdc48-6, and Acuzl cells were subjected to either heat shock or
arsenite stress. Pbpl, a yeast homolog of Ataxin-2, is mainly nuclear under normal
conditions, but localizes to SGs under several stress conditions. To study SG dynamics,
Pbp1-GFP was used as SG marker protein in yeast live cell fluorescence microscopy.
Wild type cells exhibited a robust formation of SGs under both stress conditions, which
were cleared upon stress removal (Fig. 15). While SG formation in cdc48-6 cells appeared
normal, the SGs persisted after stress removal, particularly after heat shock, indicating an

impaired SG clearance (Fig. 15, yellow arrows), as expected (Buchan et al., 2013). A cuzl

cells also exhibited normal SG formation. Intriguingly, however, these cells retained a
large number of arsenite-induced SGs, but not heat-induced SGs, during recovery
(Fig. 15, yellow arrows). This result indicates an involvement of Cuzl in the clearance of

arsenite-induced SGs.

Control

Pbp1-GFP (SGs)

Figure 15. The Acuzl null mutant is defective in clearance of arsenite-induced SGs. Live cell
fluorescence microscopy of exponentially growing wild type (WT), Acuzl, and cdc48-6 cells
expressing the SG marker Pbp1-GFP. Cells were treated with either 43 °C or 5 mM arsenite for
30 min. SGs were analyzed directly after stress treatment and 30 min after shifting the cells back
to normal growth conditions.
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Next, a complementation experiment was performed to rescue the impaired SG clearance
observed in the Acuz/ null mutant. A centromeric plasmid harboring the wild-type CUZI
gene was transformed into the Acuz/ strain, whereas an empty vector was transformed as
a negative control. Directly after arsenite stress, no significant increase in SG positive
cells was observed in the Acuz/ strain in comparison to wild type strain. On the other
hand, during recovery, almost 35% of the Acuzl cells were found to contain SGs, in
comparison to 12% of the wild-type cells, indicating a statistically significant defect in the
clearance of the SGs. This impaired clearance of arsenite-induced SGs in Acuzl was
rescued by the expression of wild-type CUZI from a plasmid (Fig. 16a,b, middle and
bottom row). Quantitation of the microscopy data showed that the expression of CUZ! in
Acuzl cells reduced the number of cells exhibiting residual SGs after arsenite removal to
the level of the wild type strain (~15% vs. 12% in wild-type) (Fig. 16b, top and bottom
row). These results confirm that the observed phenotype of Acuz! is specific to the lack of
CUZI, and provide formal proof for a role of Cuzl in the clearance of arsenite-induced

SGs. Importantly, this is the first description of a specific cellular function of Cuzl.
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Figure 16. Cuzl is required for the efficient clearance of arsenite-induced SGs. (a)
Suppression of impaired SG recovery by CUZI. Acuzl cells were transformed with an either
empty plasmid or with a centromeric plasmid encoding full-length CUZI. Exponentially growing
cells were treated with 5 mM arsenite, recovered for 30 min and analyzed as in Fig. 6. (b)
Quantitation of the data from (a) showing the fraction of cells containing SGs. At least 100 cells
per condition were analyzed. Mean values + SEM are based on three replicate experiments
* p<0.05; **, p<0.01.
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3.1.5 Partial co-localization of Cuzl to SGs

In order to further investigate the role of Cuzl in arsenite-induced SG clearance, the
co-localization of Cuzl with SGs was studied. A yeast strain expressing C-terminally
GFP-tagged Cuzl (Cuzl-GFP) was transformed with a plasmid encoding Pbpl-mCherry.
In untreated control cells, Cuz1-GFP showed a diffuse cytoplasmic localization, whereas
Pbpl-mCherry was mainly nuclear. By contrast, upon arsenite treatment, Cuzl-GFP
formed distinct cytoplasmic foci. Importantly, many of these foci were either
co-localizing with or in close proximity to the SG marker protein Pbpl-mCherry (Fig.
17). The observed partial localization of Cuzl to SGs further confirms its involvement in

SG dynamics.

Cuzi1-GFP Pbp1-mCherry Merge

Control

Arsenite

Figure 17. Partial localization of Cuzl to arsenite-induced SGs. Live cell fluorescence
microscopy of exponentially growing cells expressing C-terminal GFP-tagged Cuzl (Cuzl-GFP)
and Pbpl-mCherry. Cells were treated with 5 mM arsenite for 30 min.

3.2 ZFANDI1

ZFANDI is the hitherto uncharacterized human homolog of Cuzl (Sa-Moura et al.,
2013). Bioinformatic analyses (Kay Hofmann, University of Cologne, personal
communication), identified ZFAND1 and Cuzl as members of family of proteins
characterized by the presence of an N-terminal domain containing AN1-type zinc fingers
(AN1_ZF; Fig. 18), which also includes ZFAND2A/AIRAP and ZFAND2B/AIRAPL. It
has been shown that ZFAND2A, ZFAND2B, and Cuzl can interact with the 26S
proteasome via their N-terminal AN1 ZF domain (Stanhill et al., 2006; Yun et al., 2008;
Hanna et al., 2014; Sa-Moura et al., 2013). Interestingly, all of them possess a distinct

C-terminal domain, possibly with distinct and specific functions.
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Figure 18. The ZFAND protein family. Schematic depicting the domain organization of human
ZFANDI, its yeast homolog Cuzl, and the human relatives ZFAND2A and ZFAND2B. The key
to the color-coded domains and sequence motifs is shown at the bottom: AN1 ZF, zinc finger of
the AN1-type; VIM, VCP interacting motif; UIM, ubiquitin interacting motif; UBL, ubiquitin-like
domain; UBZ9, UBZ9-like zinc finger; CAAX, prenylation motif.

3.2.1 Induction of ZFANDI1 expression upon arsenite stress

Cuzl expression was reported to be induced by arsenic treatment (Sa-Moura et al., 2013).
In order to determine the effect of arsenite stress on the expression of ZFANDI1, HeLa
cells were treated with arsenite for up to 3 h. Interestingly, in the presence of arsenite, the
level of ZFANDI1 was found to increase by two-fold. In contrast, the expression of
ZFAND2B remained constant or even slightly decreased upon arsenite treatment
(Fig. 19), in agreement with a previous report (Yun et al., 2008). This result suggests the

involvement of ZFANDI1 in arsenite stress response.
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Figure 19. ZFANDI1 expression is induced upon arsenite treatment. HeLa cells were treated
with arsenite (0.5 mM) for the indicated time. Expression levels of ZFAND1 and ZFAND2B were
analyzed using immunoblot analysis.

3.2.2 ZFANDI interacts via its UBL domain with p97

ZFANDI, like its yeast homolog Cuzl, has a predicted C-terminal UBL domain (Fig. 18).
For Cuzl, the UBL domain is required for Cdc48 binding both in vitro (Fig. 11c, Fig. 12)
and in vivo (Sa-Moura et al., 2013). Surprisingly, in a GST-pulldown experiment, human

ZFANDI, in contrast to its yeast homolog Cuz1, did not bind to p97 (Fig. 20).
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Figure 20. Interaction between ZFAND1 and p97 in vitro. Glutathione sepharose pulldown was
performed using purified recombinant p97, GST, GST-ZFAND1, and GST-Cuzl. p97 binding
to GST-ZFANDI and GST-Cuzl was analyzed by 2,2,2-trichloroethanol staining (TCE) and
immunoblot (IB).

Moreover, immunoprecipitation experiments using HEK293T cells transfected with a
plasmid encoding FLAG-ZFANDI showed a very weak binding of ZFANDI to p97 (data
not shown), indicating a transient interaction. In order to obtain more robust evidence for
an interaction between ZFANDI1 and p97, immunoprecipitation experiments were
performed with HEK293T cells co-transfected with either an empty plasmid (control) or a
plasmid encoding FLAG-ZFANDI, and an ATPase-deficient trapping mutant of p97
(p97-E578Q), in order to stabilize cofactor-binding. Using this approach, an interaction of
ZFANDI1 with p97 was detected specifically in arsenite-treated cells, but not in untreated
cells (Fig. 21a). In order to further confirm this interaction, in-cell crosslinking was
performed using dithiobis[succinimidyl propionate] to stabilize p97-cofactor interactions
(Xue et al., 2016). This crosslinking approach showed a binding of endogenous ZFAND1
to p97, which was also resistant to RNase treatment, indicating that the interaction

resulted from protein-protein contacts (Fig. 21b).
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Figure 21. ZFANDI1 interacts with p97 in an arsenite dependent manner. (a)
Arsenite-dependent binding to p97. HEK293T cells were co-transfected with plasmids encoding
p97-E578Q and either FLAG-ZFANDI1 or empty plasmid. Cells were then treated with arsenite
(0.5 mM) for 1 h, where indicated. Lysates were subjected to anti-FLAG immunoprecipitation
(IP). Input and IP samples were immunoblotted for p97 and FLAG. (b) HEK293T cells were
treated with arsenite (0.5 mM) for 1 h, and then subjected to crosslinking using 0.8 mM DSP
(30 min, RT). Lysates were incubated with 100 pg/ml RNase A (30 min, RT) as indicated and
then subjected to IP using a ZFAND1-specific antibody or unspecific IgGs.. Input and IP samples
were analyzed for p97 and ZFANDI using immunoblot. LC, antibody light chain (Experiment
was performed by Susanne Meyer).

In order to determine the domain of ZFANDI that binds to p97, a co-immunoprecipitation
experiment was performed using two ZFANDI variants, one lacking the C-terminal UBL
domain, and the other lacking functional zinc fingers. The ZFANDI variant lacking
functional zinc fingers was generated by mutating zinc coordinating cysteine residues by
site-directed mutagenesis. In the co-immunoprecipitation experiment, the variant lacking
the functional zinc finger was able to bind p97, while the UBL deletion variant was not

(Fig. 22).
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Figure 22. ZFANDI1 interacts via its UBL domain with p97. UBL-dependent binding to p97.
HEK293T cells were co-transfected with plasmids encoding p97-E578Q and the indicated
FLAG-ZFANDI variants or empty plasmid. Cells were then treated with arsenite (0.5 mM) for
1 h. Lysates were subjected to anti-FLAG immunoprecipitation (IP). Input and IP samples were
immunoblotted for p97 and FLAG. Note: the expression of the AUBL variant was too low to be
detected in the input (Experiment was performed by Susanne Meyer).
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Collectively, these co-immunoprecipitation experiments revealed an arsenite-dependent
binding of ZFANDI to p97 that is mediated by the UBL domain of ZFANDI, like its

yeast homolog Cuzl.

3.2.3 ZFANDI1 binds to the 26S proteasome

A previous study reported that Cuzl interacts with the proteasome (Sa-Moura et al.,
2013). Apart from that, both ZFAND2A and ZFAND2B also have been shown to bind to
the proteasome via its AN1-type zinc finger domain, where it overcomes arsenite-induced

impairment effect on the 26S proteasome (Stanhill et al., 2006).

In order to analyze proteasome binding of ZFANDI, an in vitro pulldown experiment was
performed using human 26S proteasome and purified recombinant GST-ZFANDI. In line
with the previously characterized interaction of Cuzl with the yeast 26S proteasome (Sa-
Moura et al., 2013; Hanna et al., 2014), the interaction of ZFANDI1 to both 19S and 20S
subunit of the 26S proteasome was detected (Fig. 23). This experiment clearly indicates a
direct interaction between ZFANDI and the 26S proteasome. Importantly, these results
for the first time revealed an ATP-depletion dependent binding of ZFANDI to

proteasome.
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Figure 23. Interaction between ZFANDI1 and the 26S proteasome in vitro. Glutathione
sepharose pulldown was performed by incubating the recombinantly purified GST-ZFAND1 with
the human 26S proteasome in the absence and presence of 5 mM ATP. 19S subunits PSMDI and
PSMC4, and the 20S subunit PSMA1 were analyzed by immunoblotting. Immobilized GST and
GST-ZFANDI1 were detected by Coomassie staining (CBB).

To investigate the binding of ZFANDI to the 26S proteasome in cells,
co-immunoprecipitation experiments were performed using a HEK293T cell line
transfected with a plasmid encoding C-terminally FLAG epitope-tagged ZFANDI1
(ZFAND1-FLAG). Indeed, interaction between ZFAND1 and the 19S proteasome subunit
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(PSMD1) was observed. This binding was only observed when the cell lysate was ATP
depleted using hexokinase and glucose, and was reduced significantly upon addition of

ATP to the lysate (Fig. 24a), consistent with the result in vitro (Fig. 23).
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Figure 24. Interaction between ZFANDI1 and the proteasome in vivo. Binding to the 19S
proteasome. (a) HEK293T cells transfected with either plasmid encoding ZFAND1-FLAG or
empty plasmid. Lysates were depleted of ATP by addition of hexokinase and glucose for 15 min
and subjected to FLAG-IP. Input and IP samples were immunoblotted for the 19S subunit PSMD1
and FLAG. (b) HEK293 Flp-In T-REx cells stably expressing ZFANDI1-FLAG were induced
using tetracycline (10 ng/ml) for 24 h. Cells were then treated with arsenite (0.5 mM) for 1 h,
where indicated. Lysates were subjected to FLAG-IP after ATP depletion as in (a). Input and IP
samples were immunoblotted for the 19S subunit PSMD1 and ZFANDI.

To confirm this interaction at more physiological expression levels,
co-immunoprecipitation was performed using a stable HEK293 cell line expressing C-
terminally FLAG epitope-tagged ZFAND1. Low concentration of tetracycline was used to
express ZFAND1-FLAG at close to endogenous level, and lysates were depleted for ATP.
Using this approach, binding of ZFANDI to the 19S proteasome subunit PSMD1 was
detected (Fig. 24b). Similar to p97 binding, this interaction was significantly strengthened

upon arsenite treatment and resistant to RNase treatment.

In order to identify the domain of ZFANDI responsible for proteasome binding, a
co-immunoprecipitation was performed using arsenite-treated HEK293T cells transfected
with a plasmid encoding either C-terminally FLAG epitope-tagged wild-type or AN1 ZF
mutant variant of ZFAND1 (ZFANDI1 ZnFmut-FLAG), or empty vector. The ZFAND1
construct lacking the functional AN1 ZF domain showed strongly reduced proteasome

binding (Fig. 25).
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Figure 25. ZFANDI1 interacts via its AN1_ZF domain to the proteasome. Lysates of
HEK?293T cells transfected with plasmids encoding the indicated ZFANDI-FLAG variants were
arsenite-treated, ATP depleted and subjected to FLAG-IP as in (Fig. 25a). Inputs and IP samples
were immunoblotted for the 19S subunit PSMD1 and FLAG.

3.2.4 Proteomic study of ZFANDI1 binding proteins

In order to identify the ZFANDI interactome and to obtain a more complete picture of the
interaction between ZFANDI and the 26S proteasome, affinity purification and mass
spectrometry analysis was performed. For this, a stable HEK293 cell line expressing
C-terminally FLAG epitope-tagged ZFANDI1 (ZFAND1-FLAG) was used. Intriguingly,
the mass spectrometry analysis revealed a strong enrichment of all subunits of the 19S

proteasome (Fig. 26; https://chorusproject.org/; project ID 1382).
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Figure 26. Mass spectrometric analysis for ZFAND1 binding proteins. Identification of
proteins interacting specifically with ZFAND1 by Co-IP and quantitative mass spectrometry.
Median values calculated from triplicate experiments were plotted. The 19S and 20S proteasomal
subunits are labeled in magenta and green, respectively.
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Again, these interactions were ATP depletion-dependent (data not shown). In addition,
many 20S proteasome subunits were detected, but not as strongly enriched as 19S
subunits. Together, these data strongly indicate that ZFANDI1 is an interactor of the intact

26S proteasome.

3.2.5 Function of ZFANDI1 in SG clearance

3.2.5.1 ZFANDI1 associates with SGs upon arsenite stress

The cellular function of ZFANDI is uncharacterized till date. The yeast homolog of
ZFANDI, Cuzl, is required for efficient clearance of SG clearance (Fig. 16). To test a
potential SG localization of ZFANDI, immunofluorescence (IF) experiments were
performed using HeLa cells. TIA-1, which is known to accumulate in SGs upon various
stress conditions (Kedersha et al., 1999), was used as a SG marker protein. Under control
conditions, a diffuse signal of ZFANDI was found in the cytoplasm (Fig. 27, top row).
Interestingly, an accumulation of ZFANDI at TIA-1 positive speckles was observed upon
arsenite stress (Fig. 27, middle row). By contrast, no co-localization of ZFAND1 was
observed with heat-induced SGs, indicating an arsenite-specific role of ZFANDI (Fig. 27,

bottom row).

ZFAND1

Arsenite Control

Heat shock

Figure 27. ZFANDI1 associates with arsenite-induced SGs. HeLa cells were subjected to either
arsenite treatment (0.5 mM) for 1 h or heat shock (43 °C) for 2 h. Confocal microscopy was
performed to visualize the localization of endogenous TIA-1 and ZFANDI. Representative
co-localized foci are marked by arrows or magnified in the inset (2x zoom).
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In order to exclude the possibility of non-specific staining by the ZFANDI1 antibody, a
HeLa Flp-In T-Rex cell line stably expressing FLAG-ZFAND1 was used. Expression of
ZFANDI1 was induced using tetracycline, and an IF was performed using an anti-FLAG
antibody. A strong co-localization of ZFAND1 with TIA-1 was observed under arsenite
stress, which was also confirmed in IFs of G3BP1, a cytoplasmic protein that is known to
accumulate in SGs upon various stress conditions (Fig. 28a,b, bottom rows). This result
shows an association of ZFAND1 with SGs that is specific to arsenite stress.
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Figure 28. Co-localization of ZFANDI1 to arsenite-induced SGs. (a) HeLa Flp-In T-REx cells
were induced to express FLAG-ZFANDI1 using tetracycline (1 pg/ml, 24 h) and subjected to
arsenite treatment (0.5 mM) for 1 h. Confocal microscopy was performed to visualize the
localization of FLAG-ZFANDI and endogenous TIA-1. (b) Same as in (a) except localization of
G3BP1 was analyzed instead of TIA-1.

In order to determine which domain of ZFAND1 mediates the assocation with SGs, HelLa
ZFANDI knockout cells (Source: Dr. Gabriella Marincola, Buchberger lab) generated by
CRISPR/Cas9-mediated genome editing were used. We ectopically expressed wild-type
and mutant ZFANDI1 variants in ZFAND1 knockout HeLa cells (Fig. 29a,b). Whereas
ZFANDI1-ZnFmut exhibited the same strong association with arsenite-induced SGs as
wild-type ZFANDI, the p97 binding deficient ZFAND1-AUBL variant did not localize to
SGs (Fig. 29), suggesting that the UBL domain mediates association of ZFAND]1 to SGs.
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Figure 29. The UBL domain-dependent association of ZFAND1 to SGs. (a) ZFAND1 KO
HeLa cells ectopically expressing the indicated FLAG-ZFANDI1 variants were analyzed as in
(Fig. 28). (b) Immunoblot showing FLAG-ZFANDI1 protein levels in cells from (a).

3.2.5.2 ZFANDI1 is required for the clearance of arsenite-induced SGs
The association of ZFAND1 with SGs and a role of its yeast homolog Cuzl in the
clearance of arsenite-induced SG suggested a possibility of an evolutionarily conserved

function in SG clearance.

In order to get insight into the role of ZFANDI in SG dynamics, HeLa cells were treated
with siRNA against ZFANDI1 or luciferase (used as a control) and subjected to arsenite
stress. SG formation was observed using FMRP as an SG marker protein (Fig. 30a).
FMRP has been shown to translocate to SGs upon several stress conditions. A robust
formation of FMRP-positive SGs was observed in both control- and ZFAND1-depleted
HeLa cells upon arsenite stress (Fig. 30a, middle column). Importantly, when shifted back
to the normal growth condition for recovery after arsenite removal, ZFAND1-depleted
cells, unlike control-depleted cells, were unable to efficiently clear arsenite-induced SGs
(Fig. 30a). Quantitation of the microscopy data showed a statistically significant effect,
with ZFAND1-depleted cells possessing much more SGs than control-depleted cells (50%

compared to 14%) (Fig. 30b). This observed defect in the clearance of arsenite-induced
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SGs in ZFANDI-depleted HeLa cells, along with the function of its yeast homolog Cuzl

(Fig. 15,16), demonstrates an evolutionarily conserved function of ZFANDI.
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Figure 30. ZFANDI is required for the clearance of arsenite-induced SGs. (a) HeLa cells
were transfected with the indicated siRNAs for 48 h. Cells were then subjected to arsenite
treatment (0.5 mM) for 1 h, and allowed to recover for 2 h. Confocal microscopy was performed
to visualize FMRP. (b) Quantitation of cells with SGs in (a); mean + SD; n = 3 with > 100 cells
per condition; **p < 0.01. (c) Depletion of ZFANDI in cells from (a) was confirmed using
immunoblot analysis.

ZFANDI knockout cells were used in order to further confirm the observed results (Fig
31a). All three ZFANDI KO clones exhibited a highly significant SG clearance defect,
which was even stronger than that of siRNA-depleted cells for two of the three clones

(Fig 31b,c). This confirms a specific role of ZFANDI in SG clearance.
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Figure 31. Validation of SG clearance defect using ZFANDI knockout clones. (a) Lack of
ZFANDI in the KO HeLa clones was confirmed using immunoblot analysis. (b) Three Zfandl
knockout (KO) and one control HeLa clones were subjected to arsenite treatment (0.5 mM) for
1 h, and recovered for 2 h. Confocal microscopy was performed to visualize FMRP. (c)
Quantitation of cells with SGs in (b).

3.2.5.3 ZFANDI1 has a conserved and specific function in SG clearance

In order to rescue the impairment in SG clearance observed upon ZFANDI depletion, a
complementation experiment was performed. ZFANDI-depleted HeLa cells
co-transfected with a plasmid encoding the wild-type ZFAND1 gene reduced the number
of SG-positive cells to the level of the control-depleted cells (~20% vs. 22% SG-positive
cells) (Fig. 32a,b).
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Figure 32. Specific and conserved function of ZFANDI1 in arsenite-induced SG clearance. (a)
HeLa cells were co-transfected for 48 h with the indicated siRNAs and plasmids encoding
ZFAND1, FLAG-Cuzl, ZFANDI1 ZnFmut, FLAG-ZFANDIAUBL, ZFAND2A or
FLAG-ZFAND2B. Cells were then subjected to arsenite treatment (0.5 mM) for 1 h, and
recovered for 2 h. Confocal microscopy was performed to visualize FMRP. (b) Quantitation
showing cells with SGs in (a).
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More importantly, a similar suppression was observed when ZFAND1-depleted cells were
complemented with a plasmid encoding the wild-type yeast CUZI gene (Fig. 32a,b). In
contrast, no rescue was observed using a plasmid encoding wild-type ZFAND2A or
ZFAND2B, which suggests that ZFANDI has a function distinct from other AN1 ZF
family members (Fig. 32a,b).

In order to investigate the domain of ZFANDI1 responsible for its role in SG clearance, a
complementation experiment was performed, where ZFANDI-depleted cells were
transfected with variants of ZFANDI, either lacking functional zinc fingers or lacking the
C-terminal UBL domain. Neither of these constructs was able to rescue the impaired SG

clearance (Fig. 32a,b).

Together, these complementation experiments reveal an evolutionarily conserved and
specific function of ZFANDI1 in SG clearance, which is mediated via both domains of

ZFANDI, the zinc fingers and the UBL domain.

To investigate if the function of ZFANDI in SG clearance is specific to arsenite stress,
various other stress conditions were tested, including heat shock (43 °C, 2 h) (Fig. 33a,b),
treatment with 0.6 M sorbitol or with 2 mM hydrogen peroxide (Fig. 33¢c,d). Intriguingly,
however, no defect in SG clearance was observed under any of these conditions. This
result indicates that a function of ZFANDI1 in SG clearance is specific to arsenite stress,

and not required under other stress conditions.
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Figure 33. No role of ZFANDI in heat-, sorbitol-, and H,0O,-induced SG clearance. (a) HeLa
cells were transfected with the indicated siRNAs targeting either ZFANDI (siZFANDI) or
control (siCtrl) for 48 h. Cells were then subjected to heat shock (43 °C) for 2 h, and allowed to
recover for 2 h. Confocal microscopy was performed to visualize FMRP. (b) Depletion of
ZFANDI in cells from (a) was confirmed using immunoblot analysis. (¢) Same as in (a) except
cells were treated with either H,O, (2 mM, 1 h) or sorbitol (0.6 M, 1 h), and allowed to recover for
2 h. (d) Depletion of ZFANDI1 in cells from (c) was confirmed using immunoblot analysis.

The AN1_ZF family member ZFAND2B has been shown to interact with both, the 26S
proteasome via its AN1 ZF domain, and p97 via its VIM motif (Yun et al., 2008; Glinka
et al., 2013) (Fig. 18). This binding pattern of ZFAND2B prompted us to test if
ZFAND2B has a similar function in SG clearance as ZFANDI. HeLa cells were depleted
for ZFAND2B using a specific siRNA, and an IF experiment was performed to study the
formation and clearance of SG. Interestingly, no defect either in the formation or in the
clearance of SGs was observed upon ZFAND2B depletion (Fig. 34a), which is in line
with the observed rescue defect in Fig. 32. This result implies that ZFAND1, among other

ANI1 _ZF family members, has a specific role in the clearance of arsenite-induced SGs.
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Figure 34. ZFAND2B is not required for arsenite-induced SG clearance. (a) HeLa cells were
treated with either control siRNA or ZFAND2B siRNA for 48 h. Cells were then subjected to
arsenite treatment (0.5 mM) for 1 h, and allowed to recover for 2 h. Confocal microscopy was
performed to visualize FMRP. (b) Depletion of ZFAND2B in cells from (a) was confirmed using
immunoblot analysis.

3.2.5.4 ZFANDI1 mediates the recruitment of p97 and the 26S proteasome

ZFANDI interacts with p97 (Fig. 22) and with the proteasome in a UBL- and AN1 ZF
domain-dependent manner, respectively (Fig. 25). In order to get detailed insight into the
molecular mechanism behind the cellular function of ZFANDI1 in SG clearance, an IF
was performed to analyze if ZFANDI-positive SGs also contain p97 and/or the 26S

proteasome.

HeLa cells were treated with either siZFANDI1 or siCtrl. After arsenite treatment, an IF
was performed in order to analyze the localization of ZFANDI, p97, and the 26S
proteasome. Co-localization of ZFANDI1 with p97 at SGs in siCtrl treated HeLa cells was
observed (Fig. 35a, top row). Interestingly, in ZFANDI-depleted HeLa cells, a diffuse
signal of p97 was observed. No co-localization of p97 to SGs was observed under this

condition (Fig. 35a, bottom row).
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Figure 35. ZFAND1 mediates the recruitment of p97 to arsenite-induced SGs. HeLa cells
transfected with the indicated siRNA for 48 h were subjected to arsenite treatment (0.5 mM) for
1 h. Confocal microscopy was performed to visualize the localization of endogenous TIA-1,

ZFANDI and either (a) p97, (b) 20S alpha subunits or (c) PSMCS5. Representative co-localized
foci are marked by arrows or magnified in the inset (2x zoom).
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A similar result was observed in IFs performed with either anti-19S proteasome (PSMC5
subunit) or with anti-20S proteasome (alpha subunits) antibodies (Fig. 35b,c). The
localization of p97 and the 26S proteasome to SGs in a ZFANDI-dependent manner
strongly indicates a role of ZFANDI as an adaptor or a recruitment factor for targeting

both, p97 and the 26S proteasome to SGs.

It has been shown previously that p97 co-localizes with SGs generated during various
different stress conditions including heat shock, arsenite, sorbitol and clotrimazole stress
(Buchan et al., 2013). In order to understand if the role of ZFANDI1 in p97 recruitment is
specific to arsenite, the localization of p97 to heat-induced SGs in ZFANDI1-depleted
cells was analyzed. Localization of p97 to heat-induced SGs was observed (Fig. 36a, top
row), in line with a previous report (Buchan et al., 2013). Interestingly, no difference in
the localization of p97 to heat-induced SGs, in contrast to arsenite-treated cells, was
observed in ZFANDI1-depleted cells (Fig. 36a, bottom row). Importantly, this observation
implies that ZFANDI1 acts as a recruitment factor for p97 in an arsenite-dependent

manncr.
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Figure 36. ZFANDI1 independent recruitment of p97 to heat-induced SGs. (a) HeLa cells
treated with indicated siRNA targeting either ZFANDI (siZFANDI) or control (siCtrl) for 48 h,
were subjected to heat shock (43 °C) for 2 h. Confocal microscopy was performed to visualize
endogenous TIA-1 and p97. (b) Depletion of ZFANDI1 in cells from (a) was confirmed using
immunoblot analysis.

To map the domains of ZFANDI1 that mediate the SG recruitment of p97 and the 26S
proteasome, respectively, we analyzed their localization in ZFAND1 knockout HeLa cells
ectopically expressing wild-type and mutant ZFAND1 (Fig. 37). Whereas wild-type
ZFANDI was proficient in the recruitment of both p97 and the proteasome to SGs,
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ZFANDI-ZnFmut mediated the recruitment of p97, but not the proteasome, consistent
with the immunoprecipitation data (Fig. 25). Importantly, the ZFANDI-AUBL variant
unable to associate with SGs (Fig. 29) was unable to recruit either p97 or the 26S
proteasome, as expected (Fig. 37). These data confirm that the ZFANDI-mediated
recruitment of the 26S proteasome to arsenite-induced SGs is required for their efficient
clearance. They also show that p97 recruitment to SGs is necessary, but not sufficient for

normal clearance.
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Figure 37. ZFANDI1-mediated recruitment of p97 and the 26S proteasome to SGs. (a)
ZFAND1 KO HeLa cells ectopically expressing the indicated FLAG-ZFANDI1 variants were
subjected to arsenite treatment (0.5 mM, 1 h). Endogenous TIA-1, p97 and the 19S subunit
PSMCS5 were visualized by confocal microscopy. Representative p97- and 19S-positive SGs are
marked by arrows or magnified in the inset (2x zoom). (b) Immunoblot showing FLAG-ZFAND1
protein levels in cells from (a). The vertical line indicates that an irrelevant lane of the original
blot was removed. All lanes of a given panel are from the same blot and were processed
identically.

3.2.6 Potential relevance of ZFANDI1 in human diseases

3.2.6.1 Link between ZFAND]1 function and neurodegenerative diseases

Mutations in the p97/valosin-containing protein (VCP) gene cause the multisystem
degenerative disorder IBMPFD/ALS (inclusion body myopathy, Paget’s disease of bone,

frontotemporal dementia, and amyotrophic lateral sclerosis). However, the mechanism by
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which p97 mutant proteins contribute to the pathogenesis of this disease remains
unknown. A recent study showed that disease-causing p97 variants carrying the missense
mutations R155H or A232E are impaired in the clearance of arsenite-induced SG
clearance, which may then lead to skeletal muscle degeneration (Rodriguez-Ortiz et al.,

2016).

In order to test if ZFANDI and p97 function in the same pathway for arsenite-induced SG
clearance, control- or ZFANDI1-depleted HeLa cells were co-transfected with either p97
WT, p97-R155H or with empty vector, and arsenite-induced SG formation and clearance

was studied using IF (Fig. 38).
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Figure 38. Impaired ZFANDI1 function is linked to neurodegenerative disease. (a) HeLa cells
were co-transfected with either an empty plasmid or a plasmid encoding wild-type p97 or the
p97-R155H mutant, along with the indicated siRNAs for 48 h. Cells were then subjected to
arsenite treatment (0.5 mM) for 1 h, and allowed to recover for 2 h. Fluorescence microscopy was
performed to visualize FMRP. (b) Quantitation of cells with SGs in (a). (¢c) Expression of p97 and
ZFANDI in cells from (a) was confirmed using immunoblot analysis.

A defect in SG clearance was observed in control-depleted cells expressing p97-R155H,
compared to control-depleted cells expressing p97 WT (Fig. 38a, left column), in line
with a previous report (Rodriguez-Ortiz et al., 2016). In ZFANDI1-depleted cells, the

defect in SG clearance (in the presence of an empty plasmid) was much stronger as

44



Results

compared to that in the control-depleted cells (Fig. 38a, top row). However, no additive
defect in SG clearance was observed in ZFANDI-depleted cells in the presence of
p97-R155H (Fig. 38a,b). This lack of additive defects points towards an epistatic
relationship between ZFANDI1 depletion and expression of disease-causing mutant of
p97. It implies that ZFANDI and p97 function in one pathway required for efficient SG

clearance.

3.2.6.2 Link between ZFAND1 function and cancer

Interestingly, ZFANDI was found to be amplified in several cancer types
(www.cbioportal.org). Morever, several mutations in ZFANDI have been found in
different cancer types. Among these mutations, a nonsense mutation at amino acid residue
130 (R130*) is seen to occur most frequently, and mainly in colorectal and prostate
adenocarcinoma (www.cbioportal.org). Importantly, this nonsense mutation (R130%*) is
located C-terminal of the AN1 ZF domains (which ranges from amino acid residues
1-104) and generates a variant lacking the UBL domain. The ZFAND1-R130* variant
was tested for a potential SG clearance defect in a complementation experiment as
described above. Indeed, ZFAND1-R130* was found to be impaired in the clearance of
arsenite-induced SGs in a similar manner as the ZFANDI1AUBL variant (Fig. 39). This

result may suggest a link between perturbed SG clearance and tumorigenesis.
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Figure 39. Impaired ZFANDI1 function is linked to cancer. (a) HeLa cells were co-transfected
for 48 h with the indicated siRNAs and either with an empty plasmid or a plasmid encoding the
cancer-derived ZFANDI1-R130* mutant. Cells were then subjected to arsenite treatment (0.5 mM)
for 1 h, and allowed to recover for 2 h. Confocal microscopy was performed to visualize FMRP.
(b) ZFANDI protein levels in cells from (a) were detected using immunoblot analysis.

3.2.7 ZFANDI1 depletion causes the formation of aberrant SGs
Recent reports suggest that SGs positive misfolded proteins also contain chaperones like

p97, Hsp70, and Hsp27 (Mateju et al., 2017). A defect in the removal of misfolded
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proteins from SGs can lead to the transformation of normal SGs into aberrant SGs. These

aberrant SGs persist and have to be cleared via autophagy (Buchan et al., 2013).

In order to analyze if the persistent SGs in ZFANDI1-depleted cells are aberrant, DRiPs
(Defective Ribosomal Products) localization was analyzed. DRiPs are prematurely
terminated and/or misfolded polypeptides that are released from ribosomes. It has been
shown that DRiPs get ubiquitylated and rapidly degraded by the 26S proteasome
(Yewdell et al., 2011). If not degraded by the 26S proteasome, DRiPs can accumulate in
proximity to or at SGs, which likely leads to the transformation of normal into aberrant
SGs (Ganassi et al., 2016). The persistent SGs in ZFAND1-depleted cells were tested for
a possible co-localization with DRiPs, which could explain the mechanism underlying the

SG clearance defect.

In order to analyze the formation and clearance of DRiPs, O-Propargyl-puromycin
(OP-puro) was used. OP-puro is an alkyne analog of puromycin, which is incorporated
into nascent polypeptide chains in order to generate DRiPs in cellulo. The cells are then
fixed and permeabilized, and DRiPs can be coupled to azide-fluorophores by a CuAAC
(Copper-catalyzed Azide-Alkyne Cycloaddition) reaction, and further analyzed using

fluorescence microscopy (Liu et al., 2012).

Interestingly, upon OP-puro treatment for 45 min, ZFANDI1-depleted HeLa cells showed
a significant increase in the number of DRiPs compared to control-depleted cells
(Fig. 40a,b). This result indicates that ZFAND1 might play a role in the degradation of
DRiPs.
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Figure 40. DRiP accumulation upon ZFANDI1 depletion (a) HeLa cells were transfected with
the indicated siRNA for 48 h, subjected to OP-puro (40 pM) treatment. OP-puro-labeled DRiPs
were detected using Alexa594-azide and visualized by confocal microscopy. (b) Quantitation
showing number of DRiPs/cell in (a).
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A possible involvement of DRiPs in the SG clearance defect observed in
ZFAND1-depleted cells was analyzed. ZFANDI1- and control-depleted cells were treated
simultaneously with arsenite and OP-puro for 45 min and recovered for 1 h. Treated cells

were then analyzed for SG and DRiP formation using an IF.

ZFANDI- and control-depleted HelLa cells treated with Op-puro in the absence of
arsenite stress showed formation of OP-puro-labeled DRiPs, but not SGs (data not
shown). This control shows that treatment with Op-puro does not lead to formation of
SGs. In the presence of ZFANDI1, SGs produced under arsenite stress did not co-localize
with DRiPs, and both DRiPs and SGs were efficiently cleared during recovery (Fig. 41,
1 and 2™ column). Interestingly, in cells depleted for ZFANDI, significant co-
localization of SGs and DRiPs was observed immediately after arsenite treatment (Fig.
41, 3" and 4™ column). This observation suggests that SGs produced in the absence of
ZFANDI1 accumulate DRiPs and transform into bona fide aberrant SGs, which is a rarely
observed phenotype.

OP-puro
siCtrl siZFAND1
Recovery (3 hrs)

Arsenite Arsenite Recovery (3 hrs)

sdidd b-VIL

Control

abis

Figure 41. Lack of ZFANDI1 causes the formation of aberrant SGs. HelLa cells were
transfected with the indicated siRNA for 48 h. Cells were then subjected to simultaneous
treatment with OP-puro (40 pM) and arsenite (0.5 mM) for 45 min, and allowed to recover for
3 h. OP-puro-labeled DRiPs were detected using Alexa594-azide. Confocal microscopy was
performed to visualize TIA-1 and DRiPs.
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3.2.7.1 Involvement of proteasome in SG clearance

In order to get an insight into the involvement of the 26S proteasome in formation or
clearance of aberrant SGs, cells were treated with proteasome inhibitor and arsenite.
Proteasome inhibitor MG132 itself has been shown to induce the formation of SGs
(Mazroui et al., 2007), making the analysis of SG clearance difficult. To avoid this
complication, we used the proteasome inhibitor bortezomib instead at concentrations and

incubation times that did not result in SG formation per se (Fig. 42a).
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Figure 42. Effect of proteasome inhibition on the aberrant SGs dynamics. (a) HeLa cells were
subjected to simultaneous treatment with bortezomib (5 pM) and OP-puro (40 pM), and were
recovered for 3 h in the presence of bortezomib. OP-puro-labeled DRiPs were detected using
Alexa594-azide. Confocal microscopy was performed to visualize TIA-1 and DRiPs. (b) Same as
(Fig. 41), but bortezomib (5 pM) was added 15 min prior to the simultaneous treatment with
OP-puro (40 pM) and arsenite (0.5 mM). Cells were then allowed to recover for 3 h in the
presence of bortezomib. OP-puro-labeled DRiPs and TIA-1 was visualized as in (a).

Bortezomib was added 15 min prior to arsenite treatment and was maintained during
recovery. Intriguingly, aberrant SGs were observed directly after arsenite stress under
these conditions, and were not efficiently cleared after 3 hours of recovery, even in the
presence of ZFANDI (Fig. 42b, 1% and 2" column). This suggests that proteasome
activity is required for the efficient clearance of arsenite-induced SGs. Importantly, the
effect of bortezomib was very similar to that of ZFAND1 depletion, and combining both
did not significantly increase the number of aberrant SGs after arsenite stress or recovery

(compare Fig. 42b 3 and 4™ column to Fig. 41 3 and 4™ column). Together, these
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results points towards the importance of proteasome activity at SGs for the efficient

clearance of SGs.

3.2.7.2 Involvement of autophagy in the clearance of aberrant SGs
To study the effect of autophagy on SG clearance, cells were treated with the autophagy

inhibitor bafilomycin as explained above for bortezomib (Fig. 43).
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Figure 43. Effect of autophagy inhibition on the aberrant SGs dynamics. HelLa cells were
transfected with the indicated siRNA for 48 h. Cells were then treated same as (Fig. 41), but
bafilomycin (200 nM) was added 15 min prior to the simultaneous treatment with OP-puro
(40 uM) and arsenite (0.5 mM). Cells were then allowed to recover for 3 h in the presence of
bafilomycin. OP-puro-labeled DRiPs and TIA-1 was visualized as in (a).

In contrast to proteasome inhibition, autophagy inhibition did not lead to induction of
aberrant SGs directly after arsenite treatment (compare Fig. 43 1* column to Fig. 42b 1
column). However, after 3 h recovery from arsenite stress, ZFANDI-depleted cells
showed a significant increase in the number of aberrant SGs, when treated with
bafilomycin (5.57+0.32 versus 1.09+0.06 DRiP-positive SGs in the presence and absence
of bafilomycin, respectively; 50 cells quantified, n=2) (compare Fig. 43 4™ column to Fig.
41 4™ column). This accumulation of aberrant SGs upon bafilomycin treatment confirms

the involvement of autophagy in the clearance of aberrant SGs.
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In order to further analyze the property of remaining SGs, the possible co-localization of
the accumulated SGs with autophagy marker proteins, including the cargo adaptor p62,
LC3B and ubiquitin was investigated (Fig. 44).
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Figure 44. Aberrant SGs formed in the absence of ZFANDI1 are targeted by autophagy (a)
HeLa cells were transfected with the indicated siRNA for 48 h. Cells were then subjected to
simultaneous treatment with OP-puro (40 uM) and arsenite (0.5 mM) for 45 min, and allowed to
recover for 1h. OP-puro-labeled DRiPs were detected using Alexa594-azide. Confocal
microscopy was performed to visualize the co-localization of TIA-1 and DRiPs with p62 (a) and
ubiquitin (b) or co-localization of TIA-1, p62 and LC3B (c). Representative co-localized foci are
marked by arrows or magnified in the inset (2x zoom).
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Importantly, in ZFANDI1-depleted cells, the DRiP-positive SGs were observed to be
positive for p62 (Fig. 44a, bottom row), ubiquitin (Fig. 44b, bottom row), and LC3B (Fig.
44c, bottom row), which was not the case in control-depleted cells. Taken together, these
results clearly demonstrate that the lack of ZFAND1 causes the transformation of normal

SGs into aberrant SGs upon arsenite stress.
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4 Discussion
In this work, ZFAND1 was identified as a novel and critical regulator of arsenite-induced
SG turnover. ZFANDI recruits p97 and the 26S proteasome to arsenite-induced SGs, and

prevents the transformation of normal SGs into aberrant SGs.

4.1 Model of ZFANDI1 function in SG clearance

This study demonstrates the requirement of ZFANDI1 for efficient clearance of
arsenite-induced SGs (Fig. 45). Similar to other stress conditions, such as heat shock,
oxidative stress and osmotic stress, arsenite causes translational stalling and thus induces
SG formation. SGs can have a varied composition depending on the stress condition
(Panas et al., 2016; Protter and Parker, 2016), but mainly consist of stalled translation
initiation complexes, untranslated mRNAs, RNA binding proteins with low-complexity
regions such as TIA-1, G3BP1 and FMRP, and many of additional proteins contributing
to SG structure and dynamics (Jain et al., 2016; Panas et al., 2016; Protter and Parker,
2016). ZFANDI via its UBL domain associates with arsenite-induced SGs. ZFANDI also
interacts with both, p97 and the 26S proteasome, and recruits them specifically to
arsenite-induced SGs for their normal clearance (Fig. 45, left half). During recovery from
arsenite stress, SGs have been shown to dissociate in a chaperone-dependent manner
(Ganassi et al., 2016), by which stalled mRNPs can reenter translation. During this work,
the involvement of p97 and the 26S proteasome in the disassembly of SGs, allowing
translation to recommence was found. In addition to SGs, arsenite stress also induces the
accumulation of ubiquitylated DRiPs. In the presence of ZFANDI, normal clearance of

arsenite-induced SGs occurs, and DRiPs get degraded rapidly via the 26S proteasome.

On the other hand, in the absence of ZFANDI1 (Fig. 45, right half), arsenite-induced SGs
lack p97 and the 26S proteasome, and DRiPs co-localize to SGs. Importantly, a
significant fraction of SGs cannot be cleared under these conditions. During recovery,
SGs co-localize with DRiPs, and become aberrant. It has been shown that presence of
other misfolded, prion domain-containing or ubiquitylated proteins at SGs make them
aberrant. These transformed aberrant SGs, which are positive for DRiPs, are then

recruited into LC3-positive autophagosomes by p62, and degraded via autophagy.
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Figure 45. Model for the role of ZFANDI1 in the turnover of arsenite-induced SGs. SG, stress
granule; DRiPs, defective ribosomal products. Ubiquitylation of DRiPs and (unknown) SG
proteins is indicated by red lollipop structures. See text for details.

4.2 Function of p97 in SG turnover

Intriguingly, p97, apart from its central role in many of the proteasomal degradation
pathways, was also found to be involved in SG dynamics. There are different hypotheses
regarding the role of p97 in SG dynamics, and roles of p97 in both formation and

clearance of SG has been reported.

A recent study showed that impairment of either p97 function or autophagy could affect
SG assembly (Seguin et al., 2014), suggesting their involvement in SG formation. SGs in
cells treated with p97 siRNA or autophagy inhibitor were found to be smaller in size as
compared to SGs formed in control cells. By contrast, in our study, apparently normal
formation of SGs was observed upon p97 knockdown (data not shown) or autophagy
inhibition (Fig. 43), excluding the possible involvement of p97 and autophagy in SG
formation. In order to further investigate this, careful analysis of number and size of SGs
formed during different conditions needs to be done. Data from this study points towards
the possibility that the function of p97 and the 26S proteasome at SGs is rather to remove
misfolded or ubiquitylated proteins from SGs as a prerequisite for its normal clearance,

but not in the formation of SGs.
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A study by Buchan et al. showed an involvement of p97 in SG clearance via autophagy
(Buchan et al., 2013). They could show that p97 knockdown leads to a defect in SG
clearance. Interestingly, in this study, the p97-binding deficient construct of ZFANDI
(lacking the UBL domain) was found defective in SG clearance, demonstrating a direct
role of p97 in normal clearance of SGs. Intriguingly, the UBL domain alone of ZFAND1
was unable to rescue the SG clearance defect (Fig. 32). This important observation shows
the requirement of both p97 and the 26S proteasome in normal clearance of SG. In
addition, disease-causing mutant of p97 was found to be defective in SG clearance
(Fig. 38) that could possibly contribute to the pathogenesis of IBMPFD/ALS, in line with
a recent report (Rodriguez-Ortiz et al., 2016). p97 is also known to be involved in the
fusion of autophagosomes to lysosomes, which might could explain an observed SG
clearance defect in the presence of disease-causing mutant of p97. These findings together
suggest an additional role of p97, which is in the normal clearance of SGs, but the exact

mechanism by which p97 plays a role SG turnover remains to be analyzed.

In this study, the recruitment of p97 to SGs was observed that is in line with previous
reports (Fig. 35, 36). However, recruitment of p97 to arsenite-induced SGs was found to
be ZFANDI-dependent (Fig. 35). Interestingly, under stress conditions other than
arsenite, p97 was found to be recruited to SGs in a ZFANDI-independent manner
(Fig. 36). This finding indicates the possibility that there might be specific cofactors of

p97 that are required for its recruitment to SGs induced by different stress conditions.

4.3 Function of the 26S proteasome in SG turnover

This study, for the first time, shows a direct role of the 26S proteasome in SG turnover.
Previously, proteasome function was assumed to be required for SG formation via an
unknown mechanism. In this study, both 19S and 20S subunits were found to localize to
arsenite-induced SGs in a ZFANDI1-dependent manner (Fig. 35). Immediate localization
of the proteasome to SGs following arsenite treatment suggests a direct role of the 26S
proteasome in SG dynamics. This study mainly focuses on arsenite stress, but the
co-localization of the 26S proteasome and its requirement in SG turnover should be

analyzed in other stress conditions as well.

A careful analysis was performed in order to understand the function of the 26S
proteasome in SG turnover, using different proteasome inhibitors. MG132, when used for
3-4 h, itself is known to induce formation of SGs, which are eventually cleared in a

HSP70-dependent manner following prolonged treatment (> 6 h) (Mazroui et al., 2007).
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This effect of MG132 in SG metabolism makes it complicated to carefully study the role
of the proteasome in SG turnover. In order to avoid this complication, we used
bortezomib (a selective 20S proteasome inhibitor) in our study at a concentration that
inhibits the proteasome but cannot induce SG formation itself (Fig. 42a). Seguin et al.
showed that a short treatment with bortezomib induces DRiP accumulation in close
proximity to SGs after arsenite treatment (Seguin et al., 2014). Interestingly, overnight
treatment with bortezomib was found to inhibit the formation of SGs, and thus likely to
interfere with SG assembly (Seguin et al., 2014). In order to confirm this, careful analysis
of dose- and time-dependent effects of bortezomib needs to be done. In line with this
report, bortezomib treatment was found to induce the formation of aberrant SGs (co-
localization of DRiPs to SGs) immediately after arsenite stress even in the presence of
ZFANDI1 (Fig. 42b). This interesting finding not only confirms the role of the 26S
proteasome in the clearance of DRiPs, but also suggests its involvement in preventing

aberrant SG formation.

Interestingly, localization of the proteasome to SGs was detected in the presence of
ZFANDI (Fig. 35), a condition where DRiPs did not co-localize with SGs (Fig. 41). This
indicates that apart from DRiPs, there might be other ubiquitylated substrates present at
SGs. In line with previous studies, arsenite-induced SGs were found to be ubiquitin
positive (data not shown), thus indicating a requirement for the 26S proteasome at these
SGs (Kwon et al., 2007; Seguin et al., 2014). It would be interesting to identify the

specific ubiquitylated substrates for the proteasome present inside these SGs.

The proteasome-binding deficient construct of ZFANDI1 (mutated in the ANI ZF
domain) was found to be defective in SG clearance. However, it is important to note that
ZFANDI lacking the UBL domain (but containing an intact AN1 ZF domain) was not
able to rescue the defect in SG clearance (Fig. 32a), suggesting that the AN1_ ZF domain
of ZFANDI alone is unable to function in SG clearance. This was further confirmed by
analyzing the SG clearance defect in a rescue experiment using ZFAND2A and
ZFAND2B, which contain a similar AN1 ZF domain but not the UBL domain. These
observations together suggest that the 26S proteasome alone is not sufficient to mediate

SG clearance.

4.4 ZFANDI1, SG metabolism, and its relevance to diseases
Defects in either the formation or clearance of SGs leads to a perturbed SG homeostasis

(granulostasis). It can occur either because of mutations in important SG components
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leading to increased SG formation (e.g. TIA-1, HNRNPA1, FUS, TARDBP), or
mutational impairment in proteostasis factors responsible for SG clearance (e.g. VCP,
SQSTMI1, BAG3, HSPBS). Perturbed granulostasis has been linked to the pathogenesis of
a majority of neuro- and muscular degenerative disorders including ALS, IBMPFD, and
some others (Alberti et al., 2017; Ramaswami et al., 2013; Taylor et al., 2016). SGs
accumulating under these conditions might act as a seed for fibrillary aggregates that

possibly contributes to the pathogenesis of these diseases.

Importantly, p97 seems to play a central role in maintaining granulostasis as it has been
found to play a role of in autophagy-mediated clearance of aberrant SGs, and our work
suggests an additional function of p97 together with the 26S proteasome in the normal
clearance of SGs. It is important to note that both functions of p97 are affected by
disease-mutants of p97 strongly suggesting a relationship between perturbed granulostasis
and neurodegenerative diseases. Findings from this research work suggesting the role of
ZFANDI as a recruitment factor for both p97 and the proteasome could play an important
role in analyzing the function of both the proteasome and p97 in SG dynamics in future
studies. Furthermore, given the close functional relationship between ZFAND1 and p97 in
SG clearance, it will be interesting to systematically check for ZFANDI mutations in

proteinopathy patients lacking mutations in any of the known SG-related candidate genes.

Perturbed granulostasis is not only involved in the pathogenesis of multiple
neurodegenerative, immunological, and infectious diseases (Alberti et al., 2017;
Ramaswami et al., 2013; Taylor et al., 2016), but also thought to be involved in the
initiation and progression of cancer (Anderson et al., 2015). Cancer cells have been
shown to utilize post-transcriptional control mechanisms to re-program gene expression in
order to enhance cell survival, and SGs are thought to contribute to this process by
modulating cellular signaling pathways. SGs have been found to contain several signaling
molecules and may thus act as signaling hubs. SG can alter multiple signaling pathways
such as the JNK, Wnt and mTOR pathways (Kedersha et al., 2013) to ensure cell
adaptation to stress. Importantly, the ZFAND1-R130* loss-of-function mutation, which is
also found to be defective in SG clearance (Fig. 39), has been identified in tumors from
ovarian, prostate, lung, colorectal and some other cancers, and is the most frequent
somatic ZFAND1 mutation in human cancers (Cerami et al., 2012). This finding suggests
a link between perturbed SG clearance and tumorigenesis, perhaps via alterations in

signaling pathways.
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4.5 Outlook
This research work focusing on ZFANDI raises various interesting questions, and
answers to these could provide a deeper insight into the functional relevance of

Cuz1/ZFANDI for proteostasis.

Firstly, binding interactions studies performed during this work between Cuzl/ZFAND1
and Cdc48/p97 revealed an interesting difference between Cuzl and its human homolog
ZFANDI. Both Cuzl and its human homolog ZFAND1 contain an UBL domain near the
C-terminus that readily fits to the structure of ubiquitin (90% confidence score over 79
residues; Phyre2 structural modeling program). The second ANT1 finger is not conserved
in Cuzl. Cuzl has been shown to interact with Cdc48 via its UBL domain (Sa-Moura et
al., 2013). In line with this report, we could also confirm the UBL domain-dependent
binding of Cuzl to Cdc48 in vivo and in vitro (Fig. 11-13). Cuzl could also bind to the
human homolog of Cdc48, p97, in vitro (data not shown). Surprisingly, this was not the
case for its human homolog, ZFANDI. Although there is a clear homology between the
UBL domains of Cuzl and ZFANDI, binding of ZFANDI1 to p97 was not detected in
vitro and in vivo experiments (Fig. 20, 21). Understanding the differences between the
two UBL domains by analyzing a potential involvement of a posttranslational
modification or a difference in the structural conformation might be the key to the

elucidation of the reason for this different binding pattern.

In contrast to Cuzl, the binding of ZFANDI to p97 was found to be either very weak or
highly dynamic, as it was detected only during arsenite stress, and in the presence of a
p97-trapping mutant (p97-E578Q) or using cross-linking (Fig. 21). One possibility behind
this binding pattern could be the involvement of a posttranslational modification on
ZFANDI that might be responsible for arsenite-dependent binding to p97. Since the direct
intereaction between ZFANDI1 and p97 was not observed during this study, another
possibility points towards an indirect binding between ZFAND1 and p97 that could be
mediated via other p97 cofactors. These interesting aspects need to be elucidated in future
studies in order to understand the mechanism behind arsenite-dependent binding of

ZFANDI to p97.

Secondly, As SGs are known to be of varied composition under different stress conditions
(Panas et al., 2016; Protter and Parker, 2016), the arsenite specific localization and
function of ZFAND1 (Fig. 29, 30, 33) identified in this study raises a question — why the
recruitment of ZFAND1 to SGs is specific to arsenite stress? One possibility could be that
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ZFANDI binds to RNA upon arsenite stress and is thus recruited to SGs, which needs to
be carefully studied. Since the recruitment of ZFANDI to SGs seems to occur upstream
of p97 and the 26S proteasome (Fig. 35), one interesting aspect that needs to be addressed
is, is there any specific binding partner or substrate of ZFANDI present inside arsenite-
induced SGs? Although the recruitment of ZFANDI1 to SG was found to be mediated via
its UBL domain (Fig. 29), there might be a possible involvement of an unstructured
region present between AN1 ZF domain and the UBL domain in this recruitment that

needs to be analyzed.

Thirdly, the binding of ZFANDI1 via its AN1 ZF domain to the 26S proteasome was
found in vivo (Fig. 24-26), which was also found to be strengthened upon arsenite stress
similar to p97 binding (Fig. 24). Intriguingly, mass spectrometry experiments using
lysates from ZFAND1 immunoprecipitations revealed the presence of almost all 19S and
20S subunits (Fig. 26), suggesting that ZFANDI1 is an interaction partner of the 26S
proteasome. Interestingly, in a previously reported study by Stanhill et al., ZFAND2A
was also found to interact with and increase the activity of the 26S proteasome upon
arsenite stress (Stanhill et al., 2006); however, the mechanism behind this is not
understood. As our work shows the binding of ZFANDI to the 26S proteasome, it would
be interesting to study the influence of ZFANDI1 on the 26S proteasome activity.

Fourthly, a recent study showed the presence of a conserved LDFLP motif in the first
ANI zinc finger in ZFAND1/2A/2B that appears to be a distinct feature of this subfamily
(Sun et al., 2016). This conserved motif was found to be dispensable for binding to either
the proteasome or p97. This study suggests that the function of ZFANDI in the SG
clearance pathway is independent of the LDFLP motif, because the zinc finger mutant of
ZFANDI possessing the LDFLP motif was unable to rescue the SG clearance defect.
However, there might be a possibility that the zinc finger mutant ZFANDI has altered 3D
structure or orientation of the LDFLP motif that is unable to bind to the 26S proteasome.
It would be interesting to carefully analyze the role of this motif in proteasome binding

and to identify its functional relevance in future studies.

Lastly, SGs have been shown to disassemble in a chaperone dependent manner. A recent
study showed the importance of the HSPB8-BAG3-HSP70 chaperone complex in
preventing the transition from normal to aberrant SGs (Ganassi et al., 2016). In a similar
line, another study also showed the involvement of the HSP70 chaperone in SG turnover

(Mateju et al., 2017). Mateju et al showed the presence of misfolded proteins such as
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ALS-associated variants of SOD1 and FUS in SGs. FUS is a RNA binding protein and
thus recruited to SGs. On the other hand, SOD1 has no RNA binding motif, but its
ALS-variant that behaves as a misfolded protein is also found to be recruited to SGs. This
finding suggests the involvement of two distinct protein clearance machineries at SGs,
chaperone-mediated normal clearance of SGs and the proteasome-mediated degradation
of misfolded proteins from SGs. This finding together with our study showing
accumulation of misfolded protein like DRiPs at SGs might explain the requirement of
the 26S proteasome (Fig. 41). A possible involvement of the 26S proteasome was further
supported by the presence of ubiquitylated proteins in SGs. Interestingly, in our study,
apart from the effect of arsenite, an increased number of DRiPs was also observed during
knockdown of ZFANDI1 alone (Fig. 40). Together these findings point towards a direct
relationship between ZFANDI and proteasomal activity that is independent of arsenite

and SGs, which needs to be investigated further.
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S Materials and Methods

5.1 Materials

5.1.1 Chemicals and reagents

Commonly used chemicals were obtained from Roth, Sigma Aldrich, Merck, and Serva

unless otherwise indicated.

5.1.2 S. cerevisiae media and plates
Yeast rich (YPD) and minimal (SC) media were prepared according to the following

mentioned protocols:

YPD (Yeast Peptone Dextrose)

2% (w/v) glucose
1% (w/v) bacto yeast extract (Difco, BD)
2% (w/v) bacto peptone (Difco, BD)

SC (Synthetic Complete)

2% (w/v) glucose added after autoclaving
0.67% (w/v) yeast Nitrogen Base (Difco, BD)

0.2% (w/v) drop-out mixture

Drop-out mixtures for SC-media and plates

36.7 g master-mix
addition of the following supplements with the exception of the drop-out(s) of interest

2 g histidine, 4 g leucine, 2 g uracil, 2 g tryptophan, 2 g methionine, 0.5 g adenine

Master-mix for drop-out mixtures

20 g of each alanine, arginine, asparagine, aspartic acid, cysteine, glutamine, glutamic
acid, glycine, inositol, isoleucine, lysine, phenylalanine, proline, serine, threonine,

tyrosine, valine, and 2 g of para-aminobenzoic acid

YPD and SC- plates
2% (w/v) agar (Difco, BD) was added to YPD medium directly and to 2x medium after

autoclaving

Plates for phenotypic analysis

The indicated drugs and compounds were added to YPD/ 2 % (w/v) agar after autoclaving
at approximately 55 °C.
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5.1.3 Strains and cell lines
5.1.3.1 E. coli strains

XL1 Blue: supE44, hsd R17, rec Al, gyr A46, thi, rel Al, lac-, F’ [proAB +, lac lq, lacZ

M15, TnlO(tet r)]

XL10 Gold: Tetr A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl

gvrA96 reldAl lac I [F’ proAB laclgZAM15 Tnl0 (Tetr) Amy Camr]

5.1.3.2 8. cerevisiae strains

Table 1 - List of yeast strains used in this study.

Strain/Reference Genotype Source
number
MATa ura3-52, trpl1-901, his34200, leu2- James ct al
PJ69-4a (YAB697) 3,112, gal44, gal804, GAL2-ADE?, 1996 N

LYS2::GALI-HIS3, met2::GAL7-lacZ

DF5 (YAB698) MATa ura3-52, lys2-801, trpl-1, his34200,
leu2-3,112

DFS5 Acuzl MATa his3-4200, leu2-3,2-112, lys2-801, trp1-

(YAB1243) 1, ura3-52 Acuzl::HIS3MX6

DFS5 cdc48-6 MATa ura3-52, lys2-801, trpl-1, his34200,

(YAB694) leu2-3,112, cdc48-6

MHY 500 MATa his3-4200 leu2-3,112 ura3-52 lys2-801

FLAG-CUZI trpl-1 FLAG-CUZI

(YAB 1920)

DFS5 Arpn4 MATa ura3-52, lys2-801, trpl-1, his34200,

(YAB787) leu2-3,112 Arpn4.::natNT2

DFS5 Aradl8 MATa his3-4200, leu2-3,2-112, lys2-801, trpl-

(YAB1152) 1, ura3-52, radl8::LEU?2

Finley et al.,
1987

This study

Buchberger lab
collection

Hochstrasser lab

Buchberger lab
collection

Buchberger lab
collection

5.1.3.3 Cell lines

Table 2 - List of mammalian cell lines used in this study.

Cell line Source

HeLa ATCC#CCL-2
HEK293T ATCC # CRL-3216

Prof. Thomas Mayer,
University of Konstanz

HEK 293 Flp-In T-Rex Invitrogen (R780-07)
HeLa Flp-In T-Rex ZFANDI-FLAG This work

HeLa Flp-In T-Rex
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Cell line

Source

HeLa Flp-In T-Rex FLAG-ZFAND1
HEK 293 Flp-In T-Rex ZFANDI-FLAG
HEK 293 Flp-In T-Rex FLAG-ZFANDI1

This work
This work
This work
Dr. Gabriella Marincola,

Hela ZFANDI -/- knockout

Buchberger lab

5.1.4 Plasmids
Table 3 - List of plasmids used in this study.

Reference Plasmid Source
number

pAB413 pCMV-Tag 2B Stratagene

pAB597 pCMV-Tag 4A Stratagene

pABS595 pCMV-Tag 3B Stratagene

pAB2305 FLAG-ZFANDI (pCMV2B) This study

pAB2394 ZFANDI-FLAG (pCMV4A) This study

pAB2306 FLAG-ZFANDIAUBL (pCMV2B) This study

pAB2487 ZFANDIAUBL-FLAG (pCMV4A) This study

pAB2375 FLAG-ZFANDI ZnFmut (pCMV2B) This study

pAB2392 ZFANDI ZnFmut-FLAG (pCMV4A) This study

pAB2473 f;cﬁ}\ii%ed ZEANDI R130% This study

pAB2381 ZFANDI untagged (pCMV4A) This study

pAB2387 ZFANDI ZnFmut untagged (pCMV4A)  This study

pAB2309 FLAG-ZFAND2B (pCMV2B) This study

pAB2308 FLAG-Cuzl (pCMV2B) This study

pAB2384 ZFAND2A untagged (pCMV4A) This study

pAB2174  p97-E578Q (pCMV3B) Buchberger lab collection

pAB1953 pOG44 Life technologies

pAB1952  pcDNAS-FRT/TO Life technologies

pAB2342 FLAG-ZFANDI (pcDNAS-FRT/TO) This study

pAB2344  7EANDI-FLAG (pcDNA5-FRT/TO) This study

pAB1331 FLAG-p97 (pCMV2B) Buchberger lab collection

pAB1333  FLAG-p97 R155H (pCMV2B) Buchberger lab collection

pAB2106  Pbpl-GFP Edc3-mcherry Swisher & Parker, 2010

pAB1029  Cuzl (YCplac33) This study
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Reference Plasmid Source
number
pAB826  YCplac33 Gietz & Sugino, 1988
pAB2203  GST-Cuzl (pGEX4T3) This study
pAB2204  GST-Cuzl'**?*™* (pGEX4T3) This study
pAB2197  GST-Cuzl'®?™* (pGEX4T3) This study
pAB2508  GST-Cuzl''% (pGEXA4T3) This study
pAB2509  GST-Cuzl’**™* (pGEXA4T3) This study
pAB1046 Cuzl (pGAD) This study
pAB2513  Cuzl'***™ (pGAD) This study
pAB2512  Cuzl'®?™ (pGAD) This study
pAB2510  Cuzl''" (pGAD) This study
pAB2511  Cuzl1’**™ (pGAD) This study
pAB2067 GST-ZFANDI (pGEX4T1) This study
5.1.5 Antibodies
5.1.5.1 Primary antibodies
Table 4 - List of primary antibodies used in this study.
Dilution Lab
Antigen Manufacturer WB IF collection
number
Rabbit polyclonal anti-ZFAND1  Sigma-Aldrich  1:250 1:50 180
Rabbit polyclonal anti-ZFAND2B Ron lab 1:3000 203
Mouse monoclonal anti-VCP Abcam 1:2000 1:50 36
Mouse monoclonal anti-FMRP Fischer lab 1:200 N/A
Rabbit polyclonal anti-TIA1 Abcam 1:100 198
Goat polyclonal anti-TIA1 Santa Cruz 1:100 N/A
Mouse monoclonal anti-G3BP1 Abcam 1:100 261
Rabbit polyclonal anti-FLAG Sigma-Aldrich  1:1000 90
RabbiF polyclonal anti-19S Thermo 1:1000 196
subunit S3
ng’l?;el g?;fgg;mi-zos Abcam 1:1000  1:100 197
Rabbit polyclonal anti-PSMD1 Abcam 1:2000 205
Mouse monoclonal anti-19S Rpt6 Enzo 206

(PSMC5) (p45-110)
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Dilution Lab
Antigen Manufacturer WB IF collection
number
Rabbit polyclonal anti-Tbp7 .
(PSMC4) Abcam 1:1000 248
Rabbit polyclonal anti-PSMA1 Thermo 1:2000 262
Mouse monoclonal anti-SQSTM1 Santa Cruz 1:500 1:300 13
(D3)
Rabbit polyclonal anti-LC3B Sigma-Aldrich  1:1000 1:100 199
Mouse; monoclonal anti-alpha Sigma-Aldrich  1:2000 N/A
Tubulin
Rabbit polyclonal anti-c-myc .
(9E10) Santa cruz 1:1000 144
Mouse monoclonal anti-HA (F7)  Santa cruz 1:1000 15
Rabbit polyclonal anti-Cdc4g ~ Buchbergerlab .5 95
collection
Rabbit polyclonal anti-Cuzl Immunoglobe  1:10000 200
5.1.5.2 Secondary antibodies
Table 5 - List of secondary antibodies used in this study.
Dilution
Antibod
y Manufacturer WB IF

Alexa Fluor 488 Goat anti-Rabbit IgG (H+L) Thermo 1:500
Alexa fluor 488 Goat anti-Mouse IgG (H+L) Thermo 1:500
Alexa fluor 594 Goat anti-Rabbit IgG (H+L) Thermo 1:500
Alexa Fluor 594 Goat anti-Mouse IgG (H+L) Thermo 1:500
Alexa fluor 647 Goat anti-Rabbit IgG (H+L) Thermo 1:500
Alexa fluor 488 Donkey anti-Goat IgG (H+L) Thermo 1:500
Peroxidase AffiniPure Goat anti-Mouse IgG Dianova 1:7500
(H+L)
Peroxidase AffiniPure Goat anti-Rabbit IgG Dianova 1:7500
(H+L)
Peroxidase IgG Fraction monoclonal Mouse Dianova 1:7500

anti-Rabbit IgG, light chain specific
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5.1.6 Inhibitors
Table 6 - List of chemical inhibitors used in this study.

Name Manufacturer Stock solution
MG132 Selleckchem 25 mM in DMSO
Bortezomib Selleckchem 25 mM in DMSO
NMS-873 Sigma-Aldrich 10 mM in DMSO
Bafilomycin ~ Sigma-Aldrich 100 uM in DMSO
Chloroquine  Sigma-Aldrich 50 mM in dH,O
Rapamycin Sigma-Aldrich 2 mM in DMSO

5.1.7 Reagents for OP-puro labeling
Table 7 - List of chemical reagents for OP-puro labeling of nascent polypeptides.

Name Manufacturer Stock solution
OP-puro Jena Bioscience 20 mM in DMSO
Alexa fluor 594 azide Life Technologies 2 mM in DMSO
CuSOq, Sigma-Aldrich 20 mM in dH,O
(+) Sodium-L-ascorbate Sigma-Aldrich 100 mM in dH,O (fresh)
THPTA (Tris-Hydroxy
Propyl Triazolylmethyl Sigma-Aldrich 10 mM in dH,O
Amine)

5.1.8 Small interfering RNAs (siRNAs)
Lyophilized small interfering RNAs (siRNAs) were dissolved in 1X siRNA buffer to
50 uM concentration and stored aliquoted at -80 °C.

Table 8 - List of siRNAs used in this study.

siRNA Target sequence Manufacturer
Luciferase CGUACGCGGAAUACUUCGA MWG
GFP GCAAGCUGACCCUGAAGUUC MWG
p97 A CCCAAGAUGGAUGAAUUGCAGUUGU  Life Technologies
p97 B CACCUUCCAAGGGAGUUCUGUUCUA Life Technologies
Zfandl 20 GAUGCAUGCUGAUGGCGAU Dharmacon
Zfand2b 20 UGUGAACGCUGUAGCCGAA Dharmacon

5.1.9 Transfection reagents
Transfection of siRNAs and DNA was performed using TransIT-X2® (Mirus) or Jet

PRIME" (Polyplus Transfection) kit as per manufacturer’s protocol.
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5.2 Methods

5.2.1 Molecular biology methods

5.2.1.1 Polymerase chain reaction (PCR)

DNA fragments from plasmids or genomic DNA amplified using Phusion DNA
polymerase (NEB). Annealing temperature was calculated depending on the length and
nucleotide composition of the primer using below mentioned formula. Elongation time
was calculated depending on the length of the DNA fragment to be amplified (1 kb/min).
By default, 25 ng of plasmid DNA was used as template.

Annealing temperature of oligonucleotides for PCR:

Tm (°C) = 81.5 + 0.41(%GC) - (675/N)

%GC = the percentage of G and C nucleotides in the oligo
N = the length of the oligo given in nucleotides

Standard PCR protocol:

25 ng template DNA

10 pl 5x HF buffer

1 ul ANTPs (10 mM) (2.5 mM each)
1 pl 3' primer (10 pM)

1 ul 5' primer (10 pM)

1 pl Phusion DNA Polymerase

ad 50 pl with ddH,O

Purification of the PCR product was performed using NucleoSpin Extract Kit

(Macherey-Nagel) as per manufacturer’s protocol.

In order to amplify the knockout and tagging cassettes for yeast strain constructions,
OneTaq polymerase (mixture of Taq and Vent polymerases) (NEB) was used and PCR
reactions were performed as described (Knop et al., 1999; Janke et al., 2004).

5.2.1.2 Site-directed mutagenesis

Site-directed mutagenesis was carried out using the QuikChange XLII and Lightning Kits
(Stratagene/Agilent) according to the manufacturer’s protocol and verified by sequencing

of both strands.

5.2.1.3 Restriction digest
For the sequence-specific cleavage of plasmid DNA or PCR fragments, DNA was

incubated with restriction enzymes (NEB or Fermentas) in the appropriate buffer
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recommended by the manufacturer. Restriction digestion was performed generally for 2 h
at 37 °C. For cloning usually 1-2 pg of plasmid DNA was used. Restriction analysis of
mini-prep DNA was performed using 600 ng of DNA.

5.2.1.4 Agarose gel electrophoresis and DNA extraction

For the separation of DNA fragments according to their size, 1-2% agarose gels in
1X TBE buffer were used. In order to visualize DNA, 0.2 pg/ml of ethidium bromide
(Roth) was added to the agarose gels. DNA samples were loaded with loading buffer
(0.1 M EDTA, 1% SDS, 20% glycerol, 0.2% bromophenol blue and xylencyanol).
Agarose gel electrophoresis was performed at a voltage up to maximum 80-110 V. After
20- 60 min DNA was visualized using a UV-transilluminator (300 nm wavelength). In
case of preparative digests for cloning, the appropriate DNA fragment was excised using
a scalpel. The DNA was isolated from the agarose as described in the manufacturer’s
protocol using a gel extraction kits (Macherey Nagel). The DNA was then typically eluted
in 30 pl of the supplied elution buffer.

5.2.1.5 Vector dephosphorylation and ligation

Digested vector fragments were dephosphorylated using Antarctic Phosphatase (NEB)
according to the manufacturer’s protocol. Approximate amounts of dephosphorylated
vector and insert were visually determined after agarose gel electrophoresis, and a ratio of
about 5:1 for insert to vector was used for the ligation reaction. DNA fragments were
ligated using T4 DNA ligase (NEB), and in most cases the reaction was carried out at 16
°C overnight. Desalting of the ligation product was performed by dialyzing it against
ddH,O using a 0.05 um filter membrane (Millipore). 5 ul of desalted ligation product was

then used for transformation into electrocompetent E. coli cells.

5.2.1.6 Sequencing
Sequencing reactions were performed by either GATC Biotec or Eurofins/MWG.

Sequencing results were analyzed using the Lasergene software (DNASTAR, Inc.).

5.2.2 Protein biochemical methods

5.2.2.1 SDS-PAGE and Western blotting

Denatured protein samples were seperated by SDS-PAGE (using a Hoefer mini-gel
system) and transferred onto PVDF membrane (Millipore immobilion) by Western
blotting. The membrane was blocked with 5% milk in Tris-buffered saline (TBS) (50 mM
Tris-HCL. 150 mM NaCl, pH 7.4) with 0.2% Triton X-100 and incubated with the

indicated primary antibody diluted in blocking solution overnight at 4 °C. The membrane
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was then washed three times (10 min each) with TBST and stained with the appropriate
HRP-conjugated secondary antibody (Dianova) diluted 1:7,500 in TBST for 1 h at RT.
The membrane was washed three times (10 min each) with TBST and incubated with
ECL reagent mixture (GE Healthcare). Chemiluminescence signals were detected using
the Molecular Imager® Gel Doc™ XR+ System (Biorad) or high performance

chemiluminescence film (GE Healthcare).

5.2.2.2 Recombinant protein purification
Expression of GST-tagged or Hisec-tagged proteins in E. coli BL21(DE3)/pRIL was
induced by addition of I mM IPTG and overnight growth at 18 °C.

Purification of GST fusion Proteins

Cells were harvested by centrifugation (10 min, 5,000 g, 4 °C) and resuspended in
20-40 ml lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM DTT, 1 mM PMSF,
Ix Roche complete protease inhibitor, pH 7.4). Cells were lysed using an EmulsiFlex-C5
(Avestin Europe GmbH) high-pressure homogenizer, and the supernatant was collected
by centrifugation (45,000 g, 4 °C, 45 min). The supernatant was then incubated with
1-6 ml of pre-washed Glutathione-Sepharose 4B bead slurry (GE Healthcare) for 1 h at
4 °C. Unbound proteins were removed by three washing steps each with low salt buffer
(50 mM Tris-HCL, 150 mM NaCl, 5 mM DTT, pH 7.4) and high salt buffer (50 mM
Tris-HCI, 650 mM NaCl, 5 mM DTT, pH 7.4), respectively. GST-tagged proteins were
eluted using 1-4 ml of elution buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM DTT,
10 mM reduced gluthatione, pH 7.4). All recombinant proteins were dialyzed against
Ix TBS containing 2 mM DTT overnight at 4 °C, aliquoted, flash frozen in liquid

nitrogen and stored at -80 °C.

Purification of His¢-tagged Proteins

Hise-tagged proteins were purified using Ni**-Agarose bead slurry and eluted using a
buffer containing 250 mM imidazole. Similar protocol was used as described above for
the purification of GST-fusion proteins except the use of the following buffers.
Lysis buffer: 40mM Tris-HCl, 500mM NaCl, 10mM imidazol, 10 mM
B-mercaptoethanol, I mM PMSF, 1x Roche complete protease inhibitor, pH 7.5

Wash buffer: 40 mM Tris-HCI, 500 mM NaCl, 20mM imidazol, 10 mM
B-mercaptoethanol, pH 7.5

Elution buffer: 40 mM Tris-HCI pH 7.4, 500 mM NaCl, 250 mM imidazol, 10 mM
B-mercaptoethanol, pH 7.5
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5.2.2.3 Glutathione-sepharose pulldown assays

To test the interaction of Cdc48 or p97 with GST-tagged Cuzl variants or ZFANDI, in
vitro pulldowns with recombinant proteins were performed. For each reaction, 0.76 nmol
of GST-tagged proteins were incubated with 20 pl of pre-washed Glutathione
Sepharose® 4B (GE Healthcare) bead slurry for 1 h at 4 °C in a total volume of 150 pl
(1X TBS, 1 mM DTT, 0.1% Triton X-100). Beads were collected by centrifugation
(1,020 g, 5 min, 4 °C) and washed three times with 800 ul buffer (1X TBS, 1 mM DTT,
0.1% Triton X-100) in order to remove unbound protein. Beads were then incubated with
0.1 nmol of p97 or Cdc48 variants (non GST-tagged) for 1 h at 4 °C in a total volume of
100 pl. Unbound protein was removed by washing the beads three times. The final
washing step was performed using the same buffer lacking Triton X-100. Beads were then
boiled in 30 ul of SDS loading buffer at 99 °C for 2 min. Following centrifugation
(13,000 rpm, 2 min), 4-6 pl of each sample was loaded on SDS-PAGE and detected by

coomassie staining.

To analyze the binding of the 26S proteasome, GST-tagged Cuzl or ZFANDI1 were
immobilized on Glutathione Sepharose® 4B (GE Healthcare) bead slurry, and washing
steps were performed as described above, except for the different buffer (50 mM Tris-HCI
pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM MgCl,, 0.1% Triton X-100). Binding
reactions were then performed using 7 pg of purified human 26S proteasome (Enzo Life
Sciences) for 2 h at 4 °C in a final volume of 100 pl of pulldown buffer, supplemented
with 5 mM ATP where indicated. Beads were washed three times with 1x PBS (137 mM
NaCl, 2.7mM KCIl, 10mM Na,HPOs;, 2mM KH,PO4, pH7.4) containing
0.2% Tween20, and bound proteins were eluted by boiling the beads in 30 pl of SDS
loading buffer.

5.2.3 E. coli methods
5.2.3.1 Preparation of competent E. coli cells

Electrocompetent E. coli

An overnight culture of XL1 blue cells (in LB-tetracycline) was inoculated in LB medium
to reach a final ODgoonm of 0.7 at 37 °C. The culture was then incubated on ice for 30-
60 min. Cells were harvested by centrifugation (10 min, 4 °C), washed quickly with
500 ml sterile ice-cold ddH»O, resuspended in 250 ml sterile ice-cold 10% glycerol and
then incubated on ice for 30 min. The cells were then again pelleted by centrifugation and

resuspended in 10 ml ice-cold 10% glycerol and again incubated on ice for 30 min. After
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pelleting the cells (6000 rpm, 10 min), the pellet was resuspended in an approximately
equal volume of 10% glycerol, aliquots were flash frozen in liquid nitrogen and stored at -

80 °C.

CaCl, competent E. coli

An overnight culture of XL1 blue cells (in LB-tetracycline) was inoculated in LB medium
to reach a final ODgoonm of 0.7 at 37 °C. Cultures were then cooled on ice and cells were
harvested by centrifugation. The pellet was resuspended in 100 mM ice-cold sterile CaCl,
solution and incubated on ice for 10 min. Cells were pelleted (5000 rpm, 4 °C, 10 min)
and the pellet was resuspended in 1/10 volume CaCl,, incubated for 10 min on ice and
DMSO was then added to a final concentration of 10%. Cells were aliquoted, flash frozen

in liquid nitrogen and stored at -80°C.

5.2.3.2 Transformation of E. coli cells

Transformation of CaCl, competent E. coli cells was performed by incubating 50 pl of
cells with approximately 300 ng of plasmid DNA on ice for 10 min. Cells were then
subjected to heat-shock for 1 min at 42 °C and cooled on ice. LB medium was added, and

phenotypic expression was carried out for at least 30 min at 37 °C.

Transformation into electrocompetent cells was performed by transferring the mixture of
50 pl cells and either 5 pl ligation product or plasmid DNA into a 0.1 cm electroporation
cuvette (BioRad). The pre-installed settings for E. coli electroporation were used (1.8 kV,
1 pulse; Micropulser, BioRad). After electroporation, LB medium was added and

phenotypic expression was carried out for 1 h at 37 °C.

5.2.3.3 Plasmid isolation from E. coli cells
Overnight cultures of single colonies in 5ml LB medium containing appropriate
antibiotics was used for plasmid isolation, which was performed as per manufacturer’s

protocol (Machery Nagel, Zymoprep, Jena Bioscience).

5.2.4 8. cerevisiae methods

5.2.4.1 Preparation of competent yeast cells

Overnight cultures of yeast strains grown in the appropriate selection medium were
diluted to ODgoonm of 0.1 and grown at 25 °C or 30 °C to reach a final ODgponm of 0.5-0.7.
The cells were then harvested by centrifugation (1000 g, 5 min, RT) and washed once
with an equal volume of sterile ddH,O. The cells were pelleted again and were

resuspended in 0.2 volumes of SORB buffer (100 mM LiOAc, 10 mM Tris-HCI pH 8,
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I mM EDTA/ NaOH pH 8, 1 M Sorbitol; pH 8 with acetic acid). After centrifugation
excess SORB buffer was removed and the pellet was resuspended in 360 ul SORB buffer
per 50 ml culture volume. 40 pl of denatured salmon sperm DNA (10 mg/ml, Invitrogen)

were added and the competent cells were aliquoted and stored at -80 °C.

5.2.4.2 Transformation of competent yeast cells

In order to transform the yeast competent cells either with plasmid DNA or PCR products
and integrative plasmids, 10 or 50 pl competent cells were thawed, respectively. After
addition of the DNA, six volumes of PEG buffer (10 mM Tris-HCI pH 8.0; 1 mM EDTA;
100 mM lithium acetate; 40% PEG3350) was added, the mixture was then vortexed and
incubated for 30 min at RT. Prior to the heat shock, 1/9 volume of DMSO was added and
the transformation mixture was then incubated at 42 °C for 15 min in a water bath
(8-10 min for ts alleles). The mixture was then incubated on ice for 2-3 min, the cells
were pelleted (500 g, 2 min, 24°C) and resuspended in ddH,O or SC-medium and plated
on the respective selection plates. For PCR cassettes with antibiotic resistance markers,
the transformed cells were incubated in 5 ml YPD for 3 h (G418) or 6 h (hph-NT1,
nat-NT2) and then pelleted and plated on the antibiotic containing plates.

5.2.4.3 Strain construction

Overnight cultures of yeast strains with the opposite mating types were inoculated to
ODgoonm 0.1 and incubated for approximately 3 h in order to reach the logarithmic growth
phase. 10 ul of each culture, adjusted to an equal ODgponm, Was spotted on top of each
other on a pre-warmed YPD plate, and incubated for 4-5 h at 30 °C. Zygotes were
selected by streaking on appropriate selection plates, incubated for 1-2 days at 30 °C. The
resulting diploid heterozygotes (zygotes) were sporulated and dissected to verify 2:2
marker segregation and to isolate haploid strains. Genotypes of the haploid strains were
identified using marker selection, colony-PCR and Western blot. Complete lists of

Saccharomyces cerevisiae strains used in this study can be found in 4.1.3.2.

5.2.4.4 Spotting assays

Overnight cultures in YPD were diluted with sterile ddH,O to an ODgoonm of 0.1, and
further fivefold serial dilutions were made in microtiter plates. 5 pl of each dilution were
transferred to agar plates using a pin stamp. The plates (containing drugs as indicated)

were then incubated at the indicated temperature for 3-7 days.
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5.2.4.5 Yeast two-hybrid assay

Protein-protein interactions were analyzed using the yeast two-hybrid assay. Expression
constructs for bait and prey fusion proteins were transformed into PJ69-4a yeast cells
(James et al., 1996). After 2-3 days, an amount of cells equal to ODgoonm 0.5 Was spotted
on SC-Leu-Trp (control), SC-Leu-Trp-His and SC-Leu-Trp-Ade and incubated for 3-7
days at 30 °C.

5.2.4.6 Yeast whole cell lysates - TCA precipitation

The amount of cells equal to ODgoonm 1, from plates was resuspended in 1 ml ddH,O. In
order to lyse the cells, 150 pl 1.85% NaOH/ 7.5% B-mercaptoethanol was added, vortexed
and incubated on ice for 10 min. Then 150 pul 55% TCA was added to the samples,
vortexed and again incubated on ice for 10 min. Protein precipitates were pelleted by
centrifugation (20,000 g, 10 min, 4 °C) and the supernatant was aspirated. Pellets were
then resuspended in 50 ul HU/DTT buffer and incubated at 65 °C for 10 min. If necessary
the pH of the samples was adjusted by addition of 2-4 ul of 2 M Tris-base.

5.2.4.7 Immunoprecipitation (IP) from yeast lysate

Overnight cultures of yeast strains in YPD medium were diluted to ODggonm 0.2 and
grown at 30 °C until they reached an ODggonm 1. Cells were harvested (1,500 g, 4 °C,
5 min) and washed once with cold ddH,O containing 1 mM PMSF. Cells were then lysed
in IP buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM MgCl,, 0.1% nonidet P-40
substitute, 10% glycerol, 2 mM PMSF, complete protease inhibitor cocktail [Roche]) by
addition of zirconia beads (Biospec) and vortexing (6x 30 sec, kept on ice for 30 sec in
between). After lysis, the nonidet P-40 substitute concentration was increased to 1%,
vortexed, and subjected to centrifugation at 5,500 g at 4 °C for 5 min. The supernatant
was collected in a new eppendorf tube and again subjected to centrifugation at 20,000 g at
4 °C for 25 min. The supernatant was then collected into a fresh eppendorf tube, and an
input sample (15 pl) was collected and denatured by adding an equal amount of HU/DTT
and incubation at 65 °C for 10 min. The residual supernatants were incubated with 20 pl
pre-coupled HA-beads (Santa Cruz Biotechnology Inc.) at 4 °C overnight. Beads were
collected (3,000 g, 4 °C, 3 min) and washed five times with 600 ul of IP buffer (two times
with 1% nonidet P-40 substitute, two times with 0.1% nonidet P-40 substitute, and one
time without nonidet P-40 substitute). Protein complexes were eluted using 25 pl

HU/DTT, 10 min, 65 °C. Beads were then subjected to centrifugation (14,000 g, RT,
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2 min), and the supernatant was collected in a new eppendorf tube for subsequent Western

blot analysis.

5.2.4.8 Yeast live microscopy

Overnight cultures of yeast strains carrying the indicated plasmid in the appropriate
sterile-filtered SC medium were diluted to ODgoonm = 0.1 and grown at 30 °C until they
reached an ODgoonm Of 0.4 to 0.5. Cultures were then incubated for 30 min with 5 mM
arsenite at 30 °C or without arsenite at 43 °C. Subsequently, the cells were pelleted by
centrifugation (1,000 g, 5 min, RT) and washed twice with SC medium. For stress
recovery, the resuspended cells were grown for an additional 30 min at 30 °C. For
microscopy, 2 ml culture were harvested by centrifugation (1,000 g, 5 min, RT), and cells
were resuspended in 20-30 pl of sterile filtered SC medium. Cells were immobilized on

coverslips using 0.1% low melting agarose prepared in SC medium.

Yeast live-cell microscopy was performed on a Zeiss Axiovert 200M microscope
equipped with a Plan-Apochromat 63x/1.4 oil immersion objective (Zeiss) and filter set
FITC (#10) (BP 450-490). Images were captured using an AxioCam MRm TV2/3” 0.63x
camera (Zeiss) and AxioVision LE software (Zeiss). Images were processed using ImageJ
(https://imagej.nih.gov/ij/), Fiji software (http:/fiji.sc), and Photoshop (Adobe

Photosystems). Cells containing SGs were counted manually using ImagelJ.

5.2.5 Mammalian cell culture

5.2.5.1 Cultivation of cells

All eukaryotic cells were grown and maintained in Dulbecco’s modified Eagle medium
(DMEM) (GIBCO), supplemented with 10% fetal bovine serum (FBS) and
1% Penicillin/Streptomycin at 37 °C in a humidified atmosphere with 5% CO,. Cells were
plated at a density of 20% and split whenever they reached 90% confluence. For splitting,
the medium was aspirated and the cells were washed gently with 5 ml PBS. After
aspirating the PBS, the cells were detached using 2 ml trypsin-EDTA solution for 5 min at
37 °C and 5% CO,. Trypsin was inhibited by the addition of fresh DMEM medium.
Subsequently, cells were mixed with the fresh medium (1:7 ratio) and added into a new

culture dish.

5.2.5.2 Transfection of HEK293T cells
HEK293T cells were transfected by the calcium phosphate method. One day prior to
transfection, cells were seeded in 10 cm dishes to achieve about 70% confluence on the

next day. Immediately before transfection, 40 pM chloroquine was added to the cells. For
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transfection, 12 pg plasmid DNA (total; consisting of 6-7 pg specific plasmid DNA, 1 pg
pEGFP as transfection control, remainder empty vector) were diluted into 450 pl ddH,O.
50 pl CacCl, solution (2.5 M) were added and vortexed immediately for 10 seconds. Then
500 pl of 2x HBS (274 mM NaCl, 10 mM KCI, 40 mM HEPES, 1.7 mM Na,HPO,; pH
7.05) were added dropwise to the mixture from the edge of the reaction tube. The reaction
mixture was mixed by inverting the tube 2-3 times. After an incubation of 3-5 min at RT,
the solution was added dropwise to the cells. After 4 h, the medium was changed, and the

cells were incubated for further 48 h.

5.2.5.3 Transfection of HeLa and MEFs cells

Cells were transfected at approximately 70% confluence with either jetPRIME®
(Polyplus-transfection®) or Mirus TransIT-X2" according to the manufacturer’s protocol.
For 12 well plate the final concentration of siRNAs was 25-50 nM, and 0.5 pg plasmid

was used.

5.2.5.4 Preparation of stable HeLLa and HEK 293 cell lines

To generate stable cell lines, Flp-In T-REx HeLa (Thomas Mayer, University of
Konstanz) and HEK293 cells (Life Technologies) in antibiotic-free culture medium were
co-transfected with the plasmids pOG44 (Life Technologies) and pcDNAS/FRT/TO (Life
Technologies) constructs encoding either N- or C-terminally FLAG epitope-tagged
Zfandl. Positive clones were selected using medium supplemented with 5 pg/ml
puromycin and 400 pg/ml hygromycin (HeLa) or 10 pg/ml blasticidin and 100 pg/ml
hygromycin (HEK293). Single clones were isolated and tested by Western blot for the
expression of FLAG epitope-tagged Zfandl after induction with 0.5 png/ml tetracycline.

Cryo cultures were prepared for positive clones and kept for storage in liquid nitrogen.

5.2.5.5 Immunoprecipitation experiments
Co-immunoprecipitation of p97 with ZFANDI1
HEK?293T cells were seeded to 60% confluence in 10 cm dishes. Cells were then

co-transfected with a pCMV-Tag 3B plasmid encoding a trapping mutant of p97
(p97-E578Q) (3 ug) and the indicated FLAG-ZFANDI1 constructs or empty vector
(pCMV-Tag 2B) (5 nug). 48 h after transfection, cells were treated with 0.5 mM arsenite
for 1 h as indicated. After arsenite treatment, medium was aspirated carefully and cells
were suspended in cold 1x PBS and collected in a 15 ml falcon tube. Cells were collected
(1400 g, 5 min, RT) and washed twice using 1x PBS, and resuspended in 600 pl of lysis
buffer (50 mM Tris-HCI pH 7.6, 150 mM NaCl, 2 mM MgCl,, 1% NP40, 10% glycerol,
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I mM DTT) containing protease inhibitors (1 mM PMSF, 1x Roche complete protease
inhibitor mix). Lysates were transferred into a 1.5 ml eppendorf tube and lysed on ice for
10 min. Cell debris was removed by centrifugation (20,000 g, 20 min, 4 °C). The
supernatant was pre-cleared by incubation with protein G sepharose beads (GE
Healthcare) for 1 h at 4 °C. After centrifugation (1,400 g, 4 min, 4 °C), the pre-cleared
supernatant was transferred to a fresh 1.5 ml reaction tube. 50 ul were taken as input
sample, mixed with 2x sample buffer and heat denatured. 500 pl of the pre-cleared
supernatant were incubated overnight at 4 °C with 30 ul FLAG-M2 agarose beads
(Sigma-Aldrich) on a rotating wheel. Beads were collected by centrifugation (1,400 g,
4 min, 4 °C), and the supernatant was aspirated. Beads were washed twice with lysis
buffer containing inhibitors and once with lysis buffer without inhibitors (5 min each). A
final washing step was performed using 1x TBS (10 min). The beads were boiled in 30 pl
of 1x sample buffer at 95 °C for 10 min, and the soluble sample was collected after
centrifugation (13,000 g, 2 min, RT). ZFANDI and p97 were detected by SDS-PAGE and

Western blot as described above.

For the co-immunoprecipitation of p97 with endogenous ZFANDI1, HEK293T cells were
seeded till 90% confluence on three 15 cm dishes, and treated with 0.5 mM for 1 h as
indicated. Arsenite-treated HEK293T cells were first washed two times with cold 1x PBS
and then subjected to crosslinking using 0.8 mM dithiobis[succinimidyl propionate]
(DSP; 30 min, RT) before harvesting. The crosslinker was then reacted to completion
with 25 mM Tris HCI pH 7.6 for (10 min, RT). Cells were lysed in 1.2 ml of lysis buffer
as described above, except that the lysis buffer did not contain DTT. Where indicated, the
lysate was incubated with 100 pg/ml RNase A (30 min, RT). Lysates were pre-cleared
using 20 pl of protein G sepharose beads (1 h, 4 °C). Pre-cleared lysates were then
incubated with either 6 pg of ZFANDI antibody or rabbit IgG (2 h, 4 °C). Antibody
complexes were captured by incubating lysates with 25 pl of protein G sepharose beads
(2h, 4°C). Beads were washed and co-immunoprecipitation of p97 was detected as

described above.

Co-immunoprecipitation of proteasomal 19S subunits with ZFANDI1
Stable HEK293 Flp-In T-Rex cells expressing ZFANDI-FLAG were seeded in three
15 cm dishes. At 70% confluence, expression of ZFANDI1-FLAG was induced using

10 ng/ml tetracycline for 24 h; parental HEK293 Flp-In T-Rex cells served as negative
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control. Before harvesting, cells were treated with 0.5 mM arsenite for 1 h as indicated,
and harvested and lysed as described above. The lysates were depleted of ATP by
incubation with hexokinase (Sigma-Aldrich) (150 pg/ml lysate) and 20 mM glucose for
30 min at RT. Where indicated, 100 pg/ml RNase A were added to the lysates before ATP
depletion. Subsequently, the lysates were incubated with 30 ul FLAG-M2 agarose beads
for 2h at 4°C, followed by wash steps as described above. ZFANDI-FLAG and
interacting proteins were eluted from the antibody beads using 100 ul of 1x FLAG
peptide (DYKDDDDK; 200 pg/ml in 1x TBS) at RT for 20 min. Eluted proteins were
TCA-precipitated and denatured in 30 pl 1x sample buffer at 95 °C for 10 min.

For the co-immunoprecipitation of PSMD1 with mutant ZFANDI1 variants, HEK293T
cells were seeded to 60% confluence on 10 cm dish. Cells were then transfected with the
indicated ZFAND1-FLAG expression constructs or empty vector (pCMV-Tag 4A) (5 ug).
48 h after transfection, cells were treated with 0.5 mM arsenite for 1 h as indicated, and
harvested and lysed as described above. Lysates were ATP depleted and subjected to
immunoprecipitation using FLAG-M2 agarose beads exactly as described above.

ZFANDI1 and PSMD1 were detected by SDS-PAGE and Western blot as described above.

5.2.5.6 Mass spectrometry analysis

For mass spectrometry analysis, stable HEK293 Flp-In T-Rex cells expressing
ZFANDI-FLAG were used. Cells were seeded in three 15 cm dishes, and were grown to
70% confluence. Cells were then treated with 0.5 pg/ml tetracycline for 24 h to induce the
expression of ZFANDI1-FLAG. Parental HEK293 Flp-In T-Rex cells served as negative
control. Before harvesting, cells were treated with 0.5 mM arsenite for 1 h where
indicated. Subsequently, cells were resuspended in 1.6 ml of lysis buffer (50 mM
Tris-HC1 pH 7.6, 150 mM NaCl, 2 mM MgCl,, 1% NP40, 10% glycerol, 1 mM DTT)
containing protease inhibitors (1 mM PMSF, 1x Roche complete protease inhibitor mix).
The lysates were incubated with hexokinase (150 pg/ml lysate) and 20 mM glucose for
15 min on ice for ATP depletion. Subsequently, the lysates were incubated with 75 pl
FLAG-M2 agarose beads (Sigma-Aldrich) for 2 h at 4 °C. Beads were collected by
centrifugation (1,400 g, 4 min, 4 °C), and the supernatant was aspirated. Beads were
washed twice with lysis buffer containing inhibitors and once with lysis buffer without
inhibitors (5 min each). A final washing step was performed using 1x TBS (10 min).
Elution was performed using 300 pl of 1x FLAG® tag (DYKDDDDK) peptide (200 pg/ml
in 1x TBS) at RT for 20 min. 3% of the eluate was used for Western blot analysis, and the
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remaining eluate was analyzed on the mass spectrometry platform of the University of

Wiirzburg (Prof. Andreas Schlosser).

5.2.5.7 OP-puro labeling of cultured cells

HeLa cells were seeded to 60% confluence on coverslips 24 h prior to treatment. Cells
were then subjected to transfection with siRNAs whenever required. Before harvesting,
cells were treated with 40 uM O-Propargyl-puromycin (OP-puro), which was added
directly into complete DMEM medium for 45 min. The OP-puro treated cells were then
washed two times with cold 1x PBS. Cells were fixed with cold methanol for 2-3 min
at -20 °C. The cells were washed with cold 1x TBS for 5 min, permeabilized with TBST
(TBS with 0.2% Triton X-100) for 30 min at 4 °C, and washed again with cold 1x TBS
for 5 min. OP-puro incorporated into nascent polypeptides was then labeled using
Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) chemistry. First, 50 uM
CuSO4 and 250 uM THPTA (Tris-Hydroxy Propyl Triazolylmethyl Amine) were mixed
together and incubated for 5 min at RT. Then, freshly prepared 2.5 mM ascorbic acid was
added to the premix of CuSO4 and THPTA. 1x PBS was added to this mixture, and then
20 uM Alexa594-azide was added. Coverslips were stained using this mixture (70 ul per
coverslip) for 30 min at 4 °C. After staining, the coverslips were washed three times with
TBST (5min each) and mounted using mounting medium containing DAPI

(Vectashield®), or subjected to immunofluorescence as described below.

5.2.5.8 Indirect inmunofluorescence

HeLa cells were seeded to 60% confluence on coverslips 24 h prior to transfection. Next
day, cells were transfected with the indicated siRNAs or plasmids, and grown for 48 h.
Before harvesting, cells were subjected to stress treatment (0.5 mM arsenite, 2 mM H,O,,
or 0.6 M sorbitol for 1 h, or temperature shift to 43 °C for 2 h). Cells were then either
harvested immediately or allowed to recover for the specified time under normal growth
conditions before harvesting. Cells were washed twice with cold PBS for 5 min each, and
coverslips were collected. Cells were fixed using 3.7% formaldehyde in 1x PBS for
10 min at RT. Cells were washed again with cold 1x PBS for 5 min, and then
permeabilized with 0.2% Triton X-100 and 1% BSA in 1x PBS for 30 min at 4 °C. Cells
were then incubated with primary antibody overnight at 4 °C. Cells were washed two
times with cold 1x PBS for 5 min, and then incubated with the secondary antibody for

2-3 h at RT. Cells were washed with cold 1x PBS for 5 min, and a last washing step was
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performed with ddH,O. Coverslips were mounted for microscopy with mounting medium

containing DAPI (Vectashield”) and sealed with nail polish.

5.2.5.9 Fluorescence microscopy and image processing

Immunofluorescence microscopy of HeLa cells was performed on either a Zeiss Axiovert
200M fluorescence microscope (see section 4.2.4.8), or on a Leica TCS SP2 confocal
microscope. For confocal microscopy, an acusto-optical beam splitter was used with a
63x/1.4 oil immersion objective. In order to achieve a higher resolution, 2x digital
zooming was applied. Z stacks (4 pm depth, 0.5 pum slices) were acquired using the
following laser sources for excitation: Ar laser (488 nm); HeNe laser (561 nm, 633 nm),

Diode UV laser (405 nm).

Images were processed using Imagel (https://imagej.nih.gov/ij/), Fiji software
(http://fiji.sc), and Photoshop (Adobe Photosystems). SG number analysis was performed
using the macro shown below in Fiji. The total number of analyzed cells was determined
by manually counting cells in the bright field channel using the Fiji cell counter plugin.
Aberrant SGs positive for TIA-1 and DRiPs (Fig. 41 and 43) were counted by running the
JACoP plugin in Fiji. Generation of graphs and statistical analysis were performed using

Excel (Microsoft Corporation). Macro used for particle counting:

run("8-bit"); //for particle counting

run("Median...", "radius=2");
run("Subtract Background...", "rolling=25");
run("Enhance Contrast...", "saturated=0 normalize");

run("Unsharp Mask...", "radius=0 mask=0.60");
//run("Brightness/Contrast...");

run("Auto Threshold", "method=RenyiEntropy white");

run("Watershed");

run("Set Measurements...", "area mean standard modal min centroid center
perimeter bounding fit shape feret's integrated median skewness kurtosis
area_fraction stack display redirect=None decimal=3");

run("Analyze Particles...", "size=2-300 pixel show=Outlines exclude summarize
add"); //to count particles
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