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Summary 
The ubiquitin-directed AAA+ ATPase VCP/p97 facilitates degradation of proteins in diverse 

cellular pathways, including ER-associated degradation, DNA damage response, ribosomal 

quality control, transcription factor activation, signaling, autophagy and apoptosis. To fulfil its 

functions in these different pathways, p97 forms alternative multiprotein complexes with 

distinct sets of adapter proteins and substrate processing cofactors. However, how p97 

cooperates with this host of cofactor proteins, the exact composition of cofactor complexes 

and whether this determines functional specificity remains poorly understood from a biological 

as well as mechanistic perspective.  

In this study, we used a systematic proteomic approach to shed light on the p97-cofactor 

system and its targets. We generated isogenic HEK293 cell lines inducibly expressing 

individual p97 cofactors. From these cell lines, affinity purifications (APs) of 23 cofactor 

proteins were performed in parallel, followed by data-independent quantitative SWATH mass 

spectrometry (SWATH-MS) to identify associated proteins. With our approach, we were able 

to confirm basic principles of cofactor complex assembly represented by core complexes of 

mutually exclusive major substrate adapters, which are complemented by accessory cofactors. 

Accessory modulators, like deubiquitinating enzymes, were identified to bind several core 

complexes whereas targeting factors such as membrane proteins recruit cofactor complexes 

to a specific cellular site or organelle. From our findings, we propose that cofactor complex 

assembly might be based on mechanistic requirements for specialized regulations rather than 

on specific biological pathways. However, the unexpected complexity of p97-cofactor 

interactions could be the result of an exceptionally high dynamic within the system. 

Nevertheless, our MS analysis identified numerous known and novel interacting proteins and 

allowed us to arrange distinct cofactors into functional modules together with specific sets of 

additional interactors. 

In a related proteomic approach, we combined AP-SWATH with the use of a substrate-trapping 

p97-E578Q mutant to `freeze´ dynamic interactions and identify regulatory interactors together 

with low-abundant substrate proteins. Isolations of p97-WT and p97-EQ revealed a total of 108 

high-confidence interacting proteins over a large detection range. Among them, a subset of 

p97 cofactors, individual ligases and several pathway-specific factors were trapped in p97-EQ 

complexes. Of note, the analysis discovered novel p97 substrate candidates of which we 

selected the eIF2α-specific PP1 regulator CReP/PPP1R15B for further investigation. We 

demonstrated that the complex of p97-Ufd1-Npl4 facilitates rapid CReP turnover to balance 

CReP protein levels under physiological conditions. Moreover, we showed that p97 also 

mediates the quantitative degradation of CReP upon stress induction. By this, p97 enforces 

eIF2α phosphorylation mediated by stress-kinases, which attenuates translation.  

Thus, p97 has a dual role in maintaining cellular homeostasis ensuring bulk degradation of 

misfolded proteins and protective signaling of the integrated stress response.  
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Zusammenfassung 
Die Ubiquitin-gesteuerte AAA+ ATPase VCP/p97 ermöglicht den Abbau von Proteinen in 

verschiedenen zellulären Prozessen, dazu gehören ER-assoziierte Degradation, DNA-

Schadensantwort, ribosomale Qualitätskontrolle, Aktivierung von Transkriptionsfaktoren, 

Signaltransduktion, Autophagie und Apoptose. Um diese verschiedenen Funktionen zu 

erfüllen, bildet p97 alternative Multiproteinkomplexe mit einer unterschiedlichen 

Zusammensetzung an Adapterproteinen und Substrat-modulierenden Kofaktoren. Wie p97 mit 

dieser Vielzahl von Kofaktorproteinen zusammenwirkt, die genaue Zusammensetzung der 

Kofaktorkomplexe und ob diese die funktionelle Spezifität bestimmen, ist aus biologischer und 

mechanistischer Sichtweise kaum verstanden. 

In dieser Studie verwendeten wir einen systematischen, proteomischen Ansatz, um Aufschluss 

zu geben über das p97-Kofaktorsystem und seine Substrate. Wir generierten isogene 

HEK293-Zelllinien, die einzelne p97-Kofaktoren induzierbar exprimieren. Aus diesen Zelllinien 

wurden Affinitätsaufreinigungen (APs) von 23 Kofaktorproteinen durchgeführt, gefolgt von 

einer datenunabhängigen, quantitativen SWATH-Massenspektrometrie Analyse (SWATH-

MS), um assoziierte Proteine zu identifizieren. Mit unserem Ansatz konnten wir die 

grundlegenden Prinzipien der Formation von Kofaktorkomplexen bestätigen. Diese liegen in 

der Bildung von Kernkomplexen bestehend aus sich gegenseitig ausschließender 

Hauptadaptoren, welche durch Bindung von akzessorischen Kofaktoren ergänzt werden. Es 

wurde festgestellt, dass akzessorische Modulatoren, wie deubiquitinierende Enzyme, an 

verschiedene Kernkomplexe binden, während gerichtete Faktoren, wie beispielsweise 

Membranproteine, Kofaktorkomplexe an eine bestimmte zelluläre Lokalisation oder Organelle 

rekrutieren. Basierend auf unseren Ergebnissen nehmen wir an, dass die Zusammensetzung 

von Kofaktorkomplexen eher auf mechanistischen Erfordernissen für spezialisierte 

Regulationen basiert als auf spezifischen biologischen Prozessen. Die unerwartete 

Komplexität von p97-Kofaktor-Interaktionen kann ebenso das Ergebnis einer außergewöhnlich 

hohen Dynamik innerhalb des Systems sein. 

Unsere MS-Analyse identifizierte zahlreiche bekannte und unbekannte Interaktoren und 

ermöglichte es uns, verschiedene Kofaktoren gemeinsam mit zusätzlichen Interaktoren in 

Funktionsmodule einzuordnen. 

In einem methodischverwandten, proteomischen Ansatz kombinierten wir AP-SWATH mit der 

Verwendung einer `Substrat-Trapping-Mutante´, p97-E578Q, um dynamische Interaktionen 

einzufrieren und regulatorische Interaktoren zusammen mit niedrig abundanten 

Substratproteinen zu identifizieren. Die Isolationen von p97-WT und p97-EQ brachten 

insgesamt 108 valide Interaktoren über einen großen Detektionsbereich hervor. Unter diesen 

waren eine Reihe von p97-Kofaktoren, einzelne Ligasen und Prozess-spezifische Proteine, 

die in p97-EQ-Komplexen angereichert wurden. Insbesondere konnten bei der Analyse neue 

p97-Substratkandidaten gefunden werden, von denen wir den eIF2α-spezifischen PP1-
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Regulator CReP/PPP1R15B zur weiteren Untersuchung ausgewählt haben. Wir konnten 

vorweisen, dass der Komplex aus p97-Ufd1-Npl4 einen schnellen CReP Abbau ermöglicht, 

um CReP-Proteinlevels unter physiologischen Bedingungen zu balancieren. Darüber hinaus 

haben wir gezeigt, dass p97 auch den quantitativen Abbau von CReP bei Stressinduktion 

vermittelt. Auf diese Weise verstärkt p97 die eIF2α-Phosphorylierung, herbeigeführt durch 

Stresskinasen, welche die Translation herabsetzt.  

p97 spielt somit eine duale Rolle bei der Aufrechterhaltung der zellulären Homöostase: es 

gewährleistet den massiven Abbau von missgefalteten Proteinen und reguliert die protektive 

Signaltransduktion der integrierten Stressantwort.   
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1 Introduction 

1.1 Protein homeostasis 

All living cells rely on precise mechanisms that regulate protein homeostasis (proteostasis) to 

maintain a stable and functional proteome at any time. Central to this regulation is a proper 

balance of protein synthesis and protein degradation. Different cellular processes and key 

factors are cooperatively involved in the maintenance of a balanced, stable proteome (Fig. 1.1) 

(Harper and Bennett 2016). Protein production is controlled by the processes of transcription, 

mRNA processing and mRNA translation at the ribosome. During de novo protein synthesis, 

ribosome-associated chaperones interact with nascent polypeptides to support co-

translational folding. Efficient folding proceeds within the cytosol when newly synthesized 

proteins are released from the ribosome. Cytosolic chaperones, which act on newly 

synthesized proteins mainly belong to the group of heat shock proteins (HSPs). Among them, 

the Hsp70/40 and Hsp60/10 families are the primary complexes in early protein folding events 

(Hartl et al. 2011). 

Protein depletion is achieved by different cellular degradation processes (Fig. 1.1). In 

eukaryotic cells, degradation is primarily accomplished via the ubiquitin-proteasome-system 

(UPS). A second route of cellular destruction is mediated by autophagy and lysosomal 

degradation. Substrates for proteolytic degradation include nonfunctional protein fragments 

produced from ribosome stalling during translation, damaged or misfolded proteins and 

proteins that are no longer needed to carry out cellular functions (e.g. transcription factors). 

The endoplasmic reticulum (ER), in particular, is a major site for protein production and quality 

control in membrane and secretory systems. If the ER senses an imbalance between the load 

of unfolded proteins that enter the ER to mature and its folding capacity the unfolded protein 

response (UPR) is activated. The UPR is a complex signaling system that leads to global 

cellular adaptation mechanisms on translation and the folding machinery, and triggers cell 

death by apoptosis. The three branches of UPR signaling are mediated by the ER stress 

Figure 1.1: Protein homeostasis. In a balanced proteome the level of protein production is 
in equilibrium with the capacity of protein depletion systems. Key factors and processes which 
contribute to the generation or degradation of proteins are summarized in this figure. Adopted 
from (Harper and Bennett 2016). 
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sensors and transducers IRE1 (inositol-requiring protein-1), ATF6 (activating transcription 

factor-6) and PERK (protein kinase RNA (PKR)-like ER kinase) – three integral ER membrane 

proteins (Walter and Ron 2011). 

Proteome imbalance may lead to the accumulation of misfolded proteins, or excessive protein 

degradation, and is associated with many human diseases such as Alzheimer’s disease and 

diabetes. Therefore, improving the capacity of the proteostasis network could in principle 

ameliorate a broad range of diseases associated with misfolding of proteins (Balch et al. 2008). 

 

1.1.1 The integrated stress response 

The integrated stress response (ISR) is a signaling pathway of eukaryotic cells, which – 

similarly to the UPR – regulates translation. While the UPR is activated upon ER stress, the 

ISR is induced in response to a variety of different stress stimuli. Nevertheless, activation of 

the UPR also funnels into the ISR.  

First described in 2002 by David Ron, Heather Harding and coworkers (Ron 2002; Harding et 

al. 2003), the ISR is a complex adaptation mechanism that integrates signaling from multiple 

stress pathways leading to the inhibition of global protein synthesis caused by the 

phosphorylation of eIF2α. Stress signals that activate the ISR can be cell extrinsic factors like 

hypoxia, amino acid or glucose deprivation and viral infection (Harding et al. 2003; Dever et al. 

1992; Rzymski et al. 2010; Ye et al. 2010; Garcia et al. 2007) or cell intrinsic stresses like ER 

stress, which is activated when ER chaperones are saturated by an excess of unfolded 

proteins (Harding et al. 1999). A family of four serine-threonine kinases has been discovered 

that become activated upon distinct stress stimuli: GCN2 (general control non-derepressible-

2), PKR (protein kinase double-stranded RNA-dependent), HRI (heme-regulated inhibitor) and 

PERK (Donnelly et al. 2013) (Fig. 1.2). Full activation of the kinases involves homodimerization 

and autophosphorylation of their kinase domains (Lavoie et al. 2014). Once activated, the 

kinases mediate the core event of the ISR: they phosphorylate the alpha subunit of eukaryotic 

translation initiation factor 2 (eIF2α) on serine 51 (Fig. 1.2). The eIF2 complex consists of three 

subunits, alpha, beta and gamma, with eIF2α constituting the main regulatory subunit. Under 

normal conditions, eIF2α forms a ternary complex with GTP and Met-tRNAi that binds the 40S 

ribosome subunit as part of the initiation step of cap-dependent translation. To begin the 

elongation phase of translation, eIF2-GTP is hydrolyzed to eIF2-GDP, which then dissociates 

from the ribosome to be recycled for another round of initiation of mRNA translation (Pain 1996; 

Jackson et al. 2010). When eIF2α is phosphorylated by one of the ISR kinases, the exchange 

of GDP for GTP is inhibited. This leads to a global attenuation of Cap-dependent protein 

synthesis, preventing accumulation of an excess of unfolded proteins in the ER. Paradoxically, 

translation of selected mRNAs that contain a short upstream open reading frame in their 5’ 

untranslated region (5’ UTR) is substantially elevated under these conditions. The most 

extensively studied of these mRNAs encodes ATF4 (activating transcription factor 4) (Vattem 
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and Wek 2004; Harding et al. 2000a). ATF4 is involved in the transcription of genes encoding 

proteins that assist the cell to alleviate the stress condition, such as chaperones and proteins 

important for amino acid metabolism, redox homeostasis and autophagy (Harding et al. 2003; 

Dickhout et al. 2012; Rzymski et al. 2010; Rouschop et al. 2010).  

To terminate ISR signaling, eIF2α phosphorylation is counteracted by the action of a Ser/Thr 

phosphatase, protein phosphatase-1 (PP1c), which forms a complex with one of its regulatory 

subunits PPP1R15A, also called GADD34 (Growth arrest and DNA damage-inducible protein 

GADD34), or PPP1R15B, which was named CReP (constitutive repressor of eIF2a 

phosphorylation) (Novoa et al. 2001; Jousse et al. 2003). The importance of these two PP1 

subunits to ensure proper eIF2α dephosphorylation was highlighted in a double-knockout 

mouse model for Ppp1r15a and Ppp1r15b which showed early embryonic lethality that could 

Figure 1.2: Integrated stress response signaling.  
Cell intrinsic or extrinsic stress signals activate ISR kinases PERK, PKR, HRI, and GCN2 that 
converge on phosphorylation of eIF2α on serine 51, the core of ISR. This leads to global 
attenuation of cap-dependent translation. In contrast, translation of ISR-specific mRNAs is 
enhanced, such as the main effector of the ISR, ATF4. As a transcription factor, ATF4 binds 
to the DNA to induce the expression of genes involved in cellular adaptation. Termination of 
the ISR is regulated by the action of protein phosphatase-1 (PP1) bound to its regulatory 
subunits, the constitutively expressed CReP or the stress-inducible protein GADD34 that 
dephosphorylate eIF2α. Arrows denote activation or induction, while blunt lines indicate 
inhibition. Adopted from (Pakos-Zebrucka et al. 2016). 
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be rescued by mutating eIF2α S51 (Harding et al. 2009). Protein expression of GADD34 is 

stress-induced, associated with eIF2α phosphorylation, which promotes the translation of 

ATF4. ATF4 activates the expression of the transcription factor CHOP (Harding et al. 2000a), 

which subsequently promotes the transcription of GADD34 (Marciniak et al. 2004). Thereby, 

its expression is part of a negative feedback loop promoting translational recovery and 

termination of the stress response (Novoa et al. 2003). CReP on the other hand is a 

constitutively expressed protein with a high turnover rate (half-life of about 45 min). The 

function of CReP is to balance levels of eIF2α phosphorylation in unperturbed cells (Jousse et 

al. 2003; Harding et al. 2009). Due to its high turnover under stress conditions, CReP is rapidly 

degraded to enable the cell to respond to the cellular stress situation via increased eIF2α 

phosphorylation promoting the cytoprotective gene expression program of the ISR. As CReP 

is a short-lived protein, it has to be continuously synthesized and degraded. Degradation of 

CReP is achieved by the UPS and the respective ubiquitin ligase that targets CReP was found 

to be SCFβ-TrCP (see ‘1.2 The ubiquitin proteasome system’), as identified by several proteomic 

screens on β-TrCP substrates (Coyaud et al. 2015; Loveless et al. 2015). CReP contains a 

putative phosphodegron (SDSSLSDS, aa 459-466) that was reported to mediate the binding 

of SCFβ-TrCP (Coyaud et al. 2015). Clinical relevance of CReP was elucidated by the 

identification of a missense mutation in the PPP1R15B gene, when a homozygous R658C 

mutation was found in two sibblings suffering from diabetes, short stature, intellectual disability 

and microcephaly. On cellular level, it was shown that the R658C mutation in PPP1R15B 

affects a conserved amino acid within the domain important for PP1c binding leading to a 

decreased CReP-PP1c associtation and diminished phosphatase activity, resulting in cell 

death of pancreatic β-cells (Kernohan et al. 2015; Abdulkarim et al. 2015). 

Over the last years, effort has been put forth to target the CReP/GADD34-PP1c complex for 

therapeutic inhibition of eIF2α dephosphorylation (Boyce et al. 2005; Tsaytler et al. 2011). 

Catalytic inhibitors of PP1c itself are not selective because in cells PP1 forms hundreds of 

dimeric or trimeric holophosphatase complexes with a multitude of regulatory subunits (Virshup 

and Shenolikar 2009). Therefore, general inhibition of PP1 activity is toxic to cells. In contrast, 

the strategy of a selective inhibition of one of the PP1 regulatory subunits was shown to have 

beneficial effects with therapeutic potential (Munter et al. 2013; Tsaytler and Bertolotti 2013). 

In this context, targeting GADD34 or CReP leads to a prolonged cytoprotective phospho-

signaling event on eIF2α and translation attenuation, which consequently increases chaperone 

capacity to misfolded proteins, thereby enhancing proteostasis and cellular recovery (Tsaytler 

et al. 2011). 

One example of a discovered small-molecule inhibitor of a PP1 regulatory subunit is the [(o-

chlorobenzylidene)amino]guanidine Sephin1, a derivative of Guanabenz (GBZ) (Tsaytler et al. 

2011). Sephin1 selectively targets the amino-terminal region of GADD34 leading to a 

conformational change and by this compromising its substrate-binding function to eIF2α. 
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However, the interaction of GADD34 with PP1 via a 7 amino acid docking site at the carboxyl-

terminus of GADD34 is not directly affected by Sephin1 (Das et al. 2015; Carrara et al. 2017). 

Recently, another derivative of GBZ called Raphin1 (rational inhibitor of a holophosphatase) 

was identified and characterized as a selective inhibitor for CReP. It was suggested that 

Raphin1 induces a conformational change in CReP, which resulted in its proteasome-

dependent degradation in cells (Krzyzosiak et al. 2018). Both inhibitors Sephin1 and Raphin1 

have been shown to protect cells from stress and delay neurodegeneration in mouse models 

associated with ER stress (Charcot-Marie-Tooth 1B and SOD1-ALS) and Huntington’s 

disease, respectively (Das et al. 2015; Tsaytler et al. 2011; Krzyzosiak et al. 2018).  

A few other drugs were also reported to enhance the ISR. For instance Nelfinavir, an HIV 

protease inhibitor, has recently been shown to downregulate CReP levels and decrease PP1 

association with eIF2α (Gassart et al. 2016). Consequently, Nelfinavir mediates an increase in 

eIF2α phosphorylation and thus ISR activation. 

Altogether, these data provide strong evidence that approaches aimed at enhancing or 

prolonging phosphorylation of eIF2α by inhibition of GADD34 or CReP represent a promising 

strategy to treat a number of disorders associated with dysregulated ISR signaling. 

 

1.2 The ubiquitin proteasome system 

The ubiquitin proteasome system (UPS) is the major system of eukaryotic cells for clearing 

unwanted, damaged and potentially toxic proteins and as such, it is a key player in maintaining 

protein homeostasis. Substrate proteins destined to be degraded by the UPS are tagged for 

destruction by the small (76 amino acids, 8.5 kDa) modifier protein ubiquitin. Ubiquitin is 

covalently attached through its C-terminus to substrate proteins by an enzymatic cascade of 

three classes of proteins: the ubiquitin-activating enzyme E1, the ubiquitin-conjugating enzyme 

E2 and E3 ubiquitin ligases, the latter mediating substrate specificity (Hershko and 

Ciechanover 1998). Substrate proteins can be modified at one or multiple lysine residues with 

either a single ubiquitin molecule (mono- or multi-monoubiquitination) or ubiquitin polymers 

(polyubiquitination) (Weissman 2001). Ubiquitin contains seven lysine residues (Lys6, Lys11, 

Lys27, Lys29, Lys33, Lys48, and Lys63) which, together with its amino terminus (Met1), 

provide eight sites for attaching further ubiquitin molecules. As a result, either homotypic 

polymeric ubiquitin chains are generated if the same residue is modified during elongation or 

heterotypic chains – mixed or branched chains – originate extending from one or more different 

lysines. The diverse types of ubiquitin chains result in a wide range of cellular outcomes 

(Komander and Rape 2012). Polyubiquitin linked via Lys48, the first linkage identified, has 

evolved as a powerful degradation signal (Chau et al. 1989). In contrast, monoubiquitin, Lys63-

linked chains and other types of chains have also non-proteolytic functions implicated in 

cellular processes like DNA damage repair and signal transduction (Hoege et al. 2002; 

Haglund and Dikic 2005; Chen and Sun 2009). Beside proteasomal degradation, ubiquitination 
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also controls protein destruction by two other proteolytic systems namely macroautophagy and 

the endolysosmal pathway, which is primarily mediated by Lys63-linked chains (Clague and 

Urbé 2010).  

The ubiquitination state of proteins can be reversibly modulated by deubiquitinating enzymes 

(DUBs) that hydrolyze ubiquitin-ubiquitin or ubiquitin-protein bonds (Reyes-Turcu et al. 2009). 

Functionally, DUBs can either edit the ubiquitin chain on substrates to facilitate recognition by 

the proteasome, or remove ubiquitin altogether to recycle the substrate. 

In eukaryotes three major classes of E3 ligases exist, which can be categorized based on the 

presence of characteristic domains and on the mechanism of ubiquitin transfer they utilize 

(Morreale and Walden 2016). The first family of ligases harbor a zinc-binding domain called 

RING (really interesting new gene) or a U-box domain, which adopts the same RING fold but 

does not contain zinc (Deshaies and Joazeiro 2009). Members of the second family contain a 

HECT (homologous to the E6AP carboxyl terminus) domain (Rotin and Kumar 2009). The third 

class of ligases, the RING-in-between-RING (RBR) ligases, possess a RING domain and an 

active-site cysteine, leading to their classification as RING-HECT hybrids (Dove and Klevit 

2017). Mechanistically, HECT and RBR ligases form a transient, covalent linkage with ubiquitin 

before transferring it to the target protein while RING-finger ligases mediate the direct transfer 

of ubiquitin from E2 enzymes to substrates and thereby serve as scaffolds that bring E2’s and 

substrates together (Metzger et al. 2012; Buetow and Huang 2016). 

In mammals, the class of HECT ligases constitutes ~30 members of which the NEDD4 family 

and the HERC family of ligases are important representatives (Scheffner and Kumar 2014). 

The RBR family of ubiquitin ligases comprises 14 members and includes Parkin as the most 

noted RBR ligase (Marín et al. 2004). Moreover, the linear ubiquitin chain assembly complex 

(LUBAC), the only E3 enzyme capable of forming linear ubiquitin chains, contains two RBR 

family members, HOIL-1L (heme-oxidized IRP2 ubiquitin ligase 1L) and HOIP (HOIL1-

interacting protein) (Kirisako et al. 2006; Spratt et al. 2014).  

The largest family of ubiquitin ligases are the RING-finger ligases. The mammalian genome 

encodes more than 600 putative RING/U-box E3s (Li et al. 2008; Deshaies and Joazeiro 2009), 

which can function as monomers, dimers or multi-subunit complexes. Examples of simple 

RING-finger ligases relevant in this study are RNF185 and MUL1. RNF185 was found to 

localize to the ER as well as to the mitochondrial outer membrane, being involved in the 

process of ER-associated degradation (ERAD) (Kaneko et al. 2016; El Khouri et al. 2013) and 

regulation of selective mitochondrial autophagy (Tang et al. 2011), respectively. MUL1 is a 

multifunctional mitochondrial membrane protein acting on the one hand as ubiquitin-ligase to 

target numerous signaling molecules (mitofusin-2, Akt, p53) for degradation (Bae et al. 2012; 
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Yun et al. 2014; Jung et al. 2011). On the other hand, MUL1 functions as a small ubiquitin-like 

modifier (SUMO) E3 ligase to sumoylate certain proteins (e.g. Drp1) (Prudent et al. 2015). 

SUMOylation is a posttranslational modification process analogous to ubiquitination, regulating 

protein stabilization, activity and interaction primarily in the nucleus (Flotho and Melchior 2013).  

An example of a simple, monomeric U-box ligase is UBE4B which is also known as ubiquitin 

elongation factor or E4 ligase because it binds preformed ubiquitin conjugates and catalyzes 

formation of polyubiquitin chains (e.g. on p53 after initial ubiquitination by MDM2) (Koegl et al. 

1999; Wu et al. 2011). 

In addition to monomeric and dimeric RING/U-box domain E3 ligases, multi-subunit RING-

finger E3 ligases exist including the cullin-RING ligase (CRL) superfamily and the anaphase-

promoting complex/cyclosome (APC/C) complex (Petroski and Deshaies 2005; Primorac and 

Musacchio 2013). The largest member of cullin-RING ligases is the SCF-complex that consists 

of RBX1 (RING box protein 1) as RING-finger protein, cullin-1 (CUL1) as scaffold unit and 

SKP1 (S-phase kinase-associated protein 1) as adapter protein, which links the complex via 

an F-box protein as receptor to a specific substrate (Cardozo and Pagano 2004) (Fig. 1.3). 

About 70 F-box proteins have been identified that can be subdivided into three groups based 

on the presence of recognizable domains; FBXW (F-box and WD40 domain), FBXL (F-box 

and leucine-rich repeats) and FBXO (F-box and other domains) proteins (Jin et al. 2004). One 

important F-box protein with well-described roles in controlling cell cycle and signal 

transduction is the beta-transducin repeat-containing protein (β-TrCP, officially known as 

BTRC) (Frescas and Pagano 2008), which belongs to the FBXW family. In mammals, two β-

Figure 1.3: Scheme of the multi-subunit RING ligase SCFβ-TrCP. 
SCF ligases contain a cullin-scaffold protein (CUL1; dark green) that interacts through its C-
terminus with the adapter protein SKP1 (orange) and through its N-terminus with the RING-
protein RBX1 (light green), which recruits the E2 enzyme (grey) bound to ubiquitin (yellow). 
SKP1 interacts with the F-box domain of F-box proteins (here β-TrCP, blue). F-box proteins 
act as substrate receptors that recruit specific substrates (red) (in the case of β-TrCP the WD40 
repeats specifically recognize a diphosphorylated motif, termed phosphodegron) and deliver 
them to the CUL1/RBX1 core for ubiquitination. Adopted from (Low et al. 2014). 
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TrCP polypeptides are known, β-TrCP1 (FBXW1) and β-TrCP2 (FBXW11) (referred to as β-

TrCP1/2 or simply β-TrCP), which are evolutionary conserved and share > 80% amino acid 

sequence identity and > 90% homology. Several biochemical and proteomic screens have 

been conducted to identify SCFβ-TrCP substrates, implicating this ligase in numerous biological 

functions including cell cycle regulation (Jin et al. 2003) and signaling events like the NF-κB, 

Hippo, Wnt and Hedgehog pathways (Kanarek and Ben-Neriah 2012; Zhao et al. 2010; 

Stamos and Weis 2013). F-box proteins are thought to recognize their substrates only after 

substrate modification, typically by phosphorylation (Skaar et al. 2013). Therefore, most targets 

of β-TrCP harbor a defined sequence (DpSGXX(X)pS) which is diphosphorylated. The so-

called ‘phosphodegron’ serves as recognition site for the binding of β-TrCP through its WD40 

repeats (Winston et al. 1999) (Fig. 1.3). Previously reported exemplary β-TrCP targets and key 

cellular regulators are the tumor suppressors PDCD4 (cell growth) (Dorrello et al. 2006) and 

BimEL (apoptosis) (Dehan et al. 2009) as well as mediators of cellular signaling, e.g. β-catenin 

(Latres et al. 1999), and stress response pathways, for instance the regulatory subunit of the 

protein phosphatase-1 CReP (PPP1R15B) (Coyaud et al. 2015; Loveless et al. 2015). For the 

established β-TrCP substrates CDC25A and IκBα, it was shown that their degradation by the 

UPS takes place in conjunction with the action of the AAA+ ATPase VCP/p97 (Li et al. 2014; 

Riemer et al. 2014). 

 

1.3 The AAA+ ATPase p97 

The highly conserved AAA+-type (ATPases associated with diverse cellular activities) ATPase 

Valosin-containing protein (VCP)/p97 (also called Cdc48 in S. cerevisiae or TER94 in 

Drosophila) has emerged as a pivotal factor for protein homeostasis. As one of the most 

abundant proteins in the eukaryotic cytosol, p97 facilitates protein degradation in diverse 

pathways and compartments ranging from ER-associated degradation, ribosomal quality 

control, mitochondrial stress response to macroautophagy and degradation of chromatin-

associated proteins. Moreover, p97 is also involved in organelle membrane dynamics and a 

number of intracellular signaling pathways (Meyer et al. 2012). Its functional diversity is 

facilitated by the association of p97 with a large number of cofactor proteins that mediate its 

interaction with (ubiquitinated) substrates and control p97 activity and localization (Ye 2006; 

Schuberth and Buchberger 2008; Meyer and Weihl 2014).  

Mechanistically, p97 mediates the structural remodeling of its client proteins. Over the last 

decade, p97 has been established for its function as a ‘segregase’: it segregates target 

proteins from complexes, membranes or other structures by converting the energy of ATP 

hydrolysis into mechanical force. Extracted substrates are then either degraded by the 

proteasome or recycled (Ye 2006). Thus, up to now, it was believed that the direct role of p97 

lies in the extraction not the degradation of substrates. Only recently, it was discovered that 

p97 is directly involved in substrate handling, moving its targets entirely through the p97 pore, 
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which induces substrate unfolding for subsequent proteasomal degradation (Bodnar and 

Rapoport 2017; Blythe et al. 2017).  

More than 30 missense mutations in p97 are known that are the underlying cause of a 

multisystem neurodegenerative disorder with four main phenotypes: inclusion body myopathy 

(IBM), Paget's disease of the bone (PDB), frontotemporal dementia (FTD) and amyotrophic 

lateral sclerosis (ALS) (IBMPFD/ALS). IBMPFD is an autosomal dominant inherited disorder 

(Watts et al. 2004). Disease symptoms may vary from patient to patient and manifest late in 

life, suggesting that disease-associated p97 mutations do not lead to a global loss of function, 

but rather have long-term effects on protein homeostasis (Meyer and Weihl 2014). At the tissue 

level, patient biopsies revealed co-localization of p97 with pathologic proteineous aggregates 

or inclusions, often positive for TDP-43 or ubiquitin. Most of the disease-specific mutations 

cluster to the N-terminus of p97, where the majority of about 30 cofactor proteins bind that are 

essential to p97 function. This suggests that alterations in the assembly of certain p97-cofactor 

complexes could contribute to the molecular basis of the disease (Ritz et al. 2011; Fernandez-

Saiz and Buchberger 2010). The most frequent IBMPFD mutation is the exchange of arginine 

to histidine at position 155 (p97-R155H) (Hubbers et al. 2007).  

 

1.3.1 Structure and mechanism of p97 

As a type II AAA+ ATPase, p97 comprises two AAA+ domains, D1 and D2, a globular N-

terminal domain and a short, unstructured C-terminal tail (Ogura and Wilkinson 2001; 

DeLaBarre and Brunger 2003). Six p97 protomers build up a stable homo-hexamer wherein 

the D1 and D2 domains form two rings stacked on top of each other with a pore in the center 

(Fig. 1.4) (DeLaBarre and Brunger 2003). Both ATPase domains contain a Walker A and a 

Walker B motif which mediate ATP binding and hydrolysis, respectively. However, the D1 

domain has low ATPase activity and is required for the hexameric assembly of p97, while the 

D2 domain displays the major ATPase activity (Song et al. 2003). Consistently, a p97 mutant 

with a mutation in the Walker B motif of the D2 domain (p97 E578Q) is dominant negative and 

traps ubiquitinated substrates in the process of retrotranslocation (Ye et al. 2003).  

Multiple conformational changes have been observed in the p97 hexamer during its ATPase 

cycle. In the ADP bound state, the N domains are in a ‘down-conformation’ coplanar with the 

D1 ATPase domain. Upon binding of ATP to D1, the N-domains rotate upwards into the so-

called ‘up-conformation’, in which they are positioned above the D1 ring (Pye et al. 2006; 

Banerjee et al. 2016). The D2 domain undergoes significant conformational changes upon 

ATP hydrolysis causing a hydrophobic environment in the D2 pore. The mechanism of 

substrate unfolding mediated by p97 is currently in the focus of research. Two recent studies 

have independently succeeded in reconstituting p97 and Cdc48 unfoldase activity in vitro 

(Bodnar and Rapoport 2017; Blythe et al. 2017). In the two mentioned studies, unfolding was 

verified by loss of fluorescence of a GFP model substrate, which was Lys48-ubiquitinated and 
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recognized by Cdc48/p97 in complex with its adapter Ufd1-Npl4. Bodnar et al. could show that 

ATP hydrolysis by the D2 domain of Cdc48 moves the polypeptide completely through the 

entire pore from D1 to D2, generating a mechanic force that causes substrate unfolding. In 

order for the substrate to be released from Cdc48, the polyubiquitin chain has to be trimmed 

by a DUB – in this case Otu1, the yeast homologue of YOD1 – leading to a reduced affinity of 

the shortened ubiquitin chain to Ufd1-Npl4 and subsequent dissociation of the substrate from 

Cdc48 (Bodnar and Rapoport 2017). At the same time, another group set up a similar unfolding 

assay with human p97. They could confirm previous findings and additionally showed that 

longer and also branched ubiquitin chains associated to the model substrate improved the 

unfolding (Blythe et al. 2017).  

 

1.3.2 p97 inhibitors 

A broad medical relevance of p97 has become evident in the past years (Chapman et al. 2011). 

Cancer cells rely on important players involved in protein degradation and an effective ubiquitin 

proteasome system to deal with stress caused by an increased amount of misfolded proteins. 

In this regard, p97 inhibitors are being investigated as cancer drugs based on the rationale 

that they induce a proteostasis collapse and ultimately apoptosis of cancer cells.  

The first p97 inhibitor, identified in a library screen for ERAD substrates was eeyarestatin I 

(EerI) (Fiebiger et al. 2004). EerI was shown to inhibit ERAD by association with the p97-Ufd1-

Npl4 complex, while it had no effect on the ATPase activity of p97 itself (Wang et al. 2008). In 

combination with bortezomib, an established proteasome inhibitor, EerI induced high levels of 

Figure 1.4: VCP/p97 structure. Domain architecture of VCP/p97 with the N domain (green) 
and the two ATPase domains in light blue (D1) and dark blue (D2), respectively. 
Representative substrate-recruiting and substrate-processing cofactors binding to the N 
domain and C-terminus of p97 are indicated. Modified from (van den Boom and Meyer 2017). 
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apoptosis in cancer cells by targeting different components of the protein quality control 

machinery simultaneously (Auner et al. 2013). In the meantime, a number of screens have 

been conducted to identify new potent p97 inhibitors (reviewed in (Chapman et al. 2015)).The 

first discovered selective, reversible, small-molecule inhibitor of p97 was DBeQ (N2,N4-

dibenzylquinazoline-2,4-diamine), which has been shown to efficiently block multiple p97-

dependent cellular processes (Chou et al. 2011). Structurally related to DBeQ, the 

quinazolines ML240 and ML241 were developed, which had improved specificity and potency 

against p97 (Chou et al. 2013). While DBeQ targets both ATPase domains of p97, ML240 and 

ML241 were selective for the D2 domain (Chou et al. 2014). Furthermore, ML240 has been 

shown to impair only specific cellular functions (e.g. autophagy) and induced apoptosis, 

revealing the possibility to develop domain-selective and pathway-specific p97 inhibitors (Fang 

et al. 2015). The structure of ML240 was refined to the compound CB-5083, which entered 

clinical trials as an orally bioavailable p97 inhibitor for the treatment of refractory multiple 

myeloma and advanced solid tumors (Anderson et al. 2015). 

Another class of p97 inhibitors comprises alkylsulfanyl-1,2,4-triazoles, which include the 

covalent molecule NMS-859 and the allosteric molecule NMS-873. NMS-859 binds to C522 in 

the ATP binding pocket of the D2 domain of p97 while NMS-873 targets the D2 Walker B motif 

and prevents ADP-release from the D1 and the D2 domain (Magnaghi et al. 2013). Both 

molecules were reported to cause an accumulation of ubiquitinated proteins, activated the 

unfolded protein response due to ER stress, compromised autophagy, and induced cancer cell 

death (Magnaghi et al. 2013). NMS-873 demonstrates potent selectivity and specificity for p97 

and together with other aforementioned molecules they constitute helpful research tools. 

 

1.3.3 Cellular processes associated with p97 and specific cofactors 

p97 participates in many different cellular pathways and is involved in the regulation of protein 

quality control, membrane fusion and vesicular trafficking as well as chromatin-associated 

functions (Fig. 1.5) (Meyer et al. 2012; Meyer and Weihl 2014; van den Boom and Meyer 2017). 

In all these processes p97 uses ATP hydrolysis to extract or disassemble ubiquitin-tagged 

substrate proteins from multiprotein complexes or immobile cellular structures such as 

membranes or chromatin to facilitate downstream degradation of the released polypeptides by 

the proteasome. 

 

Protein quality control pathways in different organelles 

A key function of p97 is the maintenance of protein homeostasis. In this regard, p97 is involved 

in a number of protein quality control pathways among these endoplasmic reticulum-

associated degradation (ERAD) is the best-studied process. The ERAD pathway serves as a 

quality control system for nascent proteins entering the secretory pathway. During ERAD, 
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nascent peptide chains that fail to fold properly in the ER are retrotranslocated into the cytosol, 

where they are polyubiquitinated, extracted from the membrane and degraded by the 

proteasome. Luminal substrates have to be moved across the ER lipid bilayer first, which is 

achieved by a retrotranslocation complex containing the membrane-spanning ubiquitin ligase 

Hrd1 (Bordallo et al. 1998; Schoebel et al. 2017). Then, p97 and its Ufd1-Npl4 adapter are 

recruited to the site of retrotranslocation by the association with membrane-resident cofactors, 

specifically Derlins, VIMP and UBXD8 (Brodsky 2012; Stolz et al. 2011; Buchberger et al. 

2015). In addition to the ubiquitin ligase Hrd1, which constitutes a p97-interacting protein, a 

few other p97 catalytic cofactors have been implicated in the process of ERAD. The E3 ligase 

gp78 has been shown to act downstream of Hrd1 in the degradation of ERAD substrates (Fang 

et al. 2001; Ballar et al. 2006; Zhang et al. 2015). These ligases mediate the ubiquitination of 

misfolded proteins, which are then dislocated from the ER membrane by the action of p97. 

Extracted substrates are subsequently degraded by the proteasome (Wolf and Stolz 2012). 

The two cofactor DUBs Ataxin-3 and YOD1 have also been associated with ERAD. The 

ubiquitin chain-trimming activity of Ataxin-3 has been suggested either to slow down substrate 

processing (Zhong and Pittman 2006) or to facilitate the transfer of substrates from p97 to the 

proteasome (Wang et al. 2006). The trimming of polyubiquitin chains or complete removal of 

ubiquitin caused by YOD1 function was proposed to optimize p97 recruitment and to allow 

misfolded proteins to be threaded through the p97 pore for extraction (Ernst et al. 2009; Liu 

and Ye 2012).   

 

Similar to its function in ERAD, p97 also facilitates mitochondria-associated degradation (MAD) 

by extracting ubiquitin-modified proteins from the mitochondrial outer membrane (Heo et al. 

2010; Karbowski and Youle 2011). For instance, mitofusin-1 and mitofusin-2, two regulators of 

mitochondrial fusion events, are substrates of p97-mediated MAD. Upon mitochondrial 

damage, p97 and its cofactors Ufd1-Npl4 are recruited to the surface of mitochondria, 

extracting ubiquitinated mitofusins which is the initial step for subsequent clearance of 

damaged mitochondria by mitophagy (Tanaka et al. 2010; Kim et al. 2013). At least in S. 

cerevisiae, the Doa1/Ufd3 cofactor, a homolog of human PLAA, was also reported to act in 

conjunction with Ufd1 and Npl4 to recruit substrates to Cdc48 in MAD (Wu et al. 2016). 
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Another quality control function of p97 takes place at the ribosome (ribosome-associated 

quality control (RQC)): the removal and degradation of aberrant, nascent polypeptides from 

stalled ribosomes, a process also called ribosome-associated degradation (RAD). Ribosome 

stalling occurs when a defective mRNA is translated, thus an aberrant translation product 

originates that needs to be effectively removed. The polypeptide becomes ubiquitinated by 

ribosome-associated ubiquitin ligases, Ltn1 in yeast, and the complex of Cdc48/p97, Ufd1 and 

Npl4 is recruited to dislodge the 60S-polypeptide complex for downstream degradation 

(Brandman et al. 2012; Defenouillere et al. 2013; Verma et al. 2013). In this context, a recent 

study reports an additional role of p97 and ZFAND1 in the clearance of arsenite-induced stress 

granules (SGs) - cytoplasmic assemblies of messenger ribonuleoprotein particles (mRNPs) 

stalled in translation initiation (Turakhiya et al. 2018).  

 

With regard to nuclear functions, p97 is involved in multiple extraction processes known as 

chromatin-associated degradation, analogously to its mode of action in ERAD. Various 

substrates have been identified that link p97 to nuclear pathways such as gene expression 

Figure 1.5: Cellular functions of p97 in protein quality control.  
p97 targets and dislodges ubiquitinated proteins in different pathways upon proteotoxic, 
organelle, and genotoxic stress. p97 retrotranslocates misfolded ubiquitinated proteins from 
the ER into the cytosol for degradation (ER-associated degradation). Analogously, it is involved 
in mitochondria-associated degradation. It also removes the nascent polypeptide chain from 
stalled ribosomes during ribosome-associated quality control and helps to degrade subsets of 
cytosolic proteins. Moreover, p97 mediates chromatin-associated degradation for protein 
quality control or in DNA damage responses. Lastly, it drives selective macroautophagy of 
damaged organelles (mitochondria, lysosomes) by regulatory extraction of membrane 
proteins. Substrates of p97 are depicted in red, ubiquitin chains in violet. Adopted from (van 
den Boom and Meyer 2017).  
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control, DNA repair processes and replication (Dantuma et al. 2014; Franz et al. 2016). In the 

context of protein extraction from chromatin, I will focus on two exemplary p97 substrates. 

First, the kinase Aurora B was found to be inactivated on chromatin by its ubiquitination and 

subsequent p97-mediated extraction (Ramadan et al. 2007). Functionally, inactivation of 

Aurora B allows nuclear envelope formation after mitosis. A second exemplary p97 substrate 

is the ring-shaped protein complex Ku70/80 that is trapped on chromatin after DNA ligation 

during double-strand break repair. To extract Ku, the protein complex is ubiquitinated by RNF8, 

triggering the recruitment of p97-Ufd1-Npl4 which target and release Ku for downstream 

degradation or recycling. Besides Ufd1-Npl4, the cofactor FAF1 has been shown to be 

sufficient for this process but less efficiently (van den Boom et al. 2016).  

 

Moreover, p97 facilitates the degradation of soluble proteins in the cytosol, as p97 in 

conjunction with the cofactor Npl4 was shown to be involved in the degradation of 

unassembled protein complex components mediated by the ubiquitin ligase HUWE1 (Xu et al. 

2016). In addition, p97 suppresses the aggregation of aggregation-prone proteins like PolyQ 

proteins (Nishikori et al. 2008; Yamanaka et al. 2004; Ju et al. 2008).  

 

A backup degradation pathway, besides proteasomal degradation, constitutes the lysosomal 

system. Proteins that cannot be degraded by the proteasome (e.g. aggregates) are removed 

by lysosomes to protect cells from proteotoxic stress. In this context, p97 has been implicated 

in the process of organelle homeostasis, facilitating the clearance of damaged mitochondria 

(called mitophagy) as well as damaged lysosomes (termed lysophagy) (Tanaka et al. 2010; 

Papadopoulos et al. 2017). Upon cellular stress, mitochondrial and lysosomal membrane 

proteins are ubiquitinated (e.g. mitofusins in the mitochondrial outer membrane) and extracted 

by the action of p97, which drives clearance of the damaged organelle via selective 

macroautophagy (Papadopoulos and Meyer 2017). In the Endo-Lysosomal-Damage 

Response (ELDR), p97 together with its cofactors UBXD1, PLAA and YOD1 was found to 

mediate turnover of Lys48-linked ubiquitin conjugates from damaged lysosomes to facilitate 

autophagosome formation (Papadopoulos et al. 2017). Thus, in a cellular stress situation, 

macroautophagy induced by a p97-mediated regulatory extraction of membrane proteins and 

subsequent clearance of the damaged organelle could represent a function in protein 

homeostasis. 

 

Membrane trafficking processes 

Besides the established role in diverse protein quality control pathways, p97 has been 

implicated in fusion events of Golgi and transitional ER membranes and nuclear envelope 

assembly. The two cofactors p47 and p37 as well as the DUB VCIP135 have been reported to 
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be involved in these processes of membrane fusion (Kondo et al. 1997; Meyer et al. 1998; 

Hetzer et al. 2001; Uchiyama et al. 2006).  

In addition, several reports implicate p97 also in the trafficking of ubiquitinated cargo along the 

endolysosmal pathway (Ritz et al. 2011; Ren et al. 2008). One example is the plasma 

membrane protein caveolin-1, a protein which introduces invaginations in the plasma 

membrane called caveolae (Tiwari et al. 2016). Caveolin-1 was found to interact with p97 and 

UBXD1 upon ubiquitination, which is a requirement for the subsequent sorting of caveolin-1 to 

late endosomes (Kirchner et al. 2013).  

 

Regulation of intracellular signaling pathways 

p97 also exerts regulatory functions in the context of signaling events. For instance, p97 has 

been implicated in NF-κB signaling by separating the transcription factor NF-κB from its 

inhibitory binding partner IκBα (Dai et al. 1998). As part of the signaling cascade, IκBα is 

phosphorylated by the IκB-kinase (IKK) complex (Zandi et al. 1997), which leads to the 

recognition and ubiquitination of IκBα by the cullin-RING ligase SCFβ-TrCP and subsequently to 

the recruitment of p97 (Schweitzer et al. 2016). As a result, NF-κB/RelA is released to enter 

the nucleus and activate transcription, while IκBα becomes degraded. In this process, the two 

cofactors Ufd1 and Npl4 have been identified to assist p97 in the postubiquitinational regulation 

of IκBα (Li et al. 2014).  

Similarly, p97 in complex with Ufd1-Npl4 has been reported to segregate several transcription 

factor precursors from the ER to enable their subsequent activation. Two exemplary substrates 

of this non-degradative function of p97 are the mammalian NRF1 and Spt23 in yeast. After 

successful extraction from the ER into the cytosol, these transcription factors are transported 

to the nucleus to regulate gene expression (Rape et al. 2001; Shcherbik and Haines 2007; 

Radhakrishnan et al. 2014). 

Moreover, p97 in concert with the heterodimer Ufd1-Npl4 was linked to cell-cycle checkpoint 

signaling, for example via CDC25A degradation, which suppresses chromosome instability 

(Riemer et al. 2014).  

The complex of p97 and UBXD7 has been shown to target the hypoxia-inducible factor 1α 

(HIF1α) for degradation induced by CUL2VHL-mediated ubiquitination, which results in down-

regulation of the hypoxic response (Alexandru et al. 2008).  

More recently, it was reported that p97 promotes the glutamine-regulated turnover of the 

glutamine synthetase and thereby p97 also participates in an essential metabolic process (van 

Nguyen et al. 2017).  
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1.3.4 The p97 cofactor system 

As described above, p97 plays an important role in a multitude of cellular processes mainly 

associated with ubiquitination. While p97 itself has a weak affinity for ubiquitin (Ye et al. 2003), 

it interacts with its targets primarily via cofactors. About 30 cofactor or adapter proteins have 

been reported by now and the list is continuously increasing. It is the variety of these cofactors 

that allow and specify p97 function in the diverse processes mentioned above. The majority of 

p97 cofactors are part of the ubiquitin system, representing either ubiquitin ligases or DUBs or 

ubiquitin binding proteins that function as adapters (Meyer and Weihl 2014).  

When talking about cofactors as adapter proteins, based on two recent studies one should 

actually introduce a new definition of a p97 adapter: these are proteins that not only bind to a 

certain substrate but also help to insert the substrate protein into the p97 pore for subsequent 

unfolding. This definition holds true for Ufd1-Npl4 which has been reported to be involved in 

the ubiquitin-dependent processing of a GFP-fused model substrate (Bodnar and Rapoport 

2017) and p37 which constitutes the p97 adapter of the phosphatase complex SDS22-PP1-

Inhibitor-3 (S-P-I), more precisely p37 directly targets I3 mediating its ATP-driven unfolding via 

p97 in a process independent of ubiquitin (Weith et al. 2018). 

Over the past 20 years of research, the term ‘cofactor’ has been established in the p97 field 

specifying cofactor proteins as direct interactors of p97 that associate either with the N domain 

or with the extreme C-terminus via dedicated VCP/p97 binding domains. The largest family of 

cofactors contains the ubiquitin regulatory X (UBX) domain, which adopts a ubiquitin fold and 

associates with the N-terminus of p97 (Fig. 1.6) (Schuberth and Buchberger 2008). Five of the 

13 UBX cofactors additionally contain a ubiquitin associated (UBA) domain, which binds 

ubiquitin. Other known cofactors interact with the N domain of p97 via a UBX-L (UBX-like) 

domain or three linear binding motifs called VCP-interacting motif (VIM), VCP-binding motif 

(VBM) and Shp box (SHP; also called BS1 (binding segment 1)). The different p97 binding 

domains can be found at different positions within the cofactors. The UBX and VIM/VBMs are 

primarily found at the extreme N- and C-termini of the respective cofactor, while the SHP motif 

is located more central in the linear polypeptide chain (Fig. 1.6).  

A minor group of cofactors interacts with the unstructured C-terminal tail of p97 via PUB 

(PNGase/UBA or UBX-containing proteins) or PUL (PLAA, Ufd3, and Lub1) domains. As 

described for the UBA-UBX cofactors, some of the other cofactors are able to bind ubiquitin as 

well with different domains like the UIM (ubiquitin-interacting motif). The ubiquitin binding 

domains and the p97-interacting motifs occur in many different combinations within the various 

cofactors (Fig. 1.6) (Meyer and Weihl 2014).  
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Figure 1.6: Domain structure of VCP/p97 cofactor proteins.  
UBX or UBX-L domains as well as short motifs such as the SHP-binding motif, the VCP-
interacting motif (VIM) or the VCP-binding motif (VBM) interact with the N domain of p97 
(orange). PUB or PUL domains bind the C-terminus of p97 (orange). The ubiquitin-associated 
(UBA) domain, the Npl4 zinc finger (NZF), the ubiquitin-interacting motif (UIM), the Ufd1 
truncation 3 (UT3), the PFU domain, the WD40 repeats, the CUE domain and the UBZ are 
able to bind ubiquitin (green). The ovarian tumor (OTU) domain has deubiquitinating activity. 
M, membrane domain. Figure modified from (Meyer and Weihl 2014). 
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I will structurally introduce the Ufd1-Npl4 complex in more detail as it constitutes one of the 

major cofactors. The Ufd1-Npl4 heterodimer is an example of a UBX-L domain-containing 

cofactor. The protein Npl4 contains a UBX-L domain, which binds to the same groove on the 

p97 N-domain as the UBX domain, but it has a slightly different fold and employs a distinct 

binding mode (Isaacson et al. 2007). In addition to the UBX-L of Npl4, Ufd1 contains a SHP 

motif that further stabilizes the interaction with p97 (Hänzelmann and Schindelin 2016a, 

2016b). Both Ufd1 and Npl4 possess ubiquitin-interacting motifs – Npl4 contains a zinc finger 

(NZF) while Ufd1 harbors a UT3 domain that both contribute to ubiquitin binding (Fig. 1.6). 

 

 Based on their function, p97 cofactors can be grouped into three major classes:  

(i) Substrate-recruiting/targeting cofactors like UBA-UBX proteins and Ufd1-Npl4 

(ii) Substrate-processing cofactors like ubiquitin (E3) ligases, deubiquitinases (DUBs) 

and peptide N-glycanase (PNGase)  

(iii) Regulatory cofactors like UBXD4, UBXD9 as well as SVIP  

 

Substrate-recruiting or targeting cofactors are on the one hand adapter proteins that link p97 

to its ubiquitinated substrates via ubiquitin-binding domains, and thus mediate a more stable 

enzyme-substrate complex. On the other hand, this class of cofactors includes proteins, which 

recruit p97 to a specific subcellular localization for instance to the ER with the help of 

transmembrane ER proteins such as Derlin-1, VIMP or UBXD8 or to the nucleus via UBXD7.  

The second group of cofactors are substrate-processing cofactors like the ubiquitin ligases 

Hrd1, gp78, HOIP and UBE4B, the DUBs YOD1, Ataxin-3 and VCIP135 and the peptide N-

glycanase PNGase (Fig. 1.5 and 1.6). All these proteins are enzymes that modulate specific 

substrates of p97.  

The third group of proteins are regulatory cofactors that sequester or recycle p97 hexamers. 

For instance, UBXD9 has been found to disassemble p97 hexamers. Mechanistically, an 

extended UBX domain in UBXD9 is essential for the disassembly (Arumughan et al. 2016). 

 

Next to their function, the heterogeneity among various p97 cofactors is also reflected by their 

highly different expression levels and subcellular localization. A mass spectrometry study in 

U2OS osteosarcoma cells identified p47 as the most abundant cofactor with 2.83*105 protein 

copies detected per cell, Ufd1 and Npl4 with similar numbers of ~7*104 copies while other 

cofactors were expressed with hundreds of fold less copies or were even undetected (Fig. 2.1 

table) (Beck et al. 2011). In addition, the subcellular localization of cofactors varies with 

proteins solely expressed in the nucleus, some localize to the nucleus and the cytoplasm and 

others can be found only in the cytoplasm with certain cofactors associated to cellular 

compartments like the ER (Raman et al. 2015). 
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With regard to the high number of reported p97 cofactors and their diverse characteristics, the 

question arises how this multitude of proteins assembles in defined, functional p97-cofactor 

complexes and what the underlying regulatory mechanisms of the complex assembly are. In 

the following paragraphs, the currently limited knowledge about defined p97-cofactor 

assemblies and concepts on regulatory mechanisms of complex formation based on intrinsic 

features of the diverse cofactors will be introduced. 

 

1.3.4.1 Identification of distinct p97-cofactor complexes and substrate candidates 

based on proteomic studies 

A few proteomic approaches have been performed until now, with the aim to shed light on the 

complex p97 cofactor system by identifying individual p97-cofactor complexes and associated 

factors like regulatory proteins or novel substrate candidates. The first study by Alexandru et 

al. confirmed already 10 years ago that p97 assembles with all of the 13 mammalian UBX-

domain proteins. They surprisingly found that the UBX domain proteins, which are able to bind 

ubiquitin, also interact with dozens of E3 ligases. This suggested a broader role for p97 in the 

global regulation of protein turnover which was until then underestimated (Alexandru et al. 

2008). Furthermore, they demonstrated that UBXD7, UBXD8, FAF1 and SAKS1 co-

immunoprecipitate with p97 bound to the Ufd1-Npl4 heterodimer and endogenous ubiquitin 

conjugates, a finding that supports the existence of higher-order p97-cofactor1-cofactor2 

complexes.  

Another study by Raman et al. which was published while this study was conducted, presented 

a proteomic analysis of the UBX cofactor interactome based on affinity purifications and 

conventional MS acquisition (Raman et al. 2015). That study revealed over 195 interacting 

proteins with potential targets implicated in almost every biological process of the cell. 

Nevertheless, their data showed that most of the identified high-confidence interacting partners 

(HCIPs) were unique to individual UBX domain proteins, meaning that there is less 

interconnection in the formation of functional or rather pathway-specific assembly of p97 

cofactor-complexes.  

The number of proteomic studies aiming to identify new p97 substrate candidates is still 

increasing. One of the most recent studies by Heidelberger et al. used the combination of 

chemical inhibition of p97 and quantitative ubiquitin remnant (di‐glycine‐modified) peptide 

profiling in human cells (Heidelberger et al. 2018). They found 456 novel putative p97 

substrates, the majority of which localizes to nuclear compartments functionally implicated in 

gene expression, DNA repair and cell cycle. They identified a large number of proteasome-

dependent targets but also 119 proteins, which are subjected to proteasome-independent 

regulation by p97 (Heidelberger et al. 2018).  
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1.3.4.2 Basic principles of p97-cofactor complex assembly 

The current model suggests that binding of specific cofactors – often requiring the 

simultaneous association with more than one cofactor – target p97 to distinct subcellular 

structures and substrates where p97 activity is required (Meyer et al. 2012; Buchberger et al. 

2015).  However, how exactly different cofactors or cofactor complexes relate p97 to its specific 

functions is poorly understood. Initially, it was suggested that p97 cooperates with a distinct 

cofactor in each p97-mediated pathway (Kondo et al. 1997; Meyer et al. 2000). In the 

meantime, this model was extended to the concept of a hierarchical cofactor assembly in which 

p97 forms higher-order complexes with several cofactors simultaneously (Meyer et al. 2012; 

Schuberth and Buchberger 2008; Hänzelmann et al. 2011).  

In detail, up to now about 30 cofactors have been identified that interact with p97 via distinct 

binding domains. Among them, a few proteins were categorized as major cofactors, namely 

p47, Ufd1-Npl4 and UBXD1, which associate with p97 in a mutually exclusive manner. Why 

these major cofactors bind mutually exclusive is still unclear because in principle if one Ufd1-

Npl4 heterodimer binds to one p97 hexamer as it was published (Bruderer et al. 2004), free N 

domains are available for simultaneous binding of other major cofactors. Intrinsic regulations 

such as competition for similar binding sites and a bipartite binding mode of all three major 

cofactors might be causative for their mutually exclusive binding and will be explained in the 

following paragraph. Functionally, the core complexes of p97 and individual major cofactors 

may be specific for a particular class of substrates based on the type of ubiquitin modification. 

For instance Ufd1-Npl4 is capable of binding Lys48 polyubiquitin (Ye et al. 2003) while p47 

preferentially binds Lys63 and M1 ubiquitin chains (Shibata et al. 2012). However, recently 

also a ubiquitin-independent function of p47 and its related SEP domain cofactors has been 

elucidated (Weith et al. 2018).  

The p97 core complexes are complemented by their interaction with so-called targeting factors 

that recruit core complexes to different subcellular locations. Moreover, the complexes bind 

additional cofactors termed substrate-processing factors that bring in enzymatic activities (e.g. 

E3 ligases, DUBs). However, how the association of core complexes with these modulators is 

regulated and if the complex assembly is based on biological pathways remains unclear.    

One unique example of a specific arrangement of cofactors has been identified from ERAD. 

Here, the core complex of p97-Ufd1-Npl4 is recruited to the site of action by the ER membrane 

protein UBXD8. Due to further association with the deglycosylating enzyme PNGase and the 

deubiquitinating enzyme YOD1, the complex gains modulating activities for target processing 

at the ER membrane, leading to subsequent proteasomal degradation of the substrate protein. 

 

1.3.4.3 Intrinsic regulation of p97-cofactor complex assembly 

To ensure that cofactor binding results in defined, productive p97 assemblies, cofactor 

complex formation is regulated by some intrinsic mechanisms comprising competition for 
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overlapping binding sites at the p97 N domain, bipartite binding, nucleotide-dependent 

changes that alter complex assembly and post-translational modifications (PTMs).  

 

Competition for binding sites 

As described above, the linear VBM and VIM motifs as well as the UBX and UBX-L domains 

all bind to partially overlapping sites at the p97 N domain. Based on this, only one member 

from this subgroup of cofactors can interact with one p97 protomer at any time. However, as 

p97 forms a homo-hexamer, in principle six N domains are available for cofactor binding of 

UBX, UBX-L, VBM or VIM-containing proteins. Competition for N domain binding has been 

verified experimentally for various combinations of cofactors, for instance for p47–Ufd1-Npl4 

(Bruderer et al. 2004; Meyer et al. 2000), p47–UBXD1 (Kern et al. 2009), SVIP–Hrd1 (Liu et 

al. 2013) and gp78–Ufd1-Npl4 (Ballar et al. 2006). Several in vitro studies investigated the 

stoichiometry of certain cofactor:p97 interactions. For the heterodimer Ufd1-Npl4, it was shown 

that only one Ufd1-Npl4 heterodimer binds to one p97 hexamer (Bruderer et al. 2004; Bodnar 

et al. 2018). p47 was reported to bind in a 6:3 ratio (p97:p47) (Beuron et al. 2006) while SVIP 

was found to bind with high affinity to all six N domains (6:6 ratio) (Hänzelmann and Schindelin 

2011). Therefore, SVIP is an efficient competitor for the major N domain targeting cofactors 

Ufd1-Npl4 and p47 (Nagahama et al. 2003; Hänzelmann and Schindelin 2011; Liu et al. 2013). 

 

Bipartite binding modes 

A second intrinsic regulation of cofactor complex formation is the bipartite binding mode of 

several cofactors, which means that certain cofactors, for instance the major cofactors Ufd1-

Npl4 and p47, harbor two binding domains for p97 (Bruderer et al. 2004; Isaacson et al. 2007). 

The heterodimer Ufd1-Npl4 may interact with p97 cooperatively via an UBX-L domain of Npl4 

and a SHP box of Ufd1. p47 contains a SHP box as well as a UBX domain which also enables 

p47 to bind in a bipartite manner. As p47 is a stable trimer, the bipartite binding mode results 

in the symmetric binding of three p47 subunits, which occupy all six N domains of p97 (Beuron 

et al. 2006). Structurally, this binding mode could be the basis for the mutually exclusive 

binding of p47 and Ufd1-Npl4.  

A unique example with regard to p97 binding is the cofactor UBXD1. UBXD1 contains a VIM 

motif, which binds to the N-terminus of p97, and a PUB domain, which interacts with the C-

terminal tail of p97 (Fig. 1.6). Furthermore, it harbors a UBX domain that was reported to be 

non-functional but another binding site in the N-terminal region of UBXD1 has been identified, 

which binds to the N domain of p97 and implies a polyvalent binding mode for UBXD1 (Trusch 

et al. 2015).  

Even though the concept of bipartite binding of certain cofactors to p97 is well established, it 

is unknown whether the cofactors remain stably associated during the nucleotide-induced 

conformational changes of p97. 
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Nucleotide-dependent control of cofactor interactions 

As described above (see 1.3.1), the position of the N domains is highly dependent on the 

nucleotide-bound state of p97 in D1 and can switch between an up or down conformation. 

Since the N domains are the major site for cofactor binding, their conformational flexibility is 

believed to be critical for substrate handling by p97 and certain adapter proteins.  

ATP binding to the D1 domain of p97 was shown to regulate the recruitment of major cofactors 

to the N domain: while ATP had a strengthening effect on binding of Ufd1-Npl4 to p97, binding 

of p47 was not affected (Chia et al. 2012). This constitutes another modus of competition by 

enhancing the capacity of Ufd1-Npl4 binding.  

 

Post-translational modifications 

Another level of regulation of the formation and stabilization of p97-cofactor complexes are 

post-translational modifications (PTMs) (reviewed in (Hänzelmann and Schindelin 2017)).  

A total of about 170 PTMs like phosphorylation, ubiquitination, acetylation, SUMOylation, 

palmitoylation, and methylation have been currently identified in p97 (PhosphoSitePlus, 

(Hornbeck et al. 2015)) and also many cofactors are known to be post-translationally modified 

(Uchiyama et al. 2003; Almeida et al. 2015). Generally, PTMs may influence the binding of 

cofactors to p97, change their subcellular localization, their stability and activity (Ewens et al. 

2010).  

To give some examples for each type of modification and their relevance for p97 binding, the 

phosphorylation of the C-terminal Tyr805 of p97 abolishes the interaction with PUB/PUL 

domain-containing cofactors like PLAA or PNGase (Zhao et al. 2007; Schaeffer et al. 2014). 

Via proteomic studies, several phosphorylation sites in the N domain of p97 have been 

identified, which interfere with cofactor binding, for instance, Tyr110 and Tyr143 which are both 

key residues for UBX/UBX-L-containing cofactor interactions. In addition, a large number of 

ubiquitination sites have been reported in the N, D1 and D2 domain of p97 but not in the C-

terminal tail (Kim et al. 2011; Wagner et al. 2011; Mertins et al. 2013; Elia et al. 2015). However, 

none of the sites has been analyzed in more detail and also the physiological relevance of p97 

ubiquitination remains unclear, but a modulating effect on cofactor or substrate binding is 

conceivable. Many of the identified ubiquitination sites are similar to putative p97 acetylation 

and SUMOylation sites found in high-throughput proteomic analyses (Hornbeck et al. 2015; 

Hendriks et al. 2017). As ubiquitination, SUMOylation and acetylation are the major protein 

modifications regulating nuclear processes, these PTMs may have overlapping functions in 

targeting chromatin. With regard to SUMOylation and ubiquitination, a unique family of 

proteins, the SUMO-targeted ubiquitin ligases (STUbLs), integrates these two modifications 

into a hybrid signal resulting in mixed SUMO-ubiquitin chains. The Ufd1-Npl4 complex is able 

to recognize these chains via both ubiquitin (NZF domain of Npl4, UT3 domain of Ufd1) and 

SUMO (Ufd1 C-terminus (Hendriks et al. 2017)) interacting motifs.  
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Overall, the large number of different PTMs identified in p97 generates a ‘molecular barcode’ 

that may regulate p97 activity, function, localization as well as substrate specificity and cofactor 

binding (Cloutier and Coulombe 2013).  

 

1.3.4.4 Evidence for crosstalk and interdependency within the cofactor network 

To date, only a few defined p97-cofactor complexes have been identified which can be 

assigned to a specific biological function of p97. One recent example of a macromolecular 

complex composed of p97, UBXD1 and the two substrate-processing cofactors YOD1 and 

PLAA has been shown to be involved in the removal of ruptured lysosomes by selective 

macroautophagy, a process termed lysophagy (Papadopoulos et al. 2017). This finding 

indicates that under certain conditions a distinct set of cofactors interact with each other – at 

least transiently – in a substrate-dependent or pathway-specific manner. Along this line, the 

hypothesis of a pathway-specific complex assembly is further supported by a recent 

publication, in which UBXD1 was also found to translocate to depolarized mitochondria, to 

recruit p97 and promote mitophagy (Bento et al. 2018). Lysophagy and mitophagy are two 

related processes of selective organelle macroautophagy (Papadopoulos and Meyer 2017). 

This raises the question whether also the same substrate-processing factors (in this case 

YOD1 and PLAA) associate with the core complex of p97-UBXD1 in these functional related 

pathways. At least PLAA has already been implicated in ribophagy (autophagy of ribosomes) 

(Ossareh-Nazari et al. 2010), raising the possibility that p97 together with UBXD1, PLAA and 

a certain DUB, which might be dependent on the ubiquitin chain type of the specific substrate, 

form a distinct complex in related autophagic pathways. 

 

The identification of individually existing p97-cofactor complexes will build the basis for the 

next level of understanding, which is the regulation, dynamics and potential plasticity within the 

p97-cofactor interaction network. So far, the best evidence for an interdependency and 

crosstalk between p97-cofactor complexes comes from studies with disease-associated 

mutants of p97. An altered pattern of interactions with some but not all cofactors has been 

proposed to be a key pathological feature of IBMPFD. Specifically, it has been shown that 

disease-associated mutant proteins p97-R155H and p97-R95G display a selective decrease 

in the amounts of associated UBXD1 and UBE4B. In contrast, the interaction with other 

cofactors including Ufd1-Npl4, p47 and Ataxin-3 was increased (Ritz et al. 2011; Fernandez-

Saiz and Buchberger 2010; Erzurumlu et al. 2013). Functionally, the decreased binding to 

UBXD1 is associated with a blockage of the endolysosomal sorting of caveolin-1 (Ritz et al. 

2011). Furthermore, it was shown that disease associated-mutations of p97 also compromise 

the UBXD1-mediated clearance of damaged lysosomes (Papadopoulos et al. 2017). 

Conversely, it is unclear whether the increase in binding of certain cofactors also enhances 
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their functional roles, for example if increased Ufd1-Npl4 binding favors the ability of the cell to 

cope with ERAD or chromatin-associated processes.   

Moreover, it is largely unknown if and how the p97-cofactor system responds to cellular stress 

situations. As individual core complexes like p97-Ufd1-Npl4 have been assigned to alternative 

cellular functions, it might be possible that under certain stress conditions a quantitative 

increase in respective pathway-specific p97 complexes occurs. For example upon ER stress, 

the association of p97-Ufd1-Npl4 with UBXD8 might be increased and it would be crucial to 

investigate whether this increase is at the expense of alternative complexes and their 

functional capacities (such as DNA repair). Likewise, it is poorly understood whether selective 

perturbations of one particular node of the network (increased or decreased expression of one 

factor) would affect other elements of the system. Thus, one central question is if there is a 

potential crosstalk between different complexes and pathways as mediated by cofactors.  
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1.4 Aims of the thesis 

p97 has been established as a central element in diverse cellular pathways acting together 

with a host of cofactor proteins in multiprotein complexes. However, little is known about these 

p97-cofactor assemblies whether there is an exact protein composition of individual p97-

cofactor complexes and in what way this determines their functional specificity. By using a 

sophisticated, modern MS technology, the goal of my PhD work was to shed light on the 

complexity and dynamics of the p97-cofactor system.   

 

In the first part of this study, we performed affinity purification SWATH-MS of 23 individual 

cofactors with the aim to systematically define alternative p97-cofactor complexes with a 

distinct cofactor composition. On this basis, the next goal was to investigate if these defined 

complexes (or specific p97-adapter complexes) have individual partners (accessory factors, 

regulators, substrates) in diverse pathways relating to specific functions of p97. Moreover, we 

performed pulldown experiments in different cellular conditions to clarify if cofactor binding 

adapts to diverse cellular states and how the specific complexes respond to distinct stresses.  

 

A general obstacle for investigation is the transient nature of p97-substrate interactions as well 

as the low cellular abundance of many substrate proteins. Consequently, substrates are often 

missed in biochemical analyses of immunopurified p97 complexes. Therefore, we used the 

dominant negative ATPase-inactive E578Q mutant to ‘freeze’ p97-mediated segregation 

reactions. We performed affinity purifications followed by SWATH-MS to compare p97-WT 

complexes with complexes containing the substrate-trapping p97-E578Q mutant. Using this 

approach, we aimed to identify novel substrates and associated regulators that explain and 

extend the physiological role of p97 beyond the stress pathways that are known so far.  

 

The newly obtained insights into the p97-cofactor system could then help to understand how 

p97 maintains cellular homeostasis and in what way a pharmacological modulation of p97 may 

affect cellular physiology.  

 

  



Results 
 

36 

2 Results 

2.1 Identification of p97 cofactor interactors based on systematic affinity-
purifications coupled with quantitative mass spectrometry 

2.1.1 Generation and characterization of isogenic, stable HEK293 cell lines inducibly 

expressing strep-HA-tagged p97 cofactors 

To shed light on the complex p97-cofactor interactome, we started the project by generating 

stable HEK293 (human embryonic kidney) cell lines inducibly overexpressing individual p97 

cofactors. For this purpose, we made use of a human gateway ORFeome library (hORFeome 

V5.1, Havard). For each of the cofactor proteins the respective entry clone from the library was 

used for recombinational cloning into a mammalian destination vector via the Gateway System 

(Invitrogen). The destination vector was a pcDNA5/FRT expression vector with a tet-inducible 

promoter, a ccdB gene flanked by recombination sequences, the ‘Gateway att’ sites, and a 

coding sequence for a twin-strep-tag and a hemagglutinin (HA) epitope tag (‘SH’-tag) at the C-

terminus of the protein (described in (Glatter et al. 2009; Varjosalo et al. 2013)) (Fig. 2.1). 

Using the appropriate enzyme mix, the gene cassette from our candidate protein in the entry 

clone was transferred into the destination vector by substituting the ccdB gene. For some of 

the entry clones, the coding region of the respective genes was truncated or mutated. Thus, 

initially correct entry clones had to be generated from cDNAs by PCR amplification with specific 

primers adding flanking ‘attB’ sites to gene fragments. Following this strategy, we cloned 

Gateway expression vectors for 30 established p97 cofactors (Fig. 2.1 table). We also included 

another so far unknown cofactor candidate, the deubiquitinase OTU domain-containing protein 

7B (OTUD7B, also called Cezanne) into our analysis. Cezanne contains a VBM (personal 

communication with Kay Hofmann (University of Cologne)) and we confirmed an interaction of 

overexpressed Cezanne-SH with the substrate-trapping mutant p97-E578Q (data not shown). 

  

In the next step, integration of the generated expression vectors into Flp-In HEK293 cells was 

performed by making use of vector encoded FRT recombination sites that ensure site-directed 

gene integration. HEK293 cells were chosen as a host cell line due to their high protein 

amounts and easy maintenance. After successful integration and antibiotic selection with 

hygromycin for about 2-3 weeks, stable cell clones were obtained. For the first two cell lines 

(HEK293 UBXD1-SH and UBXD8-SH) we compared monoclonal with polyclonal selection of 

cells by either picking individual cell clones or combining them to cell pools. The homogeneity 

and efficiency of cofactor protein expression after 24 hours of doxycycline induction was 

analyzed by immunofluorescence and Western blotting using an anti-HA antibody (Fig. 2.2).  
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Figure 2.1: Integrated workflow to analyze the p97-cofactor interaction landscape by 
generation of stable HEK293 cofactor cell lines, affinity purifications and MS analysis. 
Recombinational cloning of Gateway expression vectors was used to clone C-terminally strep-
strep-HA tagged human p97 cofactors under control of the doxycycline (DOX)-regulated 
CMV/TetO2 promoter (Tet Operator). An overview of the respective 31 cofactor proteins, their 
HUGO gene symbols and human protein name(s) is given in the table. Cofactors contain direct 
p97 binding sites as listed here. [ ] = non-functional binding site. Protein length is given in 
number of amino acids. The copy number per cell was determined in U2OS osteosarcoma 
cells by absolute quantitative MS (Beck et al. 2011). Generated constructs were integrated into 
the Flippase Recognition Target (FRT) site of Flp-In T-REx-293 cells. Strep-tactin affinity 
purifications of 30 cofactors plus GFP controls from detergent extracts were performed in 
triplicate followed by SWATH-MS acquisition. SWATH-MS data of indicated cofactors (+) are 
included into subsequent analyses. 

class HUGO gene 
name 

human protein 
name(s) 

p97 binding site protein 
length 

copy numbers 
per cell 

SWATH-MS 
data available 

UBX NSFL1C p47 UBX, SHP 370 282614 + 

 UBXN2B p37 UBX, SHP 331 2120 + 

 UBXN2A UBXD4 UBX, SHP 259 1487 + 

 UBXN11 UBXD5/Socius UBX, SHP 520 not detected + 

 FAF1 FAF1 UBX 650 10261 + 

 FAF2 UBXD8 UBX 445 39883 + 

 UBXN4 UBXD2/erasin UBX 508 1592  

 UBXN7 UBXD7 UBX 489 5324 + 

 UBXN1 SAKS1 UBX 297 113824 + 

 UBXN6 UBXD1 [UBX], PUB, VIM 441 8562 + 

 ASPSCR1 UBXD9/TUG UBX 553 30204 + 

 UBXN8 UBXD6/REP8 UBX 270 not detected  

 UBXN10 UBXD3 UBX 280 not detected + 

UBX-L VCPIP1 VCIP135 UBX-L 1222 13381 + 

 YOD1 YOD1 UBX-L 348 not detected + 

 NPLOC4 Npl4 UBX-L 608 70310 + 

others UFD1L Ufd1 SHP 307 73961 + 

 DERL1 Derlin-1 SHP 251 19965  

 SPRTN DVC1 SHP 489 not detected + 

 PLAA PLAP/PLAA PUL 795 54098 + 

 NGLY1 PNGase PUB 654 2055 + 

 RNF31 HOIP PUB 1072 1045 + 

 ANKZF1 ANKZF1 VIM 726 1755  

 SVIP SVIP VIM 77 not detected + 

 SELS VIMP VIM 189 714  

 AMFR gp78 VIM 643 <5e2  

 ZFAND2B AIRAPL VIM 257 not detected + 

 ATXN3 Ataxin-3 VBM 364 <5e2 + 

 UBE4B UBE4B VBM 1302 11277  

 SYVN1 Hrd1 VBM 617 <5e2  

 OTUD7B Cezanne VBM 843 585 + 

Isogenic, stable inducible HEK293 cells 

Recombinational cloning of Gateway expression vectors for 31 p97 cofactors 

 

TetOperator 

strep linker HA 

p97 cofactor 

DOX 

FRT FRT 

linker 

Strep-affinity purification of cofactor bait proteins and associated preys 

Quantitative SWATH mass spectrometry 

strep 
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For both generated cell lines, HEK293 UBXD1-SH and UBXD8-SH, we compared six single 

clones with pooled cells. Via Western blot analysis we investigated expression levels of the 

exogenous proteins between the cell clones and the ratio of exogenous to endogenous protein 

24 h after induction with doxycyclin (DOX). Using an anti-HA antibody, an HA-reactive band 

was detected in induced but not in uninduced cells which indicates no leakiness of the system 

(Fig. 2.2 A and B). After 24 h of induction, Western blot analysis revealed equal expression of 

UBXD1-SH in pooled cells and individual clones. Cells showed a strong UBXD1 

overexpression, as the level of exogenous UBXD1 exceeded the level of endogeneous UBXD1 

evidently (Fig. 2.2A). The selected cell lines were further analyzed by immunofluorescence 

staining which revealed a predominant localization of UBXD1-SH in the cytoplasm. Expression 

of the exogenous protein appears homogeneous within the cell lines and there is no obvious 

difference between the pooled cells and single clones, as shown for the representative UBXD1 

clone 3 (Fig. 2.2A).  

 

From HEK293 cells overexpressing UBXD8-SH, one single clone (cl. 6) was negative for 

detection of exogenous HA-tagged UBXD8. Here, the stable integration of the construct was 

presumably not successful. All other clones and the pooled cells showed an overexpression 

of exogenous UBXD8-SH at near-endogenous level (Fig. 2.2B, WB). UBXD8-SH was primarily 

localized in the endoplasmic reticulum (ER) (Fig. 2.2B, IF images), which is in agreement with 

UBXD8 being an integral membrane protein inserted in the ER (Zehmer et al. 2009).   

As for both tested cell lines, HEK293 UBXD1-SH and UBXD8-SH, the levels of overexpressed 

protein and the homogeneity among cells was indistinguishable between cell pools and 

individually picked clones, we decided to proceed with polyclonal selection for all following 

stable HEK293 p97 cofactor cell lines. 
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Figure 2.2: Cell pools and single clones of exemplary cofactor cell lines (HEK293 
UBXD1-SH/UBXD8-SH) show comparable protein levels and homogeneous expression. 
(A) For Western blot (WB) analysis, HEK293 cells were lysed 24 h after induction (+DOX) or 
without induction (-DOX) of UBXD1-SH. Whole cell lysates were analyzed by SDS-PAGE and 
WB with anti-HA, anti-UBXD1 and anti-Tubulin (loading control) antibodies. Arrows indicate 
endogenous UBXD1 (en) and induced, exogenous UBXD1-SH (ex). Samples of cell pools are 
the same in both blots. For immunofluorescence staining cells were grown in the presence or 
absence of doxycycline and fixed after 24 h, stained with anti-HA antibody and analyzed by 
immunofluorescence microscopy. DNA was visualized using DAPI.  
(B) Experiments as in (A) but for the stable HEK293 cell line inducibly overexpressing UBXD8-
SH. 
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Following the manufacturer’s protocol, we constructed 30 stable HEK293 cell lines inducibly 

overexpressing individual cofactors (for all cofactor proteins listed in fig 2.1 table except for 

UBE4B). Each cell line was characterized by immunocytochemistry (Sup Fig. S1) and WB for 

their cellular protein expression and exogenous protein amount 24 h after induction. 

Microscopy analysis displayed a diverse subcellular localization of the different cofactors, 

including cofactors that localize exclusively in the nucleus (like UBXD7 and DVC1), several 

cofactors that reveal a nuclear and cytoplasmic localization (including Ufd1, Npl4 and PLAA), 

and others which are solely cytoplasmic or membrane-associated factors (such as UBXD1 and 

UBXD6) (Fig. 2.3). 

 

 

Figure 2.3: Localization study of all p97 cofactors showed differential subcellular 
localization with nuclear, nuclear and cytoplasmic or membrane-associated factors.  
Stable HEK293 cells were grown in the presence of doxycycline and fixed after 24 h, stained 
with anti-HA antibody and analyzed by immunofluorescence microscopy. Exemplary confocal 
microscopy images are shown. Scale bar, 20 µm. Cofactors were divided in UBX domain-
containing cofactors (blue) and additional cofactors (green). For a cofactor localization of all 
generated cell lines, see supplementary figure S1. 
 

Next, we investigated the expression levels of overexpressed proteins via WB. To do so, Triton 

X-100 soluble extracts were prepared after 24 h of induction with doxycycline followed by SDS-

PAGE and transfer of proteins onto nitrocellulose membranes. Blots were probed with anti HA-

antibody and anti-Tubulin as loading control. Lysates of HEK293 UBXD7-SH and/or VCIP135-

SH cells were loaded on every gel to allow comparison between blots (Fig. 2.4). All of the 

visualized HA-reactive proteins match roughly the predicted molecular weight of the respective 

overexpressed cofactor calculated by the size of endogenous protein plus twin-strep-HA tag 

and linker regions which code for 104 additional amino acids (~10,7 kDa). For some of the 
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overexpressed proteins degradation products of smaller molecular weight were detected. 

Comparing the levels of overexpressed protein between the cell lines revealed a considerable 

difference in protein amounts (Fig. 2.4). Even though all construct should be integrated exactly 

once at the same gene locus and expression of the various genes is controlled by the same 

promoter, the stability and turnover of the individual proteins can differ due to posttranslational 

regulation.   

 

 
Figure 2.4: Expression levels of HA-tagged cofactors in stable HEK293 cells.  
Stable HEK293 cells were lysed 24 h after induction of cofactor expression. Whole cell lysates 
were analyzed by SDS-PAGE and WB with anti-HA and anti-Tubulin (loading control) 
antibodies. UBXD7 and VCIP135, annotated with an asterisk (*), were used as reference 
between the blots. 
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2.1.2 Analysis of exemplary cofactor interactions in distinct solubilizing conditions 

Next, we established appropriate buffer conditions for protein complex purification of 

exemplary cofactor candidates functioning as bait proteins. The list of p97 cofactors contains 

several proteins, which are known to be membrane proteins and display one or more 

transmembrane domains such as UBXD8, Derlin-1 and UBXD2 (see Fig. 1.6). As the solubility 

of membrane proteins is hindered due to the hydrophobic character of membrane-exposed 

residues, we compared complex purification for two exemplary cofactors, UBXD8 and Derlin-

1, in different buffer conditions, once in lysis buffer containing 1% Triton and once in the same 

buffer but with 1% digitonin. We performed strep affinity purifications from respective HEK293 

cell lines 24 h after induction of bait proteins and checked for co-purification of p97 and UBXD8 

or Derlin-1 and vice versa. Interestingly, we observed co-purification of p97 and UBXD8 

together with Derlin-1-SH as bait protein exclusively in digitonin buffer. In contrast, an 

interaction of purified UBXD8-SH with p97 could be detected only if solubilized in Triton (Fig. 

2.5A). Due to these differences in complex purification and stability, we decided to conduct 

following cofactor purifications of membrane proteins aimed for analysis via SWATH-MS in two 

ways using either NP40 – which is the established detergent of the affinity purification protocol 

used for subsequent SWATH-MS analysis – or digitonin as solubilizing agent in lysis/IP buffer. 

 

Another critical step we discovered concerning purification of membrane proteins was the final 

elution of the isolated protein. In short, the standard protocol used to prepare samples for 

SWATH-MS analysis via affinity purifications of overexpressed p97 cofactors consisted of a 

first step of cell lysis in HNN buffer containing 1% detergent followed by affinity 

chromatography with strep-tactin sepharose capturing the strep-tagged bait protein. After 30 

min incubation, the lysate/bead mixture was loaded onto columns, washed 2 times with HNN 

lysis buffer and afterwards several times with the same buffer but from now on without 

detergent followed by a final biotin elution also done in detergent-free HNN buffer. When 

preparing affinity purification samples for SWATH-MS of membrane proteins, we found that 

biotin elution in detergent-free buffer was inefficient (Fig. 2.5B). For UBXD2-SH as an 

exemplary bait protein, we observed no elution of HA-reactive protein from columns using 

buffer without NP40, while biotin elution in detergent buffer yielded the bait protein in the eluate. 

This observation points to aggregation of membrane proteins in the chromatography columns 

when washing steps and elution are performed under detergent-free conditions. Therefore, we 

adjusted our protocol accordingly, with all washing steps and the biotin elution conducted in 

buffer containing 0.5% NP40 (or 0.5% digitonin) followed by acetone precipitation to remove 

detergent as this would interfere with the mass spectrometry analysis. 
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Figure 2.5: Solubilizing conditions have an influence on protein purification of 
membrane proteins and detected interactors.  
(A) Strep-affinity purifications were performed from stable HEK293 Derlin-1-SH (bait) or 
UBXD8-SH (bait) cell lines in IP buffer containing either 1% Triton (TX-100) or 1% digitonin. 
Of note, overexpressed Derlin-1 interacts with p97 only if solubilized in digitonin, while 
overexpressed UBXD8 interacts with p97 only if solubilized in Triton X-100. In all samples, bait 
expression was induced with 1 μg/ml doxycycline for 24 hours. Input is equivalent to 4% of 
protein amount used for pulldown (PD).  
(B) Strep-affinity purification was performed from stable HEK293 UBXD2-SH cell line in HNN 
lysis buffer containing 0.5% of NP40. Final washing steps and biotin elution were conducted 
either in detergent free (-NP40, lane 2) or detergent containing (+NP40, lane 4) buffer. Input 
(in) sample is equivalent to 0.25% of total protein amount used for pulldown (PD). WB sample 
of pulldown is equivalent to ~1.17% of total PD sample used for MS analysis.   
 
 

2.1.3 Purification and SWATH-MS measurement of p97 cofactors 

We proceeded with the preparation of pulldown samples from individual stable HEK293 cell 

lines overexpressing SH-tagged cofactors to define their interacting partners via affinity 

purification SWATH-MS. Per sample we collected cells from 4 confluent 15 cm dishes 24 h 

after induction with doxycycline. As bait proteins, all of the p97 cofactors shown in fig. 2.1 

(table) were analyzed with the exception of UBE4B, due to a delay in the cloning process. As 

an appropriate negative control, we used a stable HEK293 cell line inducibly overexpressing 

a GFP-SH fusion protein, generated in the laboratory of our collaborator. Thus, we performed 

strep-tactin pulldowns of in total 30 cofactors plus GFP controls in triplicate. The majority of 

cofactors was purified in NP40 detergent buffer. In contrast, based on the findings described 

in paragraph 2.1.2 and fig. 2.5,  purifications of the membrane proteins Derlin-1, VIMP, UBXD2, 

UBXD6, Hrd1, gp78 and ANKZF1 were conducted in two different solubilizing conditions – 

NP40 as well as digitonin – and eluted in the presence of detergent, as described above. The 

eluates were frozen and sent to our collaborator Ben Collins at ETH Zürich, who proceeded 

with trypsin digest of the samples, peptide clean-up and MS acquisition. The samples were 

run both in data-dependent acquisition (DDA) mode and SWATH-MS mode (done at ETH 

Zürich).  
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2.1.4 Data analysis of p97 cofactor purifications 

Due to limits in time and capacity, the performed SWATH-MS data analysis is based on the 23 

initially purified p97 cofactors in NP40 buffer. MS data from isolations of the seven membrane 

proteins in NP40 and digitonin buffer were also obtained but the analysis was not possible to 

conduct within the scope of this thesis. 

Data analysis started with the generation of a spectral reference library where the mass 

spectrometric and chromatographic coordinates for peptides of interest have been established 

based on the DDA measurements. Quantitative data from SWATH runs were then analyzed in 

a targeted fashion in relation to the reference library. Data processing was performed by B. 

Collins and A. Banaei-Esfahani using the OpenSWATH software essentially as described 

previously (Collins et al. 2013; Rost et al. 2014).  

Concerning our experimental set of cofactor purifications, targeted extraction of the obtained 

SWATH data in relation to the reference library resulted in a quantitative data matrix composed 

of 2,725 proteins. To evaluate the identifided interactions with respect to their reliability and 

reproducibility, four different parameters were calculated: GFP ratio, MIST (Mass spectrometry 

Interaction STatistics) score, SAINT (Significance Analysis of INTeractome) score and 

CompPASS (Comparative Proteomic Analysis Software Suite) score. The performance of 

these different scores was compared in a ROC (Receiver Operating Characteristic) curve, 

depicting the true positive rate (sensitivity) in function of the false positive rate (specificity) 

(data not shown). The parameter which performed best in this comparison was the CompPASS 

score. CompPASS computes scores that adjust observed spectral counts relative to the 

reproducibility of detection across biological replicates and to the frequency of observing prey 

proteins in purifications of different baits. This software platform was developed in the 

laboratory of Wade Harper (Harvard Medical School) and was described previously (Sowa et 

al. 2009). The following description and interpretation of the obtained quantitative SWATH-MS 

data is similarly based on computed CompPASS scores with high scores representing 

interactions that are more confident. The whole network identified by purifications of the 23 

individual p97 cofactors contained 42,786 interactions with a CompPASS score >1. The 

complete proteomic data set is provided as supplementary table S2 and S3.  

 

2.1.4.1 Analysis of cofactor – cofactor interactions 

In the first set of analyses, we investigated the interaction of individual cofactors with p97 and 

other cofactors to assess if specific sets of cofactors assemble predominantly together in p97-

cofactor complexes. We illustrated this data in a matrix representing the order of magnitude of 

the corresponding CompPASS score identified for an individual ‘cofactor (bait) - cofactor/p97 

(prey) interaction’ (Fig. 2.6). The highest values indicated with ‘7’ (colored in dark red by the 

applied color scale) display for example a CompPASS score in the range of 10,000,000 to 

36,754,126 (maximum value of the network calculated for FAF1(bait) - FAF1(prey) interaction).  
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As expected, we found that all cofactors bind p97 (Fig. 2.6). Moreover, Ufd1 reliably co-isolated 

Npl4 and vice versa, confirming that they form a heterodimer. Ufd1-Npl4 co-isolated with a 

number of other cofactors (e.g. PNGase, UBXD3, UBXD8) suggesting that they cooperate in 

different p97-cofactor complexes. Similarly, the DUBs Cezanne and VCIP135 both co-isolated 

with many cofactor baits suggesting that they are involved in a variety of cellular pathways 

modulating the ubiquitination status of distinct substrate proteins. Likewise, UBXD9 co-isolated 

with multiple cofactors, namely p47, PNGase, UBXD1, UBXD4 and UBXD5. Interestingly, 

isolations of the two VIM-containing proteins SVIP and AIRAPL showed less interconnection 

with the majority of other cofactors, especially not with the major cofactors Ufd1-Npl4, p47 and 

UBXD1. Beyond that, the interaction matrix depicts several examples of interactions between 

two specific cofactors with a reliable CompPASS score only in one direction of purification but 

not the other. That holds true for example for SAKS1 (bait) – FAF1 (prey) with a CompPASS 

score of 797,367 (5 orders of magnitude) but FAF1 (bait) – SAKS1 (prey) has a CompPASS 

score of 0.  Likewise, the interaction of p37 (bait) – VCIP135 (prey) was computed with a 

CompPASS score of 1,251,861 (6 orders of magnitude) but vice versa the CompPASS score 

was only 332 (2 orders of magnitude).  

Figure 2.6:  Heat map representing cofactor-cofactor and cofactor-p97 interactions 
based on their corresponding CompPASS score.  
Numbers reflecting the order of magnitude of the CompPASS score depicted by a color scale 
ranging from white to red. Bait proteins arranged horizontally, corresponding preys vertically.  
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Regarding the purpose to define individual higher-order cofactor-cofactor complexes, this 

analysis was less conclusive which might be explained by these interactions being 

exceptionally unstable in cell lysates (Xue et al. 2016). The best defined subgroup of 

interconnected cofactors based on this analysis revealed the four SEP domain-containing 

cofactors, p37, p47, UBXD4 and UBXD5 as they all co-isolated with CompPASS scores in the 

range of 4-5 orders of magnitude with each other (except for p37 purifications, which did not 

significantly co-isolate UBXD4 and UBXD5).  

 

2.1.4.2 Analysis of cofactor – non-cofactor interactions 

In a next step, we explored the interaction of p97 cofactors with additional factors other than 

p97 and its cofactors. To this end, hierarchical clustering was performed which was illustrated 

in a heat map depicting prey protein abundances co-isolated with individual cofactor baits (Fig. 

2.7). The set of interacting proteins, which were taken into account for the hierarchical 

clustering and for the following two correlation-based analyses, were defined by using a 

CompPASS cut-off score in combination with contaminant filtering. In detail, the whole network 

data set contained parameters for 62,675 possible interactions (2,725 proteins that build the 

quantitative data matrix (see above) multiplied by 23 bait proteins). These interactions were 

sorted according to their CompPASS score in descending order and the highest 1% of 

interactions judged on the CompPASS score (making up 626 interactions) were taken into 

consideration for further contaminant filtering (CompPASS cut-off score: 9*104). For this, high 

frequency hits from an established CRAPome database (Contaminant Repository for Affinity 

Purification (Mellacheruvu et al. 2013); www.crapome.org) – a large set of independent control 

purifications – were removed from our list of reliable interactions, resulting in a high-confidence 

network consisting of 216 interacting proteins. This set of 216 defined preys co-isolated with 

individual or overlapping cofactor purifications was used along with their estimated protein 

abundances from the SWATH runs as input data to analyze and illustrate the cofactor 

interaction network in a modular way as follows. 

 

First, a heat map was generated illustrating prey protein abundances in respective cofactor 

purifications (Fig. 2.7). This matrix gives a high-level overview about individual bait-prey 

interactions with the log prey abundance shown in a color code (white to dark blue). The 

clustering analysis revealed a subgroup of interacting proteins, which were detected in many 

purifications (Fig. 2.7; blue square in the lower left part of the heat map) and might constitute 

‘general’ binders – specific or unspecific. Dependent on the applied cut-off score, this set of 

‘general’ binders was co-purified with most of the analyzed cofactor baits, sometimes just 

below threshold levels. Furthermore, in almost all purifications we found p97 (annotated as 

TERA) and the 26S proteasome regulatory subunit 6B (PRS6B) as common prey proteins (for 

p47, UBXD5 and UBXD9 purifications also PRS4 was detected). Another potentially interesting 

http://www.crapome.org/
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candidate identified from isolations of UBXD3, SAKS1, FAF1, p47 and HOIP was the MICOS 

complex subunit MIC60 (annotated as IMMT), a component of a large protein complex of the 

mitochondrial inner membrane involved in mitochondrial cristae morphology and inner 

membrane architecture. In addition, an overlap in the co-purification of some cofactors was 

observable, e.g. Cezanne (annotated as OTU7B) as a common prey of AIRAPL, UBXD3, 

UBXD5, UBXD1, DVC1, UBXD7 and Npl4, or UBXD9 (annotated as ASPC1) as common prey 

in p47, UBXD5, UBXD4, PNGase and UBXD1 isolations. However, most of the newly identified 

high-confidence interacting proteins were unique to individual cofactor baits and they will be 

discussed based on the following two correlation plots. 

Referring to the prey abundance values, correlation coefficients were computed in the next two 

analytical approaches to identify proteins, which are similar in the pattern of their interactions, 

to highlight putative protein complexes/subcomplexes or related modules in this network.  

  

Figure 2.7: Heat map of identified interactors represented by their protein abundance.  
Heat map representing prey protein abundances in respective p97 cofactor purifications. Each 
bait protein (p97 cofactor) is listed in a row, annotated by its protein name, and the 216 defined 
prey proteins are shown in columns, while just a subset of factors is labeled annotated by their 
UniProt Entry names. The log prey abundance is depicted by a color code ranging from white 
to dark blue. This figure is available as digital version in the supplementary material. 
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Bait-to-bait correlation analysis 

First, a bait-to-bait correlation analysis was performed by comparing each pairwise 

combination of baits (Fig. 2.8). In brief, all possible pairs of rows from the prey abundance heat 

map (Fig. 2.7) were taken to compute all of the pairwise correlation coefficients, which were 

then plotted as a diagonal matrix using a color scale (yellow (-1) to blue (+1)) to illustrate the 

magnitude of the correlation (Fig. 2.8). Thus, two cofactors with identical prey protein 

interactions and quantities would perfectly correlate and yield a score of +1, whereas two 

cofactors with completely different interactions would yield a score of -1. By this analysis, baits 

were clustered and shown according to their similarity in the pattern of their interacting preys 

(including quantities). The illustrating plots (Fig. 2.8 and Fig 2.9) have been produced using a 

web-based clustering tool for AP-MS data from the laboratory of Anne-Claude Gingras 

(Lunenfeld-Tanenbaum Research Institute Toronto) called ProHits-viz (http://prohits-

viz.lunenfeld.ca/).  

As expected, the matrix shows a high correlation between preys identified from purifications of 

Npl4, Ufd1 and UBXD8 (Fig. 2.8; dark blue square in the lower right part). These cofactors 

are well known to act commonly together in the process of ERAD and thereby a high correlation 

of these baits concerning their interacting partners confirms the reliability of the used type of 

clustering analysis. Moreover, we found a high correlation for interacting proteins of p37 and 

UBXD4 purifications. These two SEP domain cofactors are structurally the most related 

members of this protein family and were recently implicated in PP1 biogenesis (Weith et al. 

2018). Confirming the findings for cofactor-cofactor interactions (Fig. 2.6) where FAF1 was 

one of the highest scoring interactors in SAKS1 isolations, the correlation analysis also 

revealed a high similarity in the pattern of interacting partners also for these two cofactors. 

Interestingly, the interacting preys of DVC1, AIRAPL, Cezanne and to lesser extent UBXD3 

showed a high magnitude of correlation (Fig. 2.8; dark blue square in the upper left part) which 

was an unexpected finding. In this regard, we also observed some differences in the pattern 

of interactors between Npl4 and Ufd1 and the set of preys co-isolated with other cofactors. As 

expected, the correlation between Npl4 and Ufd1 and most of the other cofactors (Fig 2.8; 

listed from FAF1 to PNGase) concerning their interacting preys is similar with slightly higher 

correlation values for Ufd1 than Npl4. But especially for cofactor purifications of UBXD3, DVC1, 

AIRAPL and to lesser extent Cezanne, we observed a reasonable correlation of interacting 

preys with isolations of Npl4 which is not reflected in Ufd1 purifications (Fig. 2.8; compare row 

20 ‘Npl4’ + 21 ‘Ufd1’ for column 1 – 4 ‘UBXD3 – Cezanne’). This finding suggests that Npl4 

and Ufd1, besides acting as a heterodimer, might also function independently from each other.  

 

Overall, the bait-to-bait correlation analysis showed a high similarity in the pattern of interacting 

preys between several cofactors. However, it also revealed cofactors like YOD1 and Ataxin-3 

which either co-isolate only a few interacting proteins at all (possibly due to very transient 

http://prohits-viz.lunenfeld.ca/
http://prohits-viz.lunenfeld.ca/


Results 
 

49 

interactions for instance in the case of YOD1) or the set of co-purified preys is unique for the 

individual cofactor showing less overlap with other cofactor preys.  

 

Figure 2.8: Bait-to-bait correlation analysis clusters cofactors with similar interactions.  
The analysis is based on taking each pairwise combination of bait proteins and computing a 
correlation coefficient plotted as a diagonal matrix with the color scale showing the magnitude 
of correlation. By this, baits with similar patterns of interacting preys (including quantities) can 
be identified, e.g. Npl4, Ufd1 and UBXD8. 
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Prey-to-prey correlation analysis 

We next explored the set of preys itself which were identified in the cofactor purifications. To 

this end, we performed a prey-to-prey correlation analysis (Fig. 2.9) this time computing 

pairwise correlations of all possible pairs of columns (preys) based on the heat map in fig. 2.7. 

A complete list of all 216 interacting proteins in the order referring to fig. 2.9 can be found in 

supplementary table S1.  

In the following paragraph, I will focus on the discussion of individual sets of preys represented 

by the diagonal dark blue blocks in fig. 2.9, which are interactors that were identified only by 

one – sometimes two – baits and appear primarily in a single row in fig. 2.7 (horizontal blocks).  

 

Starting with the description of the UBX domain cofactors, we found overlap with the shotgun 

approaches by the Deshaies and Harper laboratories (Alexandru et al. 2008; Raman et al. 

2015). However, we also identified a number of additional interacting proteins in our SWATH-

MS approach. Among the interesting candidates is UBXD7 that was shown to link p97 to cullin-

RING ligases (CRLs) (Alexandru et al. 2008). We confirmed the interaction and correlation of 

UBXD7 with all members of the E3 ubiquitin-ligase complex Zer1-Cul2-Elongin BC and Kelch 

domain-containing protein 10 (KLD10). Moreover, we found interactions of UBXD7 with the 

substrate adapter of the BTB-Cul3-RBX1 ligase complex Kelch-like protein 12 (KLH12) as well 

as with the E3 ubiquitin-protein ligase Topors (TOPRS) (Fig. 2.7 and Fig. 2.9). FAF1 interacts 

with Vesicle-associated membrane protein-associated protein A and B/C (VAPA and VAPB) 

as well as angiomotin (AMOT), which confirms the findings by Raman et al. but we additionally 

detected factors involved in nuclear functions like the splicing coactivator subunit SRm300 

(SRRM2), prelamin-A/C, nucleoporin Nup155 and DNA topoisomerase-1, which is in line with 

also a nuclear localization of FAF1 (Sup. Fig. S1). For UBXD3/UBXN10 we found a strong 

correlation with a regulatory subunit of the AMP-activated protein kinase AMPK gamma1, an 

energy sensor protein kinase that also acts as a regulator of cellular polarity by remodeling the 

actin cytoskeleton. Raman et al. identified a new role for UBXD3 in regulating the process of 

ciliogenesis which has previously been connected to the actin cytoskeleton (Antoniades et al. 

2014). Consistent with this finding, we also detected binding of UBXD3 with members of the 

intraflagellar transport (IFT) complex (IFT81, IFT74, IFT27, IFT52 and RABL5) but all 

interactions had CompPASS scores below the defined threshold, resulting in exclusion of 

these factors from further abundance and correlation analyses. Intriguingly, our approach 

revealed a high correlation between the SEP and Spectrin domain-containing 

UBXD5/UBXN11 cofactor and the IFT-B component Intraflagellar transport protein 56, which 

Raman et al. found to interact with UBXD3. This raises the possibility that UBXD5 cooperates 

with p97 and UBXD3 in the same pathway. Regarding the other three SEP domain proteins 

p47, p37 and UBXD4, we confirmed a link between these cofactors with a distinct PP1 

complex suggesting a role in PP1 regulation, which has been published in the meantime (Weith 
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et al. 2018). However, while we identified an interaction and correlation of UBXD4 and p37 

with all three PP1 isoforms and the PP1 regulators SDS22/PPP1R7 and Inhibitor-3/PPP1R11, 

p47 was additionally implicated in another module of interacting partners comprising nuclear 

proteins with diverse functions: the AT-hook-containing transcription factor (AKNA), the 

Abnormal spindle-like microcephaly-associated protein (ASPM) and the substrate adapter of 

the BTB-Cul3-RBX1 ligase complex BTB/POZ domain-containing protein KCTD10. Moreover, 

we could also confirm the previously identified interaction of p47 and Protein FAM104A 

(Raman et al. 2015). Another module of correlating preys composed of UBXD1 and PLAA 

further includes nuclear factors like the spliceosome-associated cyclophilin (PPWD1), the 

spliceosome complex component Cdc5-like protein (CDC5L) and the splicing coactivator 

subunit SRm300 (SRRM2, which was also identified for FAF1). Besides these nuclear factors, 

it also comprises cytoplasmic proteins like the Methionine-tRNA ligase and both partners of 

the MCFD2-LMAN1 (Multiple coagulation factor deficiency protein 2–Protein ERGIC-53) 

complex, which is involved in the ER-to-Golgi transport of selected proteins. UBXD9 showed 

a medium to strong correlation with many other prey proteins (Fig. 2.9). Among the potentially 

interesting interactors and correlating preys are the protein kinase DNA-PKcs as well as the 

methyl transferase METTL21D. The latter was found to interact with the Alkylated DNA repair 

protein alkB homolog 6 (ALKBH6) – another prey which we identified in UBXD9 purifications. 

METTL21D was previously reported to specifically trimethylate lysine 315 of p97 (Kernstock 

et al. 2012), raising the possibility that UBXD9 function is coupled to posttranslational 

modification of p97. 
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Figure 2.9: Prey-to-prey correlation analysis identifies related modules of interactors.  
The analysis is based on taking each pairwise combination of prey proteins and computing a 
correlation coefficient plotted as a diagonal matrix with the color scale showing the magnitude 
of correlation. p97 (red) and cofactors (black) are enlarged and labeled. This figure is available 
as digital version in the supplementary material. 
 

In the next part, we will focus on the analysis of interacting partners of non-UBX domain 

cofactors. For HOIP, we identified the other LUBAC components Sharpin and HOIL1, as well 

as the Met-1 specific DUB OTULIN (FAM105B), the Ubiquitin carboxyl-terminal hydrolase 

CYLD and its bridging factor SPATA2. The latter three proteins are known to be recruited to 

the LUBAC complex to restrict linear polyubiquitin formation on TNF-R1 and NOD2 complexes 

mediating NF-κB signaling (Draber et al. 2015; Hrdinka et al. 2016; Kupka et al. 2016). RIPK2, 

the effector kinase of the NOD2-signaling complex, is also a target protein for the E3 ubiquitin 

ligase activity of BIRC2, which we found in HOIP purifications as well. In addition, we identified 

the apoptosis regulator BAG1 and the DIABLO homolog DBLOH (Fig. 2.7 and Fig. 2.9). HOIP 

was also found to interact with the BRCA1-A complex subunit BRE, a complex that specifically 
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recognizes Lys-63-linked ubiquitinated histones H2A and H2AX at DNA lesion sites. Moreover, 

HOIP binds the E3 ubiquitin-protein ligase UBR2, which is a component of the N-end rule 

pathway and additionally plays a role in chromatin inactivation via ubiquitination of histone 

H2A. Focusing on interactors of PNGase, we identified and confirmed previously known 

binding to both human orthologues of yeast RAD23 (RAD23A and RAD23B), which play 

distinct roles in nucleotide excision repair and link DNA repair to the ubiquitin/proteasome 

pathway (ubiquitin shuttle-factor) (Finley 2009). Additionally, the nucleoporin Nup210 was 

detected as well as the eukaryotic translation initiation factor 3 subunit L (eIF3l). Moreover, we 

identified a correlating module consisting of interactors like the Protein O-mannosyl-

transferase 1 and 2 (POMT1 and POMT2), the N-sulphoglucosamine sulphohydrolase 

(SPHM), Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 (PLOD2) and the Galectin-3-

binding protein (LG3BP). The latter was also found by Alexandru et al. to interact with UBXD8. 

In general, the subset of preys interacting with PNGase showed a high correlation with Ufd1, 

Npl4 and UBXD8, which were known and found to be interconnected also in direct cofactor-

cofactor interactions (fig. 2.6). 

Next, we explored the interactome of the three cofactor DUBs YOD1, VCIP135 and Ataxin-3. 

For YOD1 we only found a strong interaction with the GATOR complex protein WDR59, a 

component of the GATOR2 subcomplex functioning within the amino acid-sensing branch of 

the TORC1 signaling pathway. VCIP135 was detected to bind the double-stranded RNA-

binding protein Staufen homolog 1 (STAU1) as well as the nuclear factors Cullin-associated 

NEDD8-dissociated protein 1 (CAND1), the nucleoprotein TPR and the nucleoporin Nup88. 

For Ataxin-3 we identified a strong correlation and highly reliable interaction with the Ran-

specific GTPase-activating protein (RANG) and the Lamina-associated polypeptide 2 

(isoforms beta/gamma) (LAP2B) as well as Stathmin (STMN1). However, Ataxin-3 was also 

implicated in other modules of preys with lower correlation (Fig. 2.9) which was already 

illustrated in fig. 2.7 that Ataxin-3 showed a broader range of interacting preys. 

 

Overall, we observed that interacting partners frequently localize in the same cellular 

compartment as the bait, for example all exclusively or partially nuclear localized cofactors 

(UBXD7, p47, FAF1, UBXD9, PLAA) were found to bind transcription factors and/or CRL 

components. In general, our proteomic study provides a rich resource of cofactor interactors 

and suggests that the p97-cofactor network is linked to numerous established but also several 

unexpected cellular functions.  
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2.2 Analysis of perturbations of the p97-cofactor system and possible 
adaptation mechanisms 

After analyzing the p97-cofactor interactome in a proteomic approach, we next asked if and 

how assembly of p97-cofactor complexes changes upon perturbation of the system by 

overexpressing individual cofactors or chemical stress induction. Based on protein abundance 

values obtained from previously described cofactor purifications, we calculated ratios depicting 

the efficiency of p97 binding to an individual cofactor as bait protein. For this, we determined 

the p97 abundance divided by the bait abundance in the respective purification (Fig. 2.10A). 

p97 showed the highest binding efficiency to overexpressed UBXD4-SH while it displayed the 

lowest binding to purified YOD1-SH and AIRAPL-SH (depicted in a red to white color scale). 

The co-IP efficiency of p97 to selective UBX domain-containing cofactors was validated using 

Western blot analysis of transiently overexpressed GFP-tagged SAKS1, p47, UBXD4 or the 

respective GFP empty vector in HEK293 p97-WT cells for 24 h. Using GFP-nanobodies to 

purify certain cofactor complexes, we confirmed that SAKS1 co-purified only little amounts of 

p97 while p47 and UBXD4 co-isolated considerably higher amounts of p97 (Fig. 2.10A). Taking 

into account that the expression level of UBXD4-GFP was lower than p47-GFP (see input 

levels) and also the pulldown efficiency of UBXD4 was reduced compared to p47 while co-

purifying equal amounts of p97, we could confirm that p97 has the strongest affinity to UBXD4, 

followed by p47 and to lesser extent to SAKS1. The three selected UBX domain-containing 

proteins are known to have a high diversity in their endogenous protein abundance. SAKS1 is 

present in approximately 114,000 copies and p47 in 283,000 copies in U2OS osteosarcoma 

cells compared to only about 1,500 copies for UBXD4 determined by absolute quantitative 

mass spectrometry (see fig 2.1) (Beck et al. 2011). With this knowledge, we next explored the 

potential perturbation by overexpression of these three proteins on the cofactor interactions in 

p97 pulldowns. We transiently overexpressed SAKS1 (a cofactor with high protein abundance 

but low p97 affinity), p47 (high abundant and high p97 binding efficiency), UBXD4 (low 

abundant but high p97 affinity) or an empty control vector in stable inducible HEK293 p97-WT 

cell lines and performed strep-tactin purifications of p97-WT-strep. Overexpression of p47 

reduced the binding of all cofactors to p97 that we could probe with antibodies, especially 

UBXD4 but also Ufd1, Npl4 and UBXD8 was markedly reduced (Fig. 2.10C, lane 7). In 

contrast, UBXD4 overexpression only affected binding of the structurally related p47 and p37 

(Fig. 2.10C, lane 8). The reduction in p47 binding to p97 was more prominent whereas we 

observed a milder reduction in p37 binding to p97 after UBXD4 overexpression also in two 

other replicative experiments. Consistent with its low binding efficiency, SAKS1 

overexpression had no effect on global p97-cofactor interactions. Notably, it specifically 

affected UBXD8 and to lesser extent also Ufd1 and Npl4 binding to p97 suggesting a direct 

link between SAKS1 and UBXD8-Ufd1-Npl4 consistent with a proposed role of SAKS1 in 

ERAD (LaLonde and Bretscher 2011; Park et al. 2017).  
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Figure 2.10: Differential binding efficiency among UBX domain-containing cofactors. 

(A) The efficiency of p97-cofactor interactions based on prey to bait ratios (p97 
abundance/cofactor abundance) was determined from MS data. 
(B) The co-IP efficiency of p97 was validated by GFP pulldowns of transiently overexpressed 
SAKS1-GFP, p47-GFP, UBXD4-GFP or GFP empty vector control in HEK293 p97-WT myc-
strep cells. Levels of overexpression and pulldown efficiency or p97 co-purification was probed 
by GFP and p97 antibody, respectively. Arrows indicate endogenous p97 (en) and induced, 
exogenous p97 myc-strep (ex). 
(C) Differential perturbation of p97-cofactor interactions upon overexpression of distinct 
cofactors. The indicated cofactors were transiently overexpressed in HEK293 p97-WT cells. 
p97 was isolated and associated cofactors probed with indicated antibodies. Note that p47 
overexpression induced a global loss of cofactor binding, whereas UBXD4 competed only with 
the related p37 and p47 and SAKS1 competed primarily with UBXD8. exp = exposure. 
 
 
Additionally to perturbing the system by overexpression of individual p97 cofactors, we 

analyzed differential binding after cellular perturbations using chemical stress treatments. As 

the function of p97 with its cofactors UBXD8 and Ufd1-Npl4 in the process of ERAD is best 

understood, we started by treating stable inducible HEK293 p97-WT cells with proteotoxic 
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stress-inducing agents followed by p97 isolation and comparative analysis of associated 

cofactors. ER stress was induced using tunicamycin, an inhibitor of N-glycosylation, or 

thapsigargin, an inhibitor of Ca2+-transporting ATPase mediated uptake of calcium ions into 

the sarco/endoplasmic reticulum, or dithiothreitol (DTT), which causes ER stress by interfering 

with disulfide bond formation of proteins, or sodium arsenite, which induces oxidative stress in 

the cytoplasm.  

After optimizing drug concentrations and treatment durations, we observed that the applied 

stresses indeed activated a cellular stress response that could be monitored by an increase in 

eIF2α phosphorylation (Fig. 2.11). The translation initiation factor eIF2α is a core component 

of the integrated stress response and its phosphorylation at serine 51 attenuates global 

translation, which constitutes the cytoprotective adaptation mechanism of stress signaling. 

Tunicamycin and thapsigargin as well as DTT and sodium arsenite treatment caused an 

increase in eIF2α phosphorylation compared to the DMSO control. Furthermore, endogenous 

expression levels of probed cofactors did not change upon stress treatments as shown by 

equal amounts of input levels. In p97 isolations, we observed co-purification of all tested 

cofactors, i. e.  p47, Ufd1, Npl4, UBXD8, UBXD7 and UBXD9. Notably, under conditions of ER 

stress the association of p97 with cofactors was decreased, in particular for Ufd1, Npl4, UBXD8 

Figure 2.11: General reduction in p97-cofactor binding after ER stress induction.  

Stable HEK293 p97-WT myc-strep cells were induced for 24 h with doxycycline (DOX) and 
exposed to different proteostatic stress-inducing reagents as indicated. p97 was isolated from 
whole cell lysates, samples were immunoblotted and associated cofactors probed with 
indicated antibodies. Arrows label endogenous p97 (en) and induced, exogenous p97 myc-
strep (ex). Tm = tunicamycin, Tg = thapsigargin, DTT = dithiothreitol, As = sodium arsenite. 
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as well as UBXD7. This finding was observable in conditions of tunicamycin and DTT treatment 

and to a lesser extent for thapsigargin treated cells. In contrast, applying general oxidative 

stress by sodium arsenite, which also led to an increase in eIF2α phosphorylation, did not alter 

cofactor binding, as amounts of probed co-purified cofactors were equal to control pulldowns 

(Fig. 2.11). This unexpected observation of reduced cofactor binding after ER stress was 

reproducible in different experiments and we assumed that a paradox mechanism on cellular 

level might be causative for this phenomenon, like attenuation of translation or altered 

processing of proteins by posttranslational modifications, which could lead to changes in 

protein turnover. 

For the following experiments we extended the conditions of cellular perturbation by using 

zeocin or its pure component phleomycin, which induces DNA stress, or carbonyl cyanide m-

chlorophenyl hydrazone (CCCP), an uncoupler of the mitochondrial respiratory chain causing 

depolarization of mitochondria or L-leucyl-L-leucine methyl ester (LLOMe), which induces 

rupture of lysosomes.  

First, we exposed stable HEK293 p97-WT cells to stress conditions with established 

concentrations of aforementioned drugs and analyzed translocation of p97 via 

immunofluorescence staining. To do so, we captured localization of exogenous p97 by using 

an antibody against its myc-epitope tag and in parallel staining for ubiquitination (FK2 antibody) 

and DAPI to visualize the nucleus (Fig. 2.12). In control (DMSO-treated) cells, we observed 

p97 localization in the cytoplasm as well as in the nucleus. After zeocin treatment, cells showed 

an increased ubiquitin staining in nuclear foci depicted by the FK2 antibody but a clear 

translocation of p97 from the cytoplasm to the nucleus was not detectable, possibly due to 

sample preparation without preextraction. Cells exposed to DTT did not show any effect neither 

on the ubiquitination status nor on the cellular p97 distribution in the immunofluorescence 

analysis, although these cells responded under the same treatment conditions with a strong 

increase in eIF2α phosphorylation in the Western blot analysis (Fig. 2.11). We detected a 

similar phenomenon for cells treated with sodium arsenite: while Western blot analysis showed 

strong eIF2a phosphorylation (Fig. 2.11), microscopy images of similarly treated cells 

displayed no effect on p97 localization or ubiquitination (Fig. 2.12). Nevertheless, arsenite 

treated cells had a changed morphology with smaller, shrunken nuclei, some of which already 

showed fragmentation and chromatin condensation, which are hallmarks of apoptosis. Cells 

exposed to mitochondrial stress by CCCP also showed first changes in nuclear morphology 

but no effect on ubiquitination or recruitment of p97 to damaged mitochondria. Non-neuronal 

HEK293 cells express low endogenous levels of the mitochondria-associated E3 ligase Parkin, 

apparently not sufficient to ensure mitochondrial ubiquitination with the used treatment 

conditions. In contrast, treating cells with LLOMe led to a clear increase in ubiquitination 

depicted in cytoplasmic foci, which presumably represent lysosomes. Also p97, detected by 
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the myc-tag, relocalized to the ubiquitinated foci, as illustrated by a white color in the overlay 

image (Fig. 2.12, merge).   

 

 
Figure 2.12: Microscopy-based analysis of cellular p97 localization and ubiquitination 
after diverse stress treatments.  
Stable HEK293 p97-WT myc-strep cells were induced for 24 h with doxycycline and exposed 
to different stress-inducing reagents as indicated. For zeocin and LLOME treatments, drug 
was washed out after 1 h and cells were grown in normal media for another 2 h prior to fixation. 
PFA-fixed samples were then immunostained with anti-myc and anti-FK2 antibodies plus 
nuclear DAPI staining. DTT = dithiothreitol, As = sodium arsenite, CCCP = carbonyl cyanide 
m-chlorophenyl hydrazine, LLOMe = L-leucyl-L-leucine methyl ester. Scale bar, 20 µm. 
 
To investigate differential cofactor binding, we applied the same stress treatments as used for 

the microscopy-based analysis again to stable HEK293 p97-WT cells and performed affinity 

purifications of p97-WT myc-strep followed by Western blot analysis. The experimental 

approach was the same as for the experiment shown in fig. 2.11 but with an extended range 

of stress stimuli.  

Overall, the expression level of exogenous p97 was comparable between the samples and the 

pulldown efficiency appeared equally (Fig. 2.13). Furthermore, the applied stress treatments 

did not seem to have major effects on general protein synthesis as the probed proteins showed 

equal expression levels in input samples across the various cellular conditions. To induce DNA 

damage, phleomycin was used instead of zeocin. Both drugs are glycopeptide antibiotics of 
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the bleomycin family, but phleomycin is supposed to constitute a single, pure component while 

commercial preparations of zeocin consist of mixtures of components with different potencies. 

Regarding polyubiquitination, arsenite treatment caused a remarkable increase in the overall 

amount of ubiquitin-conjugated proteins observable in input samples while stress induction 

with phleomycin, DTT and LLOMe led to a decreased amount of co-isolated, polyubiquitin-

conjugated proteins together with p97 (PD samples). Upon exposure to phleomycin, we 

observed some of the tested cofactors co-purifying less efficiently with p97 compared to control 

conditions. These were in particular Ufd1, Npl4 and UBXD8 (Fig. 2.13). In agreement with 

previous findings (Fig. 2.11), treatment with DTT led to decreased binding of Ufd1, UBXD8 

and UBXD1 to p97. Again, oxidative stress induced by arsenite showed no effect on general 

p97-cofactor binding, albeit UBXD4 co-purified less efficiently, which was not probed in the 

previous experiment. Upon CCCP treatment, we detected less binding of UBXD1 in p97 

Figure 2.13: Differential binding of cofactors to p97-WT in diverse cellular stress 
conditions.  
Stable HEK293 p97-WT myc-strep cells were induced for 24 h with doxycycline and exposed 
to different stress-inducing reagents as indicated. For phleomycin and LLOME treatments, 
drug was washed out after 1 h and cells were grown in normal media for another 2 h. p97 was 
isolated from whole cell lysates, samples were immunoblotted and associated cofactors 
probed with indicated antibodies. Arrows label endogenous p97 (en) and induced, exogenous 
p97 myc-strep (ex). Phleo = phleomycin, DTT = dithiothreitol, As = sodium arsenite, CCCP = 
carbonyl cyanide m-chlorophenyl hydrazine, LLOMe = L-leucyl-L-leucine methyl ester, exp = 
exposure. 
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isolations and after treatment with LLOMe we observed reduced levels of co-purified UBXD1, 

UBXD8, and Ufd1. Surprisingly, none of the stress stimuli led to an increase in the assembly 

of p97 with a certain subset of cofactors.  

Focusing on the effect of DNA damage inducing agents in more detail, we compared cofactor 

binding to p97 in cells exposed to phleomycin or zeocin. We expected to observe similar effects 

of these two drugs on p97-cofactor interactions based on their same chemical properties. To 

test this, stable HEK293 p97-WT myc-strep cells were exposed to 0.5 mM of phleomycin or 

zeocin for 1 h followed by 1 h of recovery in normal culture medium (treatment conditions 

adapted from (Brown et al. 2015)). p97 was isolated and co-purification of cofactors was 

analyzed compared to control-treated cells (water). Surprisingly, cells treated with phleomycin 

revealed a general decrease in polyubiquitination compared to zeocin-treated cells (Fig. 2.14A 

- input). Moreover, p97 purifications from phleomycin-treated cells again disclosed a reduced 

binding of Ufd1, Npl4 and UBXD8, whereas this was not the case for zeocin-treated cells (Fig. 

2.14). From corresponding literature, we figured out that phleomycin exposure to induce DNA 

damage is used in a wide range of concentrations depending on the cell line. We repeated the 

previous experiment with phleomycin or zeocin concentrations of only 30 µg/ml, which is 

equivalent to ~20 µM (i.e. about 25-fold less than before). Under these conditions, we were 

able to preserve polyubiquitination after phleomycin treatment and the amount of co-purified 

cofactors were equal in phleomycin or zeocin-treated cells and similar to control-treated cells 

(Fig. 2.14B). In this experiment, we also included a condition of DNA damage induced by 

gamma irradiation (IR), which caused the same binding characteristics for cofactors as 

phleomycin or zeocin. Thus, phleomycin treatment resulted in diverse cellular outcomes, 

suggesting a rather unspecific effect at high dosage.       
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Figure 2.14: Diverse effects of phleomycin on p97-cofactor binding dependent on drug 

concentration. 

(A) Stable HEK293 p97-WT myc-strep cells were induced for 24 h with doxycycline and 
exposed to either 0.5 mM phleomycin or zeocin or vehicle (water) for 1 h. Cells were left to 
recover for 1 h following drug removal and then collected. p97 was isolated, samples were 
immunoblotted and associated cofactors probed with indicated antibodies. Arrows label 
endogenous p97 (en) and induced, exogenous p97 myc-strep (ex). Phleo = phleomycin, Zeo 
= zeocin, recov = recovery. 
(B) Same experiment as in (A) but with only 30 µg/ml of either phleomycin or zeocin and a 
third condition of DNA damage by 10 Gy gamma irradiation (IR) plus 30 min(‘) recovery. exp = 
exposure. 
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2.3 Comparative SWATH-MS analysis of p97-WT and p97-E578Q to identify 
novel substrates as well as associated cofactors and regulatory proteins 

Following the investigation of the p97-cofactor system under basal and perturbed cellular 

conditions, our next approach focused more on p97 itself. The strategy was to perform 

quantitative mass spectrometry of affinity purifications from either p97-WT or the substrate-

trapping mutant p97-E578Q to compare the interactome and possibly discover novel p97 

substrates and associated regulators. The E578Q mutation is a mutation in the Walker B motif 

of the D2 domain of p97, which abolishes ATP hydrolysis. By blocking the biochemical activity 

of p97, we aimed to ‘freeze’ protein complexes in the process of p97-mediated segregation 

and unfolding to be able to identify so far unknown substrate proteins, which might be 

implicated in signaling functions to ensure cellular homeostasis. Most of the results presented 

in this paragraph are included in our related publication (Hülsmann et al. 2018). 

In contrast to the stable inducible HEK293 p97 cell lines which were generated by myself via 

polyclonal selection and used in all described experiments prior to this, the following SWATH-

MS study was performed with previously published stable HEK293 cell lines generated via 

monoclonal selection (Ritz et al. 2011). The cells express myc-strep-tagged p97-WT or p97-

EQ upon doxycycline induction at near endogenous levels, which integrate into endogenous 

p97 hexamers (see Fig. 2.15 for scheme).  

 

Figure 2.15: Pipeline for comparative 
SWATH-MS analysis of VCP/p97-WT and 
VCP/p97-EQ isolations.  
Isogenic stable HEK293 cells were induced for 
24 h to express strep-tagged VCP/p97 wild-type 
(p97-WT) or VCP/p97-E578Q (p97-EQ). p97 
was affinity-purified from detergent extracts and 
an exemplary immunoblot of overexpressed 
(ex) and endogenous (en) VCP/p97 variants is 
shown. Samples from strep-tactin purifications 
were then processed separately for DDA (data-
dependent acquisition) and SWATH-MS 
(Sequential Windowed Acquisition of All 
Theoretical Fragment Ion Mass Spectra). A 
reference spectral library was built from all DDA 
runs and used to retrieve quantitative 
information from each of the SWATH runs. A 
series of tools was applied to match the DDA 
and SWATH spectra and process the data 
(targeted extraction, normalization, 
determination of fold-change differences 
between samples and respective p-values). 
Finally, high-confidence interactors were 
visualized and validated.  
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Whole cell lysates of either p97-WT or p97-EQ cells or as a control from stable strep-tagged 

GFP-expressing HEK293 cells were used for affinity purifications with strep-tactin sepharose. 

Samples were measured both in data-dependent acquisition (DDA) mode and SWATH-MS 

mode (at ETH Zürich). In the same way as data processing from p97 cofactor purifications was 

conducted, a spectral library was build and quantitative data from SWATH runs were analyzed 

in a targeted fashion in relation to the reference library (performed by our collaborator B. Collins 

using the OpenSWATH software as described previously (Collins et al. 2013; Rost et al. 

2014)). To increase the coverage of relevant proteins in the spectral library, the reference 

library was generated based on data from isolations of p97-WT, p97-EQ (3 replicates each) 

and GFP controls (7 replicates; 2 intern and 5 extern from previous study) and additionally 

integrating the DDA data of the 23 p97 cofactor purifications described before. As a result, the 

spectral reference library in the experimental setup contained coordinates for 3,839 proteins 

represented by 36,540 uniquely mapping peptides. After targeted extraction of quantitative 

SWATH-MS data from the p97 and GFP affinity purification samples, the resulting quantitative 

data matrix was composed of 1,937 proteins. The final outcome of the SWATH-MS analysis 

was visualized in a scatter plot (Fig. 2.16).  

First, we applied a discrimination between true interactors and contaminants (depicted on the 

X-axis). Every prey protein that displayed a log2 fold-change of > 2 in either the p97-WT or 

p97-EQ purification versus GFP control with a p-value < 0.05 (p-values of contaminant filtering 

indicated as blue circles with increasing size) was considered a true interactor. We identified 

in total 108 high-confidence interactions; 85 from EQ purifications, 68 from WT purifications 

and 45 proteins detected in both conditions (Fig. 2.16). The Y-axis of the scatter plot represents 

the comparison of the EQ mutant versus WT condition to determine which of the interacting 

proteins might be p97 substrates or otherwise modulated by the EQ mutation. Every prey 

protein that displayed a log2 fold-change of > 2 or < -2 with a p-value < 0.05 (p-values of EQ 

versus WT comparison indicated as pink circles with increasing size) was considered to be 

regulated by the mutation. Of the 108 high-confidence interacting proteins, 51 interactors were 

significantly changed in their binding preference to p97 EQ vs. WT; 43 of them displayed an 

increase in binding to p97-EQ (proteins depicted in the upper right section of the plot – mostly 

purple by overlay) while 8 were reduced compared to p97-WT (proteins depicted in the lower 

right quadrant of the plot – mostly purple by overlay). The remaining 57 proteins were bona 

fide interactions not altered by the EQ condition (depicted in the middle right part of the plot – 

mostly blue) (Fig. 2.16). 
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Figure 2.16: Scatter plot of interactors as identified by SWATH-MS analysis.  
The X-axis represents the fold-change of VCP/p97-WT or VCP/p97-EQ versus GFP-pulldown 
controls. The Y-axis represents the fold-change ratio of VCP/p97-EQ versus VCP/p97-WT. 
Dashed horizontal and vertical lines illustrate the threshold of a log2 fold-change of > 2 and/or 
< -2. p-values for contaminant filtering and EQ/WT comparison are visualized as indicated. 
Individual candidates mentioned in the text are annotated. Of note, the proteins along the 
diagonal lines in either the upper right or lower right quadrant have only been identified and 
quantified in either the VCP/p97-EQ or VCP/p97-WT purifications, respectively. See 
supplementary table S4 for full list.  
 
A closer inspection of the individual candidates revealed that PLAA was one of the proteins 

with the strongest increase in binding to p97-EQ confirming previous studies of our lab (Ritz et 

al. 2011; Papadopoulos et al. 2017). Furthermore, the cofactors SVIP, UBXN6/UBXD1, Ataxin-

3, UBXN7/UBXD7, FAF1 and UBXN2B/p37 were enriched in p97-EQ protein complexes. 

Interestingly, factors implicated in p97-mediated ERAD and ER-resident proteins such as 

AMFR/gp78, FAF2/UBXD8, Derlin-1, SEL1L, MARCH6 and UBAC2 were particularly 

increased in their binding to p97-EQ, suggesting that the p97-EQ mutant traps protein 

complexes in the segregation process together with its substrates. However, not all interactors 

were enriched in binding to the mutant variant. One example is the structurally related SEP 

domain-containing cofactor family of p97. While binding of UBXN2B/p37 to p97-EQ was 

significantly increased by ~7.5-fold, binding of UBXN2A/UBXD4 was reduced by ~3.8-fold and 



Results 
 

65 

NSFL1C/p47 showed no considerable change. The 8 interacting proteins with a decreased 

binding to p97-EQ were mainly involved in transcriptional and posttranslational regulation (e.g. 

RG7MT1, RNA-binding protein 4, Zinc finger protein 74, pFGE) and have not been linked to 

p97. 

One advantage of the SWATH-MS approach we applied is the high dynamic range of 

interactors that could be detected. That means, we were able to identify even low stoichiometry 

interactions where the actual abundance of the prey protein and the abundance of p97 as bait 

protein differed by several orders of magnitude. This observation is illustrated in fig. 2.17, which 

displays all of the 108 detected high-confidence p97 interacting proteins on the X-axis ordered 

by their respective protein abundance in the p97-WT purifications depicted on the Y-axis. Of 

note, interacting proteins were identified over 4 orders of magnitude from high-abundant known 

cofactors like NSFL1C/p47 and Ufd1 down to low abundant proteins including ubiquitin ligases 

or ligase components such as MUL1, RNF185 and the CUL2 adapter FEM1B or novel 

substrate candidates that appeared at the detection limit in p97-WT isolations. The change of 

protein abundances in the EQ mutant is indicated with a blue arrow (Fig. 2.17). Interestingly, 

most of the low abundant proteins showed a remarkable increase in their binding to p97-EQ. 

In this figure we also compared our findings with p97 interaction data of two other studies 

including one large-scale AP-MS screen (Huttlin et al. 2017) and a proteomics study which 

was also focused on the p97-UBXD adapter network (Raman et al. 2015). Indeed, there is 

some consistence among the identified proteins but interactions that were previously detected 

by the two other approaches were biased towards the higher abundance range.  
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We proceeded with a biochemical validation of the SWATH-MS data. First, we aimed to 

reproduce the differential binding of cofactors to p97-WT versus EQ. To this end, gel filtration 

experiments were performed from whole cell lysates of stable HEK293 cell lines 

overexpressing p97-WT or the p97-EQ variant after 24 h of induction. Western blot analysis of 

collected fractions was performed and cofactors were stained with available antibodies.  

As expected, p97-EQ shifts to higher molecular weight fractions compared to wild-type p97 

because it is entangled into larger complexes consisting of trapped substrates along with 

regulatory and adapter proteins (Fig. 2.18A). Probing for the cofactors PLAA, UBXD1 and 

UBXD7, we verified that all of them shifted to higher molecular weight fractions in the p97-EQ 

background. In contrast, p47 did not co-migrate with p97 and probably was not bound to p97 

under the stringent conditions of gel filtration, as reported before (Xue et al. 2016).  

Second, to analyze p47 binding with an alternative method, we performed 

immunoprecipitations from HEK293 p97-WT(-myc-strep) or p97-EQ(-myc-strep) lysates 

followed by immunoblotting of the samples and detection of co-purified p47 as well as the 

structurally related SEP domain cofactors p37 and UBXD4 (experiment done by M. Weith). In 

line with the quantitative MS data, we observed that binding of p47 was not changed, while 

p37 binding was increased and UBXD4 binding was reduced in p97-EQ compared to p97-WT 

Figure 2.17: SWATH-MS analysis covered a high dynamic range of interactors.   
Plot representing the 108 high-confidence hits arranged according to abundance in VCP/p97-
WT and changes in VCP/p97-EQ are indicated by arrows. Note the high dynamic range over 
>4 orders of magnitude. Individual candidates mentioned in the text are annotated. 
Observations of a given protein interaction in previous MS studies are annotated as indicated. 
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purifications (Fig. 2.18B). Thus, these findings validate the data from the SWATH-MS analysis 

and reflect the heterogeneity in cofactor binding to p97.   

Figure 2.18: Validation of differential binding to cofactors. 
(A) Size exclusion chromatography of lysates from HEK293 cells expressing p97-WT or p97-
EQ. Fraction numbers and antibodies used for Western blotting are indicated. Note the shift of 
p97, PLAA, UBXD1 and UBXD7 in p97-EQ lysates towards the high molecular weight fraction, 
while p47 remains unbound under the stringent conditions.  
(B) Affinity purification of p97-WT or p97-EQ from stable HEK293 cell lines and detection of 
the associated SEP domain proteins p47, p37 and UBXD4. p97 variants were isolated using 
strep-tactin beads and associated proteins analyzed by Western blotting as indicated. DOX = 
doxycycline. Experiment done by M. Weith. 
 

Third, besides known p97 cofactors, we also had a closer look on possible new substrate 

candidates and accessory proteins identified in the MS approach. The glutamine synthetase 

(annotated as GLUL) was just recently reported as a target of p97-mediated degradation (van 

Nguyen et al. 2017), moreover we detected several other strong substrate candidates. 

Especially among the low abundant proteins with a stimulated p97-EQ binding, we identified 

factors like SHKBP1 (SH3KBP1 binding protein 1), a protein involved in the regulation of EGFR 

signaling (Feng et al. 2011), WLS (wntless Wnt ligand secretion mediator), which regulates 

sorting and secretion of Wnt proteins from signaling cells (Banziger et al. 2006), EPSTI1 

(Epithelial-stromal interaction protein 1), MYO5C (Unconventional myosin-Vc) and 

PPP1R15B; the latter we will focus on in detail in the next section of this thesis.  

Along with potential substrate proteins, certain low-abundant ubiquitin ligases were trapped in 

p97-EQ complexes as well. We chose the ubiquitin ligases MUL1 and RNF185, which both 

had not been linked to p97 so far, for validation of their differential binding to p97-WT versus 

EQ. MUL1 is an E3 ubiquitin ligase that is localized in the mitochondrial outer membrane and 

regulates mitochondrial fission (Braschi et al. 2009). Furthermore MUL1 was reported to act in 

parallel to the PINK1/parkin pathway in regulating mitofusin (Yun et al. 2014). The E3 ligase 
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RNF185 was published to be localized in the mitochondrial outer membrane regulating 

mitophagy as well as in the ER membrane playing a role in ERAD (Tang et al. 2011; El Khouri 

et al. 2013). We overexpressed GFP-tagged fusion proteins of the ligases in HEK293 p97-WT 

or p97-EQ expressing cells, affinity isolated our candidate proteins and probed co-purification 

of p97. An increased binding of p97-EQ for both of the proteins could be confirmed (Fig. 2.19 

A and B), which was reproducible in HeLa cells, where we also validated the correct subcellular 

localization of the overexpressed ligases to mitochondria (MUL1) and the ER (RNF185) via 

immunofluorescence staining (data not shown; experiments in HeLa cells done by B. Kravic). 

In contrast, the U-box ubiquitin ligase UBE4B, an established p97 cofactor that we also 

detected in the AP-SWATH analysis showing no differential binding, was not increased by the 

mutation in co-immunoprecipitations (Fig. 2.19C).  

 

 

Figure 2.19: Validation of low abundant interactors. 
(A) MUL1-GFP, (B) RNF185-GFP and (C) GFP-UBE4B or GFP alone (control) were 
transiently expressed in stable HEK293 p97-WT or p97-EQ cells, immunoprecipitated and 
associated p97 analyzed by Western blotting. Levels of overexpression and pulldown 
efficiency or p97 co-purification was probed by GFP and p97 antibody, respectively. Note that 
MUL1 and RNF185, but not UBE4B, showed increased binding of p97-EQ confirming SWATH-
MS data. 
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2.4 CReP/PPP1R15B is a direct target of the p97-Ufd1-Npl4 complex involved 
in the integrated stress response 

One of the identified low abundant p97-interacting proteins caught our major interest as it was 

known to be a modulator of the integrated stress response and had not been linked to p97 

before. This protein was PPP1R15B or also called CReP for constitutive repressor of 

eIF2alpha phosphorylation (Jousse et al. 2003). In the AP-SWATH analysis, CReP was 

detected by only a single proteotypic peptide. However, it displayed a consistent and confident 

signal in p97-EQ purifications (median protein level q-value = 2.45E-04) while it was not 

detected in p97-WT isolations.  

Our aim was to elucidate the cellular relevance and functional consequences of an interaction 

between p97 and the PP1c regulatory subunit CReP in more detail. Initially we tested whether 

CReP was efficiently extracted from cell lysates with two different detergent buffers. To do so, 

we collected HEK293 cells once in HNN lysis buffer containing 0.5% NP40, which is the 

respective buffer of the standard protocol used to prepare samples for SWATH-MS analysis, 

and once in our conventionally used IP buffer containing 1% Triton. Via WB analysis, we 

compared the presence of CReP in total lysate, the supernatant after high-speed centrifugation 

and the insoluble pellet fraction (Fig. 2.20). In both buffer conditions, we were able to extract 

CReP from cell lysates efficiently. Next, we analyzed the subcellular localization of transiently 

overexpressed CReP-mCherry in HEK293 cells and confirmed a cytoplasmic localization in 

agreement with published data for the endogenous protein. 

Figure 2.20: CReP is efficiently extracted from cell lysates and localizes to the 
cytoplasm after overexpression in HEK293 cells. 
(A) Verification of efficient extraction of CReP in buffers used for AP-MS (HNN lysis buffer 
containing 0.5% NP40) and co-immunoprecipitations (IP buffer containing 1% Triton X-100). 
HEK293 cells were collected in extraction buffer. Total lysate (total) was separated by a 17,000 
g centrifugation for 15 min into insoluble material (pellet) and supernatant (sup), which was 
used for WB analysis. Endogenous CReP as well as fractionation markers (GAPDH (sup); 
Histone H3 (pellet)) were probed with antibodies. 
(B) mCherry or CReP-mCherry were transiently expressed in HEK293 cells and visualized by 
confocal microscopy. Nuclei were stained by DAPI. Scale bar, 10 μm. Experiment done by B. 
Kravic. 
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To validate the direct interaction of p97 and CReP, which was identified in the AP-MS study, 

we performed reverse co-immunoprecipitations of endogenous CReP from HEK293 cell 

lysates expressing p97 variants (Fig. 2.21A). p97-EQ indeed co-purified with endogenous 

CReP, which was not observable for p97-WT or in cells uninduced for p97 overexpression. 

The heterodimer Ufd1-Npl4 is a known ubiquitin adapter acting together with p97 in various 

degradation processes. Based on this, we also tested co-purification of these two cofactors 

and verified that CReP is a target of the p97-Ufd1-Npl4 complex. Another cofactor p37, which 

has been identified as the key adapter of the SDS22-PP1-I3 complex in an alternative function 

of p97 on PP1 (Weith et al. 2018), was not involved in this interaction (Fig. 2.21A). 

 

Next, we investigated the ubiquitination status of CReP under different conditions. We 

overexpressed Flag-CReP-mCherry or mCherry alone in HEK293 cells for 24 h. One hour 

before extraction, cells were treated with DMSO (vehicle), the allosteric p97 inhibitor NMS-873 

(Magnaghi et al. 2013), or the proteasome inhibitor MG-132. Afterwards, the cells were lysed 

in IP buffer, which was supplemented with N-ethylmaleimide (NEM) in order to preserve the 

ubiquitination of the proteins. NEM is an organic compound that irreversibly inhibits all cysteine 

peptidases, including DUBs, by alkylating the thiol groups in their active site.  Flag-CReP was 

immunoprecipitated using a Flag antibody and extracts were analyzed by Western blotting. 

Staining of the membrane with a CReP antibody revealed that equal amounts of Flag-CReP 

were isolated from the differently treated cells. Probing of the membrane with anti-ubiquitin 

antibodies detected polyubiquitination of purified CReP already in the control (DMSO) 

condition (Fig. 2.21B). This observation was expected, as CReP is known to be a constitutively 

expressed protein with a high turnover rate (half-life of about ~45 min (Jousse et al. 2003)). 

This means that CReP is constantly synthesized but at the same time, it also has to be modified 

by the addition of ubiquitin to be recognized for degradation. Importantly, levels of basal 

ubiquitination of CReP were further increased if either p97 activity or the proteasome was 

inhibited (Fig. 2.21B), suggesting that the degradation of CReP is mediated by p97 in a 

proteasome-dependent manner. 
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Figure 2.21: CReP/PPP1R15B is a direct target of the p97-Ufd1-Npl4 complex.  
(A) Co-immunoprecipitation of endogenous CReP from lysates of HEK293 p97-WT or p97-EQ 
cells. Cells were induced to express p97 variants for 24 h or left untreated (+/- DOX). Isolates 
were analyzed by Western blotting with indicated antibodies. IgG = Immunoglobulin G. exp = 
exposure. Input = 0.5%. Note the association of p97, Ufd1 and Npl4 in the presence of p97-
EQ.  
(B) CReP accumulates in ubiquitinated form upon inhibition of p97 or the proteasome. Flag-
tagged CReP-mCherry or mCherry alone was transiently expressed, and cells were treated 
with the p97 inhibitor NMS-873 (5 µM), the proteasome inhibitor MG132 (20 µM), or vehicle 
alone (DMSO), for 1 h before lysis in IP buffer supplemented with NEM. Flag-CReP was 
immunoprecipitated and probed with ubiquitin antibodies by Western blotting.  
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To further explore this, we analyzed the role of p97 in the constitutive turnover of CReP in 

more detail. To this end, cycloheximide (CHX) chase experiments were conducted in the 

cellular context of p97 dysfunction. First, we compared CReP turnover in HEK293 cells after 

treatment with DMSO (control) or p97 inhibitor NMS-873 over time (up to 3 hours). After 

blocking protein synthesis, we could reproduce previous findings (Jousse et al. 2003) by 

verifying a high turnover rate, as CReP amounts dropped to undetectable levels within 3 hours 

(Fig. 2.22 A and B). When cells were treated with NMS-873 together with CHX, we observed 

a significant stabilization of CReP protein levels (Fig. 2.22 A and B). This result was confirmed 

with an unrelated p97 inhibitor CB-5083 (Anderson et al. 2015) (Fig. 2.22C). Likewise, 

overexpression of the dominant-negative p97-EQ mutant in the stable inducible HEK293 cell 

lines revealed a delayed degradation of CReP compared to induction of wild-type p97 (Fig. 

2.22D)    

 

Figure 2.22: p97 is essential for the constitutive turnover of CReP. 
(A) Cycloheximide (CHX) chase experiments in the presence of p97 inhibitor NMS-873. 
HEK293 cells were treated with 50 µg/ml CHX together with DMSO (vehicle) or NMS-873 (5 
µM) for indicated time points. Whole cell lysates were immunoblotted and probed for protein 
amounts of CReP and Tubulin (loading control). UT = untreated. 
(B)  Quantification of chemiluminescence in three independent experiments as in (A). CReP 
Western blot signals were normalized to loading control and values displayed relative to those 
in untreated (UT) cells. Error bars, s.e.m.; (*) p-value < 0.05. 
(C) CHX chase experiments as in (A) but with the unrelated competitive p97 inhibitor CB-5083 
(5 μM). 
(D) CHX chase experiments as in (A) were conducted in stable HEK293 p97-WT or p97-EQ 
cells after 24 h of induction. Cells at time point 0 were mock (DMSO) treated. 
 

  



Results 
 

73 

As Ufd1 was found to form a complex together with CReP and p97 (Fig. 2.21A), we tested if 

Ufd1 is also functionally involved in the constitutive degradation of CReP. To this end, RNAi 

was used to deplete cells for Ufd1 or an alternative cofactor, p47. Two days after transfection, 

a cycloheximide chase was performed and CReP levels in depletion background were 

compared to a condition of non-targeting siRNA transfection. Ufd1 depletion led to a significant 

increase in steady-state levels of CReP (at time point 0) compared to control depletion, which 

was not the case for p47 depletion (Fig. 2.23). Moreover, in Ufd1 depletion background CReP 

degradation was delayed in the CHX chase, whereas depletion of p47 had no effect (Fig. 2.23 

A and B). These observations were confirmed with an independent siRNA for Ufd1 (Fig. 

2.23C). Based on these findings, we assume that the Ufd1-Npl4 adapter assists p97 in the 

constitutive degradation of CReP to balance its protein levels in unperturbed cells. 

 

Figure 2.23: Functional involvement of Ufd1 in constitutive CReP turnover. 
(A) Cycloheximide (CHX) chase experiments were performed in HEK293 cells treated with 
control siRNA, or siRNA directed against Ufd1 (s2) or p47 (s1) for 48 hours. Cells were 
collected at indicated time points after CHX addition (50 µg/ml) and lysates subjected to 
Western blotting. Depletion efficiency of Ufd1 and p47 was monitored with specific antibodies 
as indicated. Tubulin was probed as loading control. Cells at time point 0 were mock (DMSO) 
treated. 
(B) Quantification of chemiluminescence in four independent experiments as in (A). CReP 
Western blot signals were normalized to loading control and siRNA control at time point 0. 
Error bars, s.e.m.; (*) p-value < 0.05. 
(C) CHX chase experiment as in (A) but with an alternative siRNA for Ufd1 (s3). 
 

Under non-stress conditions, the PP1c-CReP complex constitutively dephosphorylates eIF2α 

to ensure global protein synthesis. However, if cells are exposed to cellular stress, they turn 

on their stress signaling pathways, which leads to activation of kinases that extensively 

phosphorylate eIF2α to block protein synthesis to prevent cells from extra burden. We 

therefore asked what happens to CReP levels under various kind of stresses and is p97 also 

involved in the stress-induced reduction of CReP protein. To answer this, we investigated the 

stability of CReP upon ER stress induced by thapsigargin and tunicamycin and sodium 

arsenite-induced oxidative stress.  
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CReP levels remained largely stable upon ER stress, as reported previously (Jousse et al. 

2003), but exposing cells to sodium arsenite led to a remarkable turnover of CReP to 

undetectable levels within two hours (Fig. 2.24A). In the presence of p97 inhibitor NMS-873, 

degradation of CReP upon arsenite treatment was clearly delayed (Fig. 2.24B). Regarding 

eIF2α, we detected a strong increase in the phosphorylation of serine 51 of eIF2α after arsenite 

treatment compared to mock treated cells, but this phosphorylation was reduced when p97 

was inhibited with NMS-873 in the presence of arsenite (Fig. 2.24B).   

 

Figure 2.24: Oxidative stress by sodium arsenite induces CReP degradation that is 
delayed upon p97 inhibition. 
(A) HEK293 cells were treated with vehicle alone (DMSO), thapsigargin (Tg), sodium arsenite 
(As), or tunicamycin (Tm) for indicated time and concentrations. Whole cell lysates were 
immunoblotted and CReP levels as well as eIF2α phosphorylation were monitored with specific 
antibodies. Total eIF2α and Tubulin were probed as loading control. 
(B) CReP degradation upon arsenite treatment is delayed upon p97 inhibition. Experiment as 
in (A). HEK293 cells were treated with sodium arsenite (0.5 mM) in the absence or presence 
of the p97 inhibitor NMS-873 (5 µM). UT = untreated. 
 
In addition to arsenite treatment, we also investigated the effect of UV irradiation on the stability 

of CReP in the presence or absence of p97 activity. It has been shown that CReP is 

quantitatively degraded upon exposure to UV-C light (Loveless et al. 2015), which we could 

confirm in our experiments using the reported treatment parameters (Fig. 2.25A). Similar to 

the observation upon arsenite treatment in a situation of p97 inhibition, we detected a clear 

inhibition of CReP degradation by NMS-873 after UV irradiation (Fig. 2.25 A and B), 

demonstrating that p97 mediates the stress-induced quantitative removal of CReP. 

Consequently, also the stress-induced phosphorylation of eIF2α after UV exposure was 

attenuated when p97 was inhibited, while total eIF2α levels remained unaffected (Fig. 2.25A).  

As we found that p97 plays a role in the constitutive turnover of CReP as well as in the removal 

of CReP protein after stress treatments, we compared the degradation rates of CReP after 
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cycloheximide treatment, UV exposure or a combination of both (Fig. 2.25C). UV exposure did 

not appear to accelerate the CReP degradation rate when compared to addition of CHX, and 

the two treatments were not additive. Therefore, the decline of CReP levels under stress might 

result from a stress-induced inhibition of CReP synthesis with a parallel degradation of existing 

CReP protein in a p97-dependent manner.  

 

Figure 2.25: p97 ensures quantitative removal of CReP and robust phosphorylation of 
eIF2α after UV irradiation-induced stress.  
(A) Quantitative removal of CReP after UV-induced stress. HEK293 cells were either mock-
treated, or UV-irradiated (300 J/m2) in the presence of p97 inhibitor NMS-873 (5 µM) or vehicle 
(DMSO) alone. Cells were lysed at indicated time points after irradiation, and lysates probed 
with indicated antibodies. Chk1 phosphorylation at S317 confirms UV-induced damage. UT = 
untreated. 
(B) Quantification of UV-induced CReP degradation in experiments as in (A). CReP Western 
blot signals were normalized to loading control and values were displayed relative to those in 
untreated cells. n = 3 independent experiments, error bars, s.e.m.; (*) p-value < 0.05. 
(C) Comparison of constitutive and stress-induced CReP degradation rates. Cells were treated 
with CHX (50 µg/ml), UV (300 J/m2), or a combination of both and lysed after indicated time 
points. Lysates were probed with antibodies as indicated. UT = untreated. 
 

Previous figure 2.23 indicates a role of the cofactor Ufd1 in the constitutive CReP turnover, 

which we subsequently inspected in a cellular stress condition. To do so, we performed Ufd1 

depletion in cells and induced CReP degradation by UV exposure. Reduction in CReP protein 

levels over a time course of 4 hours was notably delayed in cells depleted for Ufd1 compared 

to control depleted cells (Fig. 2.26 A and B). As a positive control, we also depleted the E3 

ubiquitin ligase component β-TrCP (β-TrCP1/2), which has previously been shown to mediate 

CReP ubiquitination (Loveless et al. 2015; Coyaud et al. 2015). As expected, depletion of β-

TrCP strongly delayed UV-induced CReP removal (Fig. 2.26 A and B). Thus, similar to the 

constitutive turnover, Ufd1 together with p97 as well as the E3 ligase component β-TrCP are 

involved in the stress-induced reduction of CReP protein levels. Regarding the UV-induced 
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phosphorylation of eIF2α, we observed an attenuation in the levels of phospho-eIF2α in Ufd1 

or β-TrCP depleted cells (Fig. 2.26 A and C), correlating with stabilized CReP levels, and, 

consequently, with persistent PP1c-CReP activity that antagonizes eIF2α phosphorylation.    

 

 

Figure 2.26: The p97-Ufd1-Npl4 complex promotes quantitative removal of CReP and 
robust phosphorylation of eIF2α after UV irradiation-induced stress.  
(A) Ufd1 and β-TrCP depletion delays UV-induced degradation of CReP and prevents robust 
phosphorylation of eIF2α. HEK293 cells were treated with control, Ufd1 (s2) or β-TrCP (s1) 
siRNAs for 48 hours and additionally exposed to UV irradiation (300 J/m2). Cells were collected 
at indicated time points after irradiation and lysates subjected to Western blotting. Chk1 
phosphorylation at S317 confirms UV-induced damage. Depletion efficiency of Ufd1 was 
monitored as indicated. UT = untreated (not irradiated). 
(B) Quantification of stress-induced CReP degradation in experiments as in (A). CReP 
Western blot signals were normalized to loading control and values were displayed relative to 
those in untreated cells. n = 3 independent experiments, error bars, s.e.m.; (*) p-value < 0.05; 
(**) p-value < 0.01. 
(C) Quantification of phospho-eIF2α signals in experiments as in (A). Values were normalized 
to loading control and displayed relative to the maximum stimulation in control cells. n = 4 
independent experiments, error bars, s.e.m.; (*) p-value < 0.05; (**) p-value < 0.01; (***) p-
value < 0.001. 
 

Finally, we investigated the effect of p97 inhibition or depletion of individual proteins on bulk 

protein synthesis, which is regulated by eIF2α phosphorylation as a downstream event in the 

ISR signaling cascade. To monitor mRNA translation, we used the SUnSET (SUrface SEnsing 

of Translation) assay developed by Schmidt and colleagues (Schmidt et al. 2009); a non-

radioactive method to analyze protein synthesis in cultured cells based on the incorporation of 
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applied puromycin into nascent polypeptide chains, which can then be monitored by 

immunodetection using an anti-puromycin antibody. We established and used this assay in 

HEK293 cells.  

First, we aimed to evaluate whether a stabilization of CReP protein and subsequent 

attenuation of eIF2α phosphorylation caused by an inhibition of p97 affect downstream protein 

synthesis. To test this, cells were treated with the p97 inhibitors NMS-873, CB-5083, or 

cycloheximide as a positive control – initially without simultaneous UV exposure. After 1 or 2 

h of inhibitor treatment, puromycin was added at a final concentration of 10 µg/ml for 10 min, 

cells were collected and lysates used for immunoblotting to detect the amount of puromycin-

labelled, newly synthesized peptides. We identified a strong reduction in protein synthesis after 

treating cells with the inhibitor NMS-873 for both 1 and 2 hours, which was comparable to the 

block in translation achieved by CHX application (Fig. 2.27A). Surprisingly, the inhibitor CB-

5083 showed almost no effect on the level of protein synthesis compared to DMSO control. 

Presumably, this contradicting result might be explained by an indirect or secondary effect of 

the inhibitor NMS-873.  

Second, we applied the CB-5083 inhibitor treatment this time with simultaneous exposure to 

UV light (Fig. 2.27B). As expected, UV irradiation led to a general reduction in protein synthesis 

already in DMSO (control) treated cells compared to non-irradiated cells. Besides inducing 

DNA damage, UV-C exposure also activates ISR signaling via the kinase GCN2, which in turn 

reduces global mRNA translation (Deng et al. 2002). However, the combination of UV 

exposure and global inhibition of p97 activity via CB-5083 for 1 or 2 hours did not show an 

enhancing effect on protein synthesis compared to only irradiated (+DMSO treated) cells, as 

we assumed.  

Lastly, we depleted cells for Ufd1, p97 or the ligase component β-TrCP for 48 hours, exposed 

the cells to UV light 2 hours before puromycin administration or left them unirradiated (Fig. 

2.27C). By monitoring puromycin incorporation, no effect on protein synthesis was observable 

upon depletion of Ufd1, β-TrCP or p97 compared to control depleted cells without UV 

irradiation. In contrast, control-depleted plus cycloheximide treated cells (positive control) 

revealed a complete block in translation. After UV exposure in the mentioned depletion 

backgrounds, we observed a general decrease in protein synthesis compared to the same 

cellular conditions without irradiation. Furthermore, Ufd1 or p97 depletion did not lead to 

enhanced protein synthesis after UV exposure compared to control-depleted, irradiated cells, 

which we expected to be the consequence of the previously discovered attenuation of eIF2α 

phosphorylation. In contrast, Ufd1 and p97 depletion caused a slightly increased reduction in 

protein synthesis referring to irradiated cells depleted for Ufd1 or p97 and irradiated, control-

depleted cells (Fig. 2.27C). Interestingly, depletion of β-TrCP resulted in a clearly higher rate 

of global translation compared to control-depleted cells after UV-induced stress. 
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Figure 2.27: Consequences of p97 inhibition or depletion of relevant factors mediating 
CReP turnover for bulk protein synthesis.  
(A) HEK293 cells were left untreated or treated with vehicle alone (DMSO = DM), 
cycloheximide (CHX; 50 µg/ml for 1 h; positive control), or p97 inhibitors NMS-873 (NM) or CB-
5083 (CB) (both 5 µM) for 1 or 2 hours. 10 min before collecting the cells, puromycin (10 µg/ml) 
was added as indicated (+/-) to label nascent polypeptide chains. Whole cell lysates were 
immunoblotted and puromycin incorporation was monitored with a monoclonal puromycin 
antibody. Hsc70 was probed as loading control. 
(B) Experiment as in (A) but in addition investigating the effect of UV-induced stress (300 J/m2) 
in combination with inhibitor treatment. CB-5083 (5 µM) or CHX (50 µg/ml) were added directly 
after UV exposure for the indicated time of recovery (1 or 2 h). 
(C) HEK293 cells were left untreated, treated with control, Ufd1 (s2), β-TrCP (s1) or p97 (s4) 
siRNAs for 48 hours and additionally exposed to UV light (300 J/m2) as indicated. Cells were 
left to recover for 2 h, afterwards 10 µg/ml puromycin was added for 10 min. Lysates were 
subjected to Western blotting and puromycin incorporation was monitored with a monoclonal 
puromycin antibody. Tubulin was probed as loading control. Depletion efficiency of Ufd1 and 
p97 was monitored as indicated.  
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3 Discussion 
 

Although research on p97 has been conducted for more than 20 years, from a mechanistic 

and biological perspective the p97-cofactor system is still poorly understood. In this study, we 

performed affinity purifications of p97 and its cofactors coupled to SWATH-MS analysis to 

overcome this problem. We obtained important insights into the complex p97-cofactor system. 

We could confirm basic principles of cofactor complex assembly and identified numerous 

known and novel interacting partners over a high dynamic range. We were able to define 

functional modules of cofactors with specific sets of additional interactors rather than definite 

pathway-specific p97-cofactor complexes. Based on this, we propose that cofactor complex 

assembly is based on mechanistic requirements for specialized regulations. Nevertheless, we 

found interconnection of cofactors involved in ERAD as well as interconnection of SEP domain 

proteins but overall p97-cofactor interactions are exceptionally dynamic. Our analysis of 

complex formation dynamics after stress induction demonstrated that binding of a certain set 

of cofactors to p97 is dependent on the amount of polyubiquitin conjugated (substrate) 

proteins. However, further investigation with alternative methods is needed, particularly those 

omitting affinity purifications.  

In a targeted SWATH-MS approach using the substrate-trapping p97-E578Q mutant, we 

identified novel p97 substrate candidates. One of them is CReP – a regulator of the eIF2α-

specific PP1 phosphatase complex – that we confirmed as a direct target of the p97-Ufd1-Npl4 

complex, revealing a function of p97 in stress signaling. 

 

3.1 Evaluation of affinity purification coupled to SWATH-MS as method to 
investigate the p97-cofactor system 

The primary goal of this study was to shed light on the complex p97-cofactor system. To this 

end, we performed a systematic approach using quantitative SWATH-MS for the analysis of 

the p97 interaction network based on affinity purifications of p97 and 23 established p97 

cofactors. To understand how SWATH differs from other MS approaches, it is important to be 

aware of the technical basis of this methodology. Previous studies analyzing the p97 

interactome used standard LC-MS/MS experiments (Ritz et al. 2011; Alexandru et al. 2008; 

Raman et al. 2015) which belong to the group of data-dependent acquisition (DDA) 

experiments. In DDA, precursors are isolated during an MS run, fragmented and product ions 

are detected for further analysis. The selection of precursors is primarily based on signal 

intensities, which often results in a less reproducible peptide identification list that is biased 

toward the more abundant ions. Therefore, the performance of DDA is affected by the relative 

abundance of a target peptide (Domon and Aebersold 2010). With regard to purifications of 

p97 or cofactors like Ufd1-Npl4, these are highly abundant proteins and the majority of 
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sequenced peptides in the corresponding MS spectra would derive from p97 or cofactors 

themselves. To circumvent this problem, the sample complexity could be reduced (e.g. via 

fractionation) or alternative data acquisition methods might be applied. In recent years, data-

independent methods (DIA) such as SWATH become more and more popular even for clinical 

application (Sajic et al. 2015). In DIA no precursors are isolated, instead all eluted peptides 

are fragmented. This generates highly complex MS spectra, which are subsequently analyzed 

using a spectral library. SWATH-MS consists of DIA and a targeted data analysis strategy 

based on a previously built reference library. Therefore, it maintains the advantageous 

quantitative characteristics of targeted data acquisition (higher sensitivity, accuracy and 

reproducibility), while allowing high throughput at the same time. 

The strength of the technology was testified by the performed SWATH-MS approach of the 

p97-WT vs. -EQ comparison. The increased dynamic range of quantification, in combination 

with the use of a substrate-trapping mutant of p97, allowed us to expand on the set of mass 

spectrometrically derived p97-protein interactions. Two recent studies, a large-scale protein 

interaction screen (Huttlin et al. 2015) and a study focused on the p97-cofactor system (Raman 

et al. 2015) identified in their p97 purifications primarily the established p97 cofactors and 

beyond those only a small number (less than 10) of regulators or potential substrates. Among 

them are interacting proteins such as the methyltransferase METTL21D (Huttlin et al. 2015; 

Raman et al. 2015), FAM104A (Huttlin et al. 2015), FAM136A and the PP1 regulator SDS22 

(both: Raman et al. 2015) which we all detected via the AP-SWATH approach as well. We also 

identified GLUL, the glutamine synthetase, as well as the Wnt secretory factor WLS (also called 

Evi), both recently reported to directly interact with p97 (van Nguyen et al. 2017; Glaeser et al. 

2018), which further corroborates our approach. In addition, the AP-SWATH study of p97 

variants revealed a high number of E3 ligases, accessory components of the ubiquitin system 

as well as novel substrate candidates especially among the proteins with a low cellular 

abundance. Thus, the quantitative SWATH-MS approach was suitable to compare protein 

interactions of p97-WT and p97-EQ, and contributes to the so far known p97 interactors. 

With regard to the AP-SWATH analysis of individual p97 cofactors, the results are less 

conclusive. On the one hand, we indeed isolated and identified a high number of potentially 

new targets and accessory factors of p97 and certain cofactors. On the other hand, it was not 

possible to clearly define distinct multiprotein complexes. From our data, it seems that cofactor-

cofactor complexes are less interconnected than expected in a cellular context. One 

explanation for this might be the underlying biology which is supported by a recent study in 

which the authors demonstrated that most p97-cofactor interactions are exceptionally dynamic 

(Xue et al. 2016). In the meantime, while we were conducting the proteomic analysis of the 

p97-cofactor network, a study by Xue et al. was published in which the authors performed size 

exclusion chromatography after p97 inhibition combined with quantitative mass spectrometry 

for a systematic analysis of p97 substrates in human cells (Xue et al. 2016). Unexpectedly, the 
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obtained results from this study demonstrated that p97-cofactor interactions (and potentially 

also the substrates that bind to those cofactors) are exceptionally dynamic and dissociation 

appears within a few minutes in immunoprecipitation experiments. Consequently, it is likely 

that our SWATH-MS analysis of cofactor purifications does not completely recapitulate the 

protein interactions inside living cells. Based on this knowledge, limitations of our approach 

are rather the performed affinity purifications of cofactor proteins than the quantitative SWATH 

acquisition.  

Another obstacle that we came across during our analysis of the individual cofactor 

purifications was that the cofactor baits showed highly different expression levels and pulldown 

efficiencies. However, during data analysis of the SWATH runs, the tools and parameters 

applied for data processing (targeted extraction, normalization, …) are the same for the whole 

experimental set of samples. Especially the definition of a fixed threshold (cut-off) to determine 

true interactors for the whole data set of different bait purifications is difficult and from a 

biological perspective inappropriate. Therefore, quantitative SWATH-MS is most suitable to 

compare changes in the interaction pattern of a wild-type protein and its mutants like we 

investigated for p97-WT and the substrate-trapping mutant p97-E578Q, or to compare the 

interactome of the same bait protein in different cellular conditions (e.g. after stress 

treatments).  

 

3.2 Identification of known and novel interactors of p97 and its cofactors via 
affinity purification SWATH-MS 

In the following paragraphs, I will discuss the findings and possible implications of the SWATH-

MS approach from individual cofactor purifications in more detail.  

3.2.1 New insights into the p97-cofactor system based on the analysis of cofactor-

cofactor interactions 

Our systematic analysis of affinity purifications of 23 p97 cofactors aimed to define distinct p97-

cofactor complexes with a specific cofactor composition. Second, the goal was to disclose if 

the individual p97-cofactor complexes bind distinct partners (regulators or substrates) in 

diverse cellular pathways.  

When we started our analysis, one related study by Alexandru and co-workers was published 

which employed “network proteomics” to investigate the p97 system (Alexandru et al. 2008). 

However, that study only comprised the 13 UBXD cofactors. In the meantime, while our 

analysis was conducted, another study by Raman and colleagues was published which 

provides a more systematic analysis of the p97-UBXD cofactor network but that study is based 

on conventional MS (Raman et al. 2015). In contrast, our approach included a larger number 

of p97 cofactors comprising proteins that harbor p97 interaction motifs other than the UBX 

domain and we used quantitative SWATH-MS, which covers an intriguingly high dynamic 

range.  
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With our approach we were able to identify and confirm an interaction of p97 with all of the 23 

analyzed cofactors, even with the deubiquitinase Cezanne (OTUD7B) which was up to now 

uncharacterized as a p97-interacting protein. Thus, we were able to reveal Cezanne as a 

putative novel p97 cofactor.  

Moreover, the findings from our approach confirm basic principles of the p97-cofactor system: 

we could define mutually exclusive major complexes of p97-Ufd1-Npl4 as well as p97-p47 and 

p97-UBXD1. Based on our cofactor-cofactor analysis, we additionally identified association of 

the major complexes with individual other cofactors (targeting or processing factors). However, 

our findings suggest that the p97-cofactor system may be more complex than appreciated at 

present. This either could mirror the underlying complex biology or might be the result of 

cofactor exchange post-lysis and the exceptionally high dynamics of the system. 

Nevertheless, from our analysis of cofactor-cofactor interactions (Fig. 2.6) one can derive 

some points. As expected, our data reveal previously known interactions of Ufd1-Npl4 and 

UBXD8 as well as PNGase, which are established factors in the process of ERAD. Additionally, 

we identified the DUBs VCIP135 and Cezanne co-isolating with many different cofactor baits, 

indicating their implication in different cofactor complexes presumably dependent on the 

ubiquitin linkage type of their substrates. Another ‘general binder’, which obviously interacts 

with many other cofactors or cofactor complexes, is UBXD9 reflecting its regulatory functions. 

In contrast, one cofactor, which seems to be incompatible considering its association with any 

of the three major complexes based on our analysis and thus might constitute a distinct major 

p97 complex, is SVIP. Interestingly, from our cofactor-cofactor analysis also AIRAPL is not 

likely to be interconnected to the major cofactors according to low CompPASS scores. SVIP 

and AIRAPL are the only two cofactors from the 23 cofactors we analyzed which interact with 

p97 via a VIM motif – UBXD1 also harbors a VIM motif but additionally it contains a PUB 

domain, a non-functional UBX domain and another p97 binding site in its N-terminal region 

(Trusch et al. 2015).  Thus, our data suggest that VIM-containing cofactors (here: SVIP and 

AIRAPL) and UBX or UBX-L domain cofactors (e.g. p47 and Npl4) are not compatible in their 

binding to p97. This supports a previous study that reported an overlap in the binding site of 

VIM-containing and UBXD cofactors and mutually exclusive binding of these cofactors (Ufd1-

Npl4 vs. SVIP) to the N-terminal domain of p97 in vitro (Hänzelmann and Schindelin 2011). 

One group of cofactors that presumably is interconnected according to our cofactor-cofactor 

analysis is the structurally related SEP domain family composed of p37, p47, UBXD4 and 

UBXD5, which is in concert with a similar cellular localization of these factors (nucleus and 

cytoplasm) with p47 showing the strongest and UBXD4 the weakest nuclear localization (Sup. 

Fig. S1). 

In the next paragraph, I will cluster related p97 cofactors together with their identified 

interactors (non-cofactors) into functional cellular modules. 
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3.2.2 Arrangement of p97 cofactors within cellular modules based on correlation 

analyses 

The performed SWATH-MS analysis of affinity purifications of p97 cofactors identified 216 

high-confidence interacting proteins. Remarkably, most of these interactors are unique to 

individual cofactors, which means that they were identified from isolations of only one single 

cofactor bait.  

One example of a non-UBX cofactor, which revealed a highly reliable, profound set of 

interactors from our MS analysis, is the RBR ubiquitin ligase HOIP. In isolations of HOIP, we 

identified the two other LUBAC components Sharpin and HOIL-1 as well as the 

deubiquitinases CYLD and OTULIN, which have previously been reported to associate with 

HOIP leading to a suppression of LUBAC-mediated linear polyubiquitination and NF-κB 

activation (Takiuchi et al. 2014). Two years later, it was shown in parallel studies that SPATA2, 

which we also detected in HOIP isolations, is the bridging factor that links CYLD to LUBAC 

(Elliott et al. 2016; Kupka et al. 2016; Schlicher et al. 2016). Known substrates of the LUBAC 

complex are the TNF-R1 (Tumor necrosis factor receptor 1) and the NOD2 (Nucleotide-binding 

oligomerization domain-containing protein 2) signaling complexes (Haas et al. 2009; 

Damgaard et al. 2012). In line with this, our HOIP purifications also comprised TRAF2 – an E3 

ligase and key signal transducer downstream of TNFα – and BIRC2 (cIAP1) – an E3 ligase 

which targets RIPK2, the effector kinase in NOD2 signaling (Bertrand et al. 2011). Another 

established target protein of BIRC2 is the apoptosis regulator DIABLO homolog DBLOH 

(Kulathila et al. 2009) that we also identified along with HOIP. Thus, our HOIP affinity 

purification disclosed a highly reliable set of interactors and represents an example that our 

SWATH approach was beneficial to detect interactors of this particular bait protein.  

The question remains whether the set of interactors we obtained from HOIP isolations is 

related to p97 functions at all. To discuss this issue, one should take a structural study by 

Schaeffer et al. into account (Schaeffer et al. 2014). The PUB domain of HOIP has been 

identified to mediate the interaction with the PUB interacting motif (PIM) of the DUB OTULIN 

as well as p97 (at the C-terminus) and the bridging factor SPATA2 (Schaeffer et al. 2014; Elliott 

et al. 2016). This raises the question if these proteins compete for binding to the same binding 

site of HOIP. In vitro experiments verified that the affinity of OTULIN for the HOIP PUB domain 

was much higher than the affinity of p97 for the HOIP PUB domain (more than 100-fold 

stronger binding) and OTULIN was able to displace p97 from the HOIP PUB in competition 

assays (Schaeffer et al. 2014). These findings suggest that our approach possibly identified 

HOIP interactors of the HOIP-OTULIN effector complex implicated in cellular pathways, which 

are not directly linked to p97 functions. Presumably, the upstream TNF-R1/NOD2-LUBAC 

mediated induction of NF-κB signaling might be independent of p97 while p97 activity is 

needed downstream of IKK activation in the process of IκBα degradation as published (Li et 

al. 2014).  
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In this context, a study by Wang et al. identified SAKS1 as a negative regulator of the TNFα-

triggered NF-κB signaling pathway mediated by cIAP (cellular inhibitor of apoptosis protein) 

recruitment, which was similarly not affected by knockdown of p97 (Wang et al. 2015). In the 

mentioned study, the authors found that SAKS1 could interact with cIAPs through its UBA 

domain. Consequently, the interaction of TRAF2 and cIAPs is limited (sterical hindrance by 

SAKS1) which reduces ubiquitination of RIPK1, the main target of cIAPs and effector kinase 

of the TNF-R1 signaling complex. Remarkably, our SWATH-MS approach allowed us to 

identify many of the mentioned factors involved in NF-κB signaling together with HOIP but 

none in SAKS1 purifications. In general, our isolations of SAKS1 only revealed FAF1 and p97 

as reliable interactors, which is in disagreement with a previous study that identified several 

SAKS1-interacting proteins (Raman et al. 2015). Thus, SAKS1 constitutes one cofactor where 

our approach did not succeed to define a distinct multiprotein cofactor complex.  

Some other positive examples of our analysis represent the identified, closely related 

interactors of Ufd1, Npl4, UBXD8 and PNGase which comprise proteins that couple the 

processes of retrotranslocation, ubiquitination and (de)glycosylation like the Protein O-

mannosyl-transferases 1 and 2 (POMT1 + POMT2) which are jointly involved in protein 

glycosylation (Manya et al. 2004) and the ubiquitin shuttle factors RAD23A and RAD23B (Chen 

and Madura 2002).  

Furthermore, the SWATH approach allowed us to identify the interaction of the SEP domain 

cofactors p37, UBXD4 and p47 with all members of the phosphatase complex SDS22-PP1-I3 

(S-P-I). This finding set the basis for the recently published study from our laboratory that 

reports an ubiquitin-independent disassembly of the S-P-I complex mediated by p97 and the 

SEP domain adapter family (Weith et al. 2018). In addition, p47 has also been implicated in 

another module of interactors by our MS study, which might constitute ubiquitin-dependent 

functions of p47 because p47 is the only protein of the SEP domain cofactors that harbors a 

ubiquitin binding domain (UBA). The last member of this cofactor family, UBXD5, seems to be 

less related – especially to p37 and UBXD4 – based on their interacting proteins from our study 

but interestingly enough we found a hint that UBXD5 might be implicated in the regulation of 

ciliogenesis as it was already reported for UBXD3 (Raman et al. 2015). 

In contrast, besides the already mentioned example of SAKS1 also cofactor purifications of 

SVIP, DVC1, AIRAPL, YOD1 and others identified a surprisingly low number of reliable 

interactors and an overall minor interconnection between the set of interactors obtained from 

different cofactor purifications. One explanation for this could be the already mentioned finding 

that most of the p97-cofactor interactions are exceptionally dynamic (Xue et al. 2016). Xue and 

colleagues speculated that many of the reported p97 interactors obtained through conventional 

immunoprecipitation protocols might be proteins that formed interactions with p97 post-lysis. 

Nevertheless, the majority of these complexes are likely to be physiological, but others might 

indeed form due to loss of compartmentation and thus not reflect the cellular situation (Xue et 
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al. 2016). To circumvent the problem of post-lysis interactions one could think of chemical 

cross-linking of protein-protein interactions before cell lysis. Another possibility to improve 

affinity purifications of cofactors could be to perform the purifications in a cellular background 

of the p97-E578Q mutant, which stabilizes p97-cofactor complexes along with their substrates 

and specific modulators.  

After placing exemplary cofactors into functional cellular modules, the following section will 

focus on the related hypothesis of a pathway-specific formation of defined multiprotein cofactor 

complexes and adaption mechanisms of stress-induced complex assembly.  

 

Does the assembly of p97-cofactor complexes occur based on biological pathways or 

mechanistic requirements? 

Our MS analysis of cofactor isolations revealed numerous of novel interactors that cover 

different cellular processes. However, we found less evidence for the assumption of a 

pathway-specific p97-cofactor complex assembly.  

Using the cofactor PLAA as an example, in our localization study, we discovered PLAA to be 

localized throughout the whole cell (i.e. in the nucleus as well as in the cytoplasm) which also 

reflects its broad cellular functions. From literature, we know that PLAA has nuclear functions 

including ubiquitination of histone H2B in response to DNA damage (Lis and Romesberg 

2006). Moreover, it is reported to be involved in the processes of ribophagy (Ossareh-Nazari 

et al. 2010), mitophagy (Wu et al. 2016) and lysophagy (Papadopoulos et al. 2017). Our MS 

analysis implicated PLAA along with UBXD1 in mRNA splicing, based on their interaction and 

correlation with the spliceosome-associated cyclophilin (PPWD1), splicing coactivator subunit 

SRm300 (SRRM2) and the spliceosome complex components Cdc5-like protein and Pre-

mRNA-processing factor 19 (CDC5L-PRP19 complex) (the latter was identified slightly below 

threshold levels). A second functional implication for PLAA and UBXD1 revealed by our MS 

analysis constitutes the transport of glycoproteins from the ER to the ER-Golgi intermediate 

compartment (ERGIC) primarily mediated by the complex of the soluble calcium-binding 

protein MCFD2 and the transmembrane lectin ERGIC-53 (MCFD2-LMAN1 complex). A role 

for p97-UBXD1 in the sub-cellular trafficking of ERGIC-53-containing vesicles has already 

been proposed from literature (Haines et al. 2012). The elucidated wide range of PLAA 

functions at different cellular sites identified by us and other raises the possibility that PLAA 

function is based on mechanistic requirements for a specialized regulation rather than an 

involvement in a specific biological pathway.  

Over the last years, numerous studies have been conducted with the effort to assign specific 

functions to a distinct set of p97 cofactors. By this, for example the multi-cofactor ELDR 

(endolysosomal damage response) complex has been identified which consists of p97, 

UBXD1, PLAA and YOD1 (Papadopoulos et al. 2017). Furthermore, the SEP domain-

containing cofactor family has functionally been linked to a ubiquitin-independent process in 
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the PP1 biogenesis (Weith et al. 2018). But also cofactors like the integral ER membrane 

protein UBXD8 (and its yeast orthologue Ubx2), which has long been set as recruiting factor 

in p97-mediated ERAD (Schuberth and Buchberger 2005; Neuber et al. 2005) was recently 

additionally implicated in lipid droplet homeostasis (Wang and Lee 2012) and protein turnover 

at mitochondria (Chowdhury et al. 2018). 

Thus, new implications of individual or subsets of cofactors in different pathways are 

continuously identified which might represent specialized mechanistic requirements as well as 

different substrate recruitment strategies. 

 

Effects of stress-induced p97-cofactor complex assembly 

Our initial pulldown experiments in cellular stress conditions (Fig. 2.11, 2.13, 2.14) aimed to 

establish distinct stress stimuli for subsequent analysis of p97-cofactor complex formation 

dynamics. We hypothesized that cellular perturbation such as chemical stress induction might 

enhance the binding of p97 to a specific set of cofactors involved in the respective pathway. 

As an example, we expected that ER stress could lead to an increased binding of ERAD-

associated cofactors such as UBXD8, Ufd1 and Npl4 possibly at the expense of other cofactors 

(e.g. UBXD7, which is primarily implicated in nuclear functions). Unexpectedly, we observed 

the opposite effect that most of the ERAD-associated factors bind less to p97 in a condition of 

ER stress (Fig. 2.11). In general, we found that the binding of individual cofactors to p97 was 

reduced in distinct stresses, for instance UBXD4 binding to p97 was decreased after oxidative 

stress induction with sodium arsenite while lysosomal damage induced by LLOMe reduced 

p97 binding to UBXD8, Ufd1 and surprisingly UBXD1 (Fig. 2.13). However, UBXD1 was 

reported to be involved in the clearance of damaged lysosomes (Papadopoulos et al. 2017) 

and we observed a recruitment of p97 to ubiquitinated lysosomes in the same LLOMe condition 

(Fig 2.12).  

Overall, none of the stress stimuli led to an increase in the assembly of p97 with a certain 

subset of cofactors. One assumption we can make from our results is that the cellular 

ubiquitination status influences cofactor binding. When we applied high concentrations of 

phleomycin, a DNA stress-inducing compound, we observed that the cells were almost 

depleted for high-molecular weight ubiquitin-conjugated proteins while this was not the case 

for the same treatment with zeocin (the same glycopeptide antibiotics as phlepmycin) (Fig. 

2.14A). p97 isolations in this phleomycin background revealed less co-purification of ubiquitin-

modified putative substrate proteins and consequently less binding of cofactors which primarily 

act as ubiquitin adapters harboring a ubiquitin-binding domain (Fig. 2.14A; Ufd1, Npl4, 

UBXD8). In the same way, also stress induction with DTT and LLOMe led to a decreased 

amount of co-isolated, polyubiquitin-conjugated proteins (Fig. 2.13). Again, co-purification of 

ubiquitin adapters was reduced (Fig. 2.13). In this context, p47 is a specific example because 

it harbors a UBA domain but its binding to p97 was not remarkably reduced along with lower 
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amounts of co-purified, ubiquitinated proteins in distinct stress conditions (Fig. 2.13). In line 

with this, in a published MS study by Her et al. the authors performed p97 purifications after 

p97 inhibition with NMS-873 and discovered that polyubiquitin binding was clearly increased 

upon p97 inhibition as expected and binding of cofactors was differentially affected. The 

cofactors Ufd1, Npl4, gp78, FAF1 and UBXD8 showed significantly increased binding to p97 

upon NMS-873 while binding of p47, p37 and Derlin-1 was unaffected (Her et al. 2016). 

Functionally, p47 is also known for its involvement in a p97-mediated ubiquitin-independent 

process (Weith et al. 2018) which might explain why p47 is less affected by the amount of 

polyubiquitinated substrates binding to p97.  Moreover, p47 has a high cellular abundance 

(Fig. 2.1 table) and exhibits a high binding efficiency to p97 (Fig. 2.10 A and B) that might allow 

less competition with other cofactors. Binding of UBXD9, UBXD4 and UBXD1 to p97 was 

similarly less affected in different stress conditions in our experiments, which presumably lies 

in their nature as non-ubiquitin binders. However, the question remains why many of the 

applied stress stimuli obviously resulted in a reduced binding of ubiquitinated proteins to p97. 

This finding contrasts our expectation that for example induction of ER stress leads to an 

increased amount of misfolded proteins at the ER, which are ubiquitinated for subsequent 

degradation. Logically, p97 recruitment to the ER would then be enhanced to fulfill its function 

in the process of ERAD: binding an increased number of ubiquitinated substrates for the 

process of retrotranslocation along with ER-associated cofactors.  

To reassess our findings on stress-induced p97-cofactor complex assembly, alternative 

methods might be suitable. One possibility for future investigations could be Förster (or 

Fluorescence) Resonance Energy Transfer (FRET) microscopy which analyzes protein 

interactions based on energy transfer from a donor fluorophore (light-sensitive molecule) to a 

nearby acceptor fluorophore. The FRET efficiency can be used as a parameter to determine if 

two fluorophores are within a certain distance of each other (Jares-Erijman and Jovin 2003). 

As an example, p97 and UBXD8 could be fused to a certain pair of fluorophores to compare 

FRET efficiency in living cells under basal conditions and after induction of ER stress. Based 

on fluorescence intensities, it is possible to quantify FRET levels and thus interactions of the 

two proteins in diverse cellular situations. Another applicable method could be enzyme-based 

proximity labeling coupled to mass spectrometry. This approach is based on a genetically 

engineered ascorbate peroxidase (APEX2) which can be fused to any protein, for example 

p97, and expressed in cells. Upon activation with H2O2 in the presence of biotin-phenol, APEX2 

catalyzes the oxidation of phenol derivatives to biotin-phenoxyl radicals. These radicals 

covalently tag proximal endogenous proteins, allowing their subsequent enrichment using 

streptavidin beads and identification by mass spectrometry (Hung et al. 2016). This approach 

provides the possibility to compare the identity and abundance of biotinylated proteins in 

diverse cellular conditions. 
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3.3 Comparative SWATH-MS of p97 wild-type and p97-E578Q substrate-
trapping mutant reveals a subset of cofactors, ligases and substrates 

For a more targeted approach, we combined SWATH-MS with the p97-E578Q substrate-

trapping mutant. This p97 variant harbors a mutation in the Walker B motif of the D2 domain 

and can bind, but not release ubiquitinated substrate proteins and associated factors, thus 

‘freezing’ p97-mediated segregation reactions. With our analysis, we identified in total 108 

high-confidence interacting proteins, 43 of which displaying a significantly increased binding 

to p97-EQ, while 8 were significantly reduced compared to p97-WT. Among the increased 

interactors, we found a number of established p97 cofactors such as PLAA, SVIP, UBXD1, 

UBXD7, FAF1 and p37 and the ERAD factors gp78, Derlin-1, UBXD8, Ufd1-Npl4 and UBAC2, 

indicating that they are trapped along with ubiquitinated substrates. This observation suggests 

that under physiological conditions, substrate-induced, transient p97-cofactor complexes 

might form that only disassemble when the substrate is appropriately unfolded or segregated 

by p97. Consistent with this idea, we find many factors implicated in ERAD (ubiquitin ligases 

(e.g. SEL1L), the ERLIN1/ERLIN2 complex, the SelK-SelS complex, OS9, AUP1, …) trapped 

with p97-EQ, presumably due to a stabilization of substrate-adapter complexes in the process 

of retrotranslocation.  

Among the trapped cofactors, PLAA is an interesting candidate to be discussed in more detail. 

Binding of PLAA to p97 was most significantly affected by the E578Q mutation, which in first 

instance validates that quantitative SWATH-MS was suitable for our question, as previous 

studies from our lab identified PLAA to specifically bind p97-EQ both in cell lysates and with 

purified proteins (Ritz et al. 2011; Papadopoulos et al. 2017). From a functional point of view, 

this observation raises the possibility that PLAA might constitute a sensor protein for the ATP-

locked substrate-bound state of p97. PLAA is one member of a small group of cofactors that 

bind to the C-terminus of p97, which corroborates a scenario in that PLAA acts at a step 

downstream of p97-mediated substrate extraction regulating further processing of the 

substrate after it has been channeled through the p97 pore.  

Another remarkable finding from our AP-SWATH analysis of p97 variants was the largely 

divergent binding preference of the structurally related SEP domain cofactors p37, p47 and 

UBXD4, which could be also confirmed by Western blot experiments. Briefly, in our analysis, 

p37 revealed a significantly increased binding to p97-EQ, p47 binding was not changed and 

UBXD4 even showed a decreased binding to the mutant p97 compared to p97-WT. In contrast, 

the SWATH-MS analysis of individual cofactor purifications disclosed especially for p37 and 

UBXD4 a high correlation in their pattern of interactors and high CompPASS scores referring 

to a co-isolation of these two proteins. The latter findings assume that p37 and UBXD4 might 

be functionally redundant but the p97 binding study presumably reflects a mechanistic 

difference in how they cooperate with p97 despite their similar interaction domains and a high 

structural homology. It might be possible that p37 has a higher affinity to the ATP-bound locked 
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conformation of p97-EQ and competes with UBXD4 for binding. Based on the finding that p37 

is the major interactor of the SDS22-PP1-I3 complex (Weith et al. 2018), another hypothesis 

would be that p37 is constitutively more active while UBXD4 might have an induced activity. In 

a cellular background of the substrate-trapping p97 mutant, p37 binding to p97-EQ would then 

be enhanced along with its substrate (e.g. Inhibitor-3 of the S-P-I complex). 

In addition to a subset of cofactors, our SWATH-MS analysis revealed certain ubiquitin ligases 

such as RNF185, MARCH6, the mitochondrial MUL1, the CUL2 adapter FEM1b or the SCF F-

box only protein 9 that were specifically trapped with the p97-EQ mutant, as did a few Kelch 

proteins (KLHDC10, KLHDC3). This points to intriguing mechanisms that link ubiquitin 

modification with unfolding also in these pathways (e.g. ERAD and MAD). 

More importantly, the use of SWATH-MS has proved successful in identifying potential 

substrate proteins. Especially, the high dynamic range of this technology in combination with 

the used substrate-trapping mutant of p97 allowed us to discover novel, low abundant, 

heterogeneous candidates implicated in different pathways. To give some promising examples 

that still need to be confirmed, we identified the modulator of EGF receptor transport, 

SH3KBP1-binding protein 1, the motor protein unconventional myosin-Vc and interestingly 

also the NF-κB regulator TRAF-type zinc finger domain-containing protein 1 (TRAFD1; also 

FLN29). The latter has been shown to suppress Toll-like receptor 4 (TLR4)-mediated NF-κB 

activation (Mashima et al. 2005) and thus might constitute another direct link of 97 function in 

NF-κB signaling as discussed above (see 3.2.2). Besides, TRAFD1 has been identified to 

interact with Plekhm1 playing a role in vesicle trafficking in osteoclasts (Witwicka et al. 2015). 

Thus, all of the three mentioned potential substrate proteins represent novel and promising 

directions for understanding p97 function in signaling and membrane transport. 

Of note, our SWATH-MS approach led us to discover the eIF2α-specific PP1 regulator CReP 

(PPP1R15B) as a substrate of p97. 

 

3.4 A regulatory function of p97 in stress signaling  

Despite the important role of p97 in numerous degradation and quality control pathways, it has 

been difficult until now to robustly identify substrate proteins that serve as models and link p97 

to stress signaling pathways. In this study, we identified the PP1 regulator CReP as a direct 

substrate of the p97-Ufd1-Npl4 complex and thereby uncovered a regulatory function of p97 

in the integrated stress response. Our findings are supported by several pieces of data.  

First, in immunoprecipitation experiments, we could show that CReP physically interacts with 

the substrate-trapping p97-EQ mutant, as well as with its cofactors Ufd1 and Npl4, but not with 

the SEP domain cofactor p37. Second, CReP accumulates in an ubiquitinated form when p97 

or the proteasome is inhibited. Third, p97 inhibition or Ufd1 depletion decreases constitutive 

CReP turnover and blocks stress-induced quantitative degradation of CReP. From previous 

studies it is known that the E3 ubiquitin ligase SCFβ-TrCP mediates the ubiquitination of CReP 
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(Loveless et al. 2015; Coyaud et al. 2015). In fact, we could confirm that depletion of β-TrCP 

phenocopies the effect of Ufd1 depletion on stress-induced degradation of CReP showing an 

even stronger stabilization of CReP protein levels after UV exposure.  

CReP has been established as an important regulator in the termination of ISR signaling. 

Forming a tight complex with PP1c (Virshup and Shenolikar 2009), it ensures proper eIF2α 

dephosphorylation and translational recovery. Our experiments demonstrate a clear role of 

p97 in the tight control of CReP degradation. Consequently, it is important to unravel the 

downstream effect of this degradative regulation on the cellular outcome. With regard to this, 

we could show that the impaired CReP turnover caused by p97 inhibition or Ufd1 depletion in 

stressed cells leads to an attenuation of eIF2α phosphorylation. Under physiological 

conditions, there is a balanced action of kinases that phosphorylate eIF2α and thereby promote 

the ISR and the PP1 phosphatase complex that dephosphorylates eIF2α and subsequently 

terminates the ISR. Upon dysfunction of p97, this balance is disturbed in that CReP levels are 

stabilized, which consequently leads to persistent PP1c-CReP activity that antagonizes eIF2α 

phosphorylation. Generally, the downstream cellular adaptation of ISR signaling is the 

inhibition of global translation.  

Based on this, we analyzed the overall protein synthesis after p97 inhibition in a puromycin 

incorporation assay. This assay produced contradicting results; while inhibition with the 

allosteric inhibitor NMS-873 induced a block of translation comparable to the effect of 

cycloheximide treatment, the unrelated competitive inhibitor CB-5083 had no effect on 

translation and protein synthesis was similar to control cells (Fig. 2.27). Presumably, this could 

be explained by an off-target effect of the NMS-873 inhibitor. Nevertheless, we could 

demonstrate that UV exposure leads to an overall reduction in protein synthesis compared to 

unstressed cells, which is a positive control that validates the established assay. Interestingly, 

the level of global translation was consistently increased in cells depleted of β-TrCP compared 

to control depleted cells after UV irradiation. This finding might be the consequence of a 

diminished ubiquitination of CReP due to depletion of its respective E3 ligase component, thus 

stabilized CReP levels, persistent PP1c-CReP activity, a shift to eIF2α dephosphorylation that 

finally results in translational recovery in spite of the cellular stress condition. A similar 

phenomenon was not observed in p97- or Ufd1-depleted cells after irradiation. Here, the 

translation rate was even slightly diminished compared to control-depleted, irradiated cells. 

Thus, the extend of a depletion of β-TrCP on protein synthesis seems to be larger than p97 or 

Ufd1 depletion, which is in line with a stronger stabilization of CReP levels in β-TrCP-depleted 

cells compared to cells depleted for Ufd1 after UV exposure (Fig. 2.26). Nevertheless, as p97 

plays a crucial role in many cellular processes, a blockade of multiple pathways at the same 

time by p97 depletion over a period of 48 hours is likely to result in pleiotropic cellular effects. 

For example, it is known that dysfunction of p97 leads to ER stress because misfolded proteins 

are accumulating at the ER that are usually degraded by the action of p97 in the process of 
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ERAD. Hence, the increased load of damaged proteins causes ER stress, which induces the 

UPR leading to an activation of kinases such as PERK that promote ISR signaling which 

subsequently results in a strengthened reduction of global translation that might explain our 

findings referring to p97 or Ufd1 depletions in UV-irradiated cells. 

Considering induction of ER stress and stress-induced degradation of CReP, the observation 

that CReP levels remained largely stable upon treatment of tunicamycin as well as 

thapsigargin while arsenite treatment and UV exposure led to a dramatic drop in CReP protein 

levels already after 2 hours was surprising (Fig. 2.24 up to Fig. 2.26), but also found previously 

(for tunicamycin treatment) (Jousse et al. 2003). UV irradiation induces the ISR via activation 

of the kinase GCN2 leading to eIF2α phosphorylation which was shown to be independent of 

PERK and PKR function (Deng et al. 2002). Likewise, sodium arsenite was reported to induce 

the ISR (Brostrom and Brostrom 1998) without activating PERK (Harding et al. 1999) as it was 

shown to inhibit translation and led to phosphorylation of eIF2α in wild-type as well as Perk-/- 

mouse embryonic stem cells (Harding et al. 2000b). Accordingly, both branches are 

independent of PERK activation (apart from secondary effects) while the two chemical 

activators of ER stress (tunicamycin and thapsigargin) induce the ISR via PERK as well as 

different transducers of the UPR (e.g. ATF6, IRE1α) which presumably results in a more diffuse 

cellular outcome. Adaptation mechanisms or secondary effects might then lead to a transitional 

stabilization of CReP levels. In contrast to the findings by us and others (Jousse et al. 2003), 

another recent study observed an even suppressed expression of CReP protein upon ER 

stress which they explain by an IRE1α-dependent decay of CReP mRNA, a process known as 

RIDD (regulated IRE1α-dependent decay) (So et al. 2015). However, on protein level, So et 

al. observed a noticeable reduction in CReP levels only after 6 to 24 hours of tunicamycin or 

thapsigargin treatment. In contrast, Jousse et al. and we investigated the transitional 

stabilization of CReP protein after chemical ER stress induction in a time period of up to 5 or 

4 hours, respectively. Intriguingly, So et al. also found that IRE1α-mediated degradation of 

CReP mRNA occurs independent of PERK (So et al. 2015). The diverse data demonstrate the 

complexity of regulatory mechanisms upon ER stress induction that needs to be further 

investigated. 

Based on our findings we hypothesize that p97 has a dual role in the cellular context of stress 

response signaling and protein homeostasis (Fig. 3.1). On the one hand, p97 ensures 

clearance of damaged and misfolded proteins in multiple pathways and compartments 

including the ER. This bulk degradation of unwanted proteins prevents activation of stress 

kinases (such as PERK) that phosphorylate eIF2α and attenuate translation. On the other 

hand, we could show that p97 ensures the constitutive turnover of the eIF2α-specific PP1 

component CReP. This process of regulatory degradation is important to balance CReP 

activity in a physiological condition, but also to ensure the timely drop in CReP levels under 

certain stresses to enforce phosphorylation of eIF2α (Fig. 3.1).  
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The quantitative removal of cellular CReP appears to be the result of both the efficient turnover 

by p97 and a block of CReP synthesis – either due to global inhibition of translation or possibly 

caused by the aforementioned stress-induced decay of CReP mRNA (So et al. 2015).  

Given the tight control of eIF2α phosphorylation, the regulatory subunits of the eIF2α-specific 

phosphatase complex GADD34 and CReP are attractive therapeutic targets. Recently, a novel 

study characterized a small molecule inhibitor, called Raphin1, which selectively targets CReP 

(Krzyzosiak et al. 2018). In cells, it was shown that CReP levels significantly decreased upon 

treatment with Raphin1. Consequently, Raphin1 rapidly and transiently increased eIF2α 

phosphorylation resulting in a transient attenuation of protein synthesis. These changes are 

transient because Raphin1 spares GADD34 – the stress-induced eIF2α-specific regulator of 

PP1, which mediates eIF2α dephosphorylation and translation recovery following CReP 

inhibition. In a mouse model of Huntington’s disease, Raphin1 had beneficial effects procuring 

a decrease in neuronal deficits (Krzyzosiak et al. 2018). In the mentioned study, which was 

published shortly after our publication (Hülsmann et al. 2018), the authors confirmed that CReP 

degradation is dependent on p97 activity. This was demonstrated by a stabilization of CReP 

levels upon p97 inhibition (with NMS-873 or CB-5083) and simultaneous Raphin1 treatment 

(Krzyzosiak et al. 2018).  

With regard to our suggested model (Fig. 3.1), inhibitors of eIF2α dephosphorylation (e.g. 

Raphin1 or Sephin1 (an inhibitor of GADD34 (Das et al. 2015; Carrara et al. 2017)) have 

therefore been shown to protect against proteotoxic stress as they prolong the beneficial phase 

of cellular recovery. Conversely, p97 inhibitors intend to trigger a proteostasis crisis and 

apoptosis in cancer cells caused by an increased load of misfolded proteins. In consideration 

of our proposed model, an inhibition of p97 will indeed perturb bulk degradation of damaged 

proteins but at the same time it inhibits protective signaling of the integrated stress response, 

thus it interferes with both branches of p97 function (Fig. 3.1). 

Figure 3.1: Model for how p97 affects eIF2α phosphorylation and protects cells from 
protein stress. p97 maintains protein homeostasis by bulk degradation of misfolded proteins 
in a variety of pathways and compartments including the ER. In addition, it balances CReP 
levels and mediates stress-induced CReP degradation to enforce stress-kinase-mediated 
eIF2α phosphorylation. 
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The different players which facilitate CReP turnover in the ISR are similar to the components 

identified in the regulation of two other p97 substrates implicated in stress signaling, namely 

IκBα (NF-κB pathway) and CDC25A (DNA damage response) (Li et al. 2014; Riemer et al. 

2014). Degradation of CReP as well as IκBα and CDC25A are triggered by the SCFβ-TrCP 

ubiquitin ligase complex. The SCFβ-TrCP ligase usually recognizes its substrates by a 

phosphorylation in a short linear motif, the phosphodegron (Skowyra et al. 1997). When a 

kinase phosphorylates residues within this specific sequence, the generated phosphopeptide 

provides a binding surface that interacts with an ubiquitin ligase, in this case SCFβ-TrCP. A 

putative phosphodegron in CReP has been reported (SDSSLSDS, aa 459-466) (Coyaud et al. 

2015). However, the respective kinase, which phosphorylates CReP, is still unknown. In the 

case of CDC25A, the kinase CHK1 and for IκBα the IKK complex have been reported to 

mediate the phosphorylation event that allows recognition by SCFβ-TrCP (Mailand 2000; Zandi 

et al. 1997). 

Likewise, also the postubiquitinational regulation of all three p97 substrates has been shown 

to be controlled by the same factors. Referring to CReP, the data from this study show for the 

first time that the complex of p97-Ufd1-Npl4 facilitate CReP turnover downstream of SCFβ-TrCP-

mediated ubiquitination followed by subsequent proteasomal degradation (Fig. 3.2).  

The Ufd1-Npl4 heterodimer has an established role as ubiquitin adapter but our findings do 

not exclude that other cofactors could additionally be involved in this process. Possibly, 

another targeting factor might recruit the p97-Ufd1-Npl4 complex to the SCFβ-TrCP complex and 

its ubiquitinated substrate, CReP, or recruits the complex to a specific cellular localization 

where the degradation takes place.  

Figure 3.2: Model of p97Ufd1-Npl4 complex facilitating constitutive and stress-induced 
CReP degradation. CReP protein usually functions as a regulatory subunit of PP1c. For its 
constitutive and stress-induced turnover, CReP is recognized by the F-box protein β-TrCP, 
probably via a putative phosphodegron (SDSSLSDS; target site of unknown kinases). The 
SCFβ-TrCP E3 ligase ubiquitinates CReP and targets it for proteasomal degradation. 
Experimental data indicate that the p97-Ufd1-Npl4 complex binds to ubiquitinated CReP and 
facilitates its degradation. Pr = proteasome. 
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Concerning the cellular relevance of these three p97 substrates, IκBα is rapidly degraded upon 

inflammatory stimuli, which allows the translocation of the transcription factor NF-κB to the 

nucleus to activate a specific gene expression program. The DNA-damage induced 

degradation of CDC25A halts progression of the cell cycle, whereas CReP degradation as 

aforementioned governs global protein synthesis through regulation of eIF2α phosphorylation. 

These examples demonstrate how p97 is intertwined with stress signaling. Nevertheless, the 

molecular mechanism of p97 on these substrates still needs to be clarified. As p97 usually acts 

as a segregase, it is believed that it extracts ubiquitinated IκBα from its cytoplasmic binding 

partner to allow downstream signaling events. In the case of CReP, one possibility would be 

that p97 extracts CReP from its interaction partner PP1c for subsequent degradation of CReP 

by the proteasome. However, in addition to a reported cytoplasmic localization of CReP other 

studies suggest that CReP is tightly associated with ER membranes (Zhou et al. 2011), which 

also makes an extraction from the ER membrane in a process similar to ERAD conceivable. 

Therefore, it will be important to clarify where in the cell degradation of CReP takes place. 

Another interesting idea for future investigations would be to perform SWATH-MS of CReP 

purifications either in the cellular background of p97-EQ or in combination with stress 

treatments (UV exposure or sodium arsenite) to analyze which other proteins (e.g. p97 

cofactors, accessory factors, …) might additionally be involved in the regulatory degradation 

of CReP. 

Finally, I will discuss the phosphatase PP1 as an appropriate example to explain the two p97-

mediated alternative processes of complex disassembly versus regulatory degradation. The 

experiments presented in this study identified a ubiquitin-dependent degradation of the PP1 

regulator CReP which is mediated by p97 in a complex with Ufd1-Npl4. In contrast to other 

established functions of p97 in quality control pathways, this control of CReP turnover 

constitutes a regulatory degradation process. Intriguingly, a parallel study in our laboratory, to 

which I have contributed, revealed a ubiquitin-independent function of p97 on PP1 allowing the 

disassembly of the premature complex of PP1 and its partners SDS22 and Inhibitor-3 (I3) 

(Weith et al. 2018). In brief, the study showed that newly synthesized PP1 forms a transient, 

inactive complex with SDS22 and I3 which is disassembled by the action of p97 to allow PP1 

holoenzyme formation with other regulatory subunits (like CReP). Interestingly, in contrast to 

the previously identified ubiquitin adapter Ufd1-Npl4, in the process of PP1 complex 

disassembly the SEP domain cofactor p37 and related adapter proteins directly target p97 to 

PP1 via binding to Inhibitor-3 and facilitating its unfolding.  
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4 Material and Methods 
 

4.1 Cloning 

4.1.1 Classical cloning 

Polymerase chain reactions (PCRs) were performed using the Phusion High-Fidelity DNA 

Polymerase (Thermo Scientific) according to manufacturer’s recommendations (reaction 

mixture for standard PCR amplification see below ‘4.1.2 Gateway Cloning’). For restriction 

digestion and DNA ligation, enzymes from New England Biolabs were used according to 

manufacturer’s protocol. To insert or substitute point mutations in plasmid DNA, the 

QuikChange® site-directed mutagenesis kit (Stratagene) was used. The NucleoSpin® Gel and 

PCR Clean-up kit (Macherey-Nagel) was used for DNA extraction from agarose gels and for 

purification of PCR products. For plasmid amplification, transformation of chemically 

competent E. coli DH5α or XL1 blue cells was performed with a 42 °C heat shock for 45 

seconds followed by bacterial growth on LB-agar plates containing 50 µg/ml ampicillin, 25 

µg/ml kanamycin or 50 µg/ml spectinomycin. Amplified plasmid DNA was purified using the 

NucleoSpin® Plasmid kit and the NucleoBond® Xtra Maxi kit (Macherey-Nagel). Generated 

plasmids were verified by control restriction digestion and sequencing (GATC Biotech). 

 

4.1.2 Gateway cloning 

The Gateway cloning strategy used in this study was based on the Gateway® Technology with 

Clonase™ II developed by Invitrogen. 

To generate entry clones containing respective genes of interest, PCR primer were designed 

according to manufacturer’s guidelines which incorporate attB sites into amplified PCR 

products to constitute suitable substrates for Gateway BP recombination reactions. All PCR 

primers were purchased from Metabion and designed in a standard way harboring the following 

structure: 

1. Four guanine (G) residues at the 5’ end  

2. 25 bp attB1 (forward primer) or attB2 (reverse primer) site 

3. Two additional nucleotides (nts) to maintain reading frame with the attB1 region (to 

allow expression of an N-terminal fusion protein) (only for forward primer) 

4. Kozak consensus sequence for efficient protein expression in mammalian cells (only 

for forward primer) 

5. 18-25 bp of template- or gene-specific sequences (removal of two nucleotides from 

stop codon to maintain reading frame with the attB2 region and allow expression of an 

C-terminal fusion protein (only for reverse primer)) 
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General example of attB1 Forward primer (color coding see above): 

5’ -GGGGACAAGTTTGTACAAAAAAGCAGGCTNNACCATG(18-25 gene-specific nts)- 3’ 

General example of attB2 Reverse primer (color coding see above): 

5’ -GGGGACCACTTTGTACAAGAAAGCTGGGTXXA(18-25 gene-specific nts)- 3’ 

To produce attB-PCR products, DNA templates were used based on already existing plasmids 

in the lab or newly ordered Image Clones containing DNA sequences of interest (for further 

information see ‘4.2 Plasmids’ and ‘Table 4.5’). Standard PCR conditions were used to prepare 

attB-PCR products with a general reaction mixture given in Table 4.1. 

Table 4.1  Reaction mixture for generation of attB-PCR products 

component 50 µl reaction final conc. 

dNTPs 1 µl 200 µM each 

5x Phusion HF Buffer 10 µl 1x 

forward primer 2 µl 0.4 µM 

reverse primer 2 µl 0.4 µM 

template DNA 500 ng 10 ng/µl 

Phusion DNA polymerase 0.5 µl 0.02 U/µl 

H2O add to 50 µl  

 

The standard cycling program for attB-PCR product amplification is given in Table 4.2. As 

respective annealing temperature (Tmatched) for initial amplification cycles, the lower melting 

temperature of the matching part (template-specific sequence without additional attB site or 

Kozak sequence) of either the forward or reverse primer was used. The extension time was 

adjusted according to the length of the PCR product (60 seconds for fragments < 1500 bp; 90 

seconds for fragments > 1500 bp). 

Table 4.2  General cycling program for generation of attB-PCR products 

cycle step temp. time cycles 

initial denaturation 98°C 30 s 1 
denaturation 

annealing 
extension 

98°C 10 s 9 
Tmatched 20 s 
72°C 60 to 90 s 

denaturation 98°C 10 s 28 
annealing/extension 72°C 60 to 90 s 

final extension 72°C 10 min  
 15°C paused  
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After generation of attB-PCR products, polyethylene glycol (PEG) purification was performed 

according to manufacturer’s instructions. To create the desired entry clones, 50 fmol of the 

attB-PCR product was used in a following BP recombination reaction together with 50 fmol of 

donor vector pDONR™221. The general reaction mixture of the BP recombination reaction is 

given in Table 4.3. 

Table 4.3  Reaction mixture of BP recombination reaction 

component 5 µl reaction 

attB-PCR product (50 fmol) 1-3 µl 

pDONR™221 vector (50 fmol ≈ 150 ng/µl) 1 µl 

BP clonase™ II enzyme mix 1 µl 

TE buffer, pH 8.0 add to 5 µl 

 

The BP reaction was incubated at 25°C for 1 h followed by addition of Proteinase K solution 

for 10 min at 37°C. 1 µl of the BP recombination reaction was then used to transform One 

Shot® OmniMAX™ 2-T1R chemically competent E. coli (Invitrogen) via heat shock and 

selection for entry clones on kanamycin-containing LB agar plates. 

Either these self-generated pDONR221 entry clones or pDONR223 entry clones originating 

from the human ORFeome library (hORFeome V5.1, Open Biosystems) with the appropriate 

full-length sequences of our genes of interest (verified by sequencing) were used in 

subsequent LR recombination reactions to create the corresponding mammalian expression 

clones. The general reaction mixture of the LR recombination reaction is given in Table 4.4. 

 
Table 4.4  Reaction mixture of LR recombination reaction 

component 5 µl reaction 

entry clone (50-150 ng/reaction) 1-3 µl 

destination vector (150 ng/µl) 1 µl 

LR clonase™ II enzyme mix 1 µl 

TE buffer, pH 8.0 add to 5 µl 

 

The LR reaction was incubated at 25 °C for 1 h, Proteinase K solution was added and 1 µl of 

the reaction mixture was used to transform chemically competent E. coli DH5α or XL1 blue 

cells.  Selection of expression clones was performed on ampicillin-containing LB agar plates 

and correct recombination confirmed through sequencing at GATC Biotech.  
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4.2 Plasmid constructs 

The plasmid constructs used in this study are detailed in Table 4.5. 

 

Gateway destination vectors 

The pcDNA5-FRT-TO-cSH-GW destination vector was designed and created in the lab of 

Ruedi Aebersold (ETH Zurich) by ligation of the strep-strep-HA tag coding sequence and the 

Gateway recombination cassette into the polylinker of pcDNA5-FRT-TO (Invitrogen) (Varjosalo 

et al. 2013; Glatter et al. 2009). 

pcDNA5-FRT-TO-cGFP-GW destination vector was obtained from pcDNA5-FRT-TO-cSH-GW 

by substitution of the strep-HA with GFP coding sequence via Gibson Assembly cloning (M. 

Koch). 

 

Gateway expression clones 

To generate expression vectors for tetracycline-controlled expression of C-terminally SH-

tagged versions of human p97 or its cofactors, LR recombination reactions were performed 

between the corresponding entry vector (human ORFs self-generated as pDONR221 vectors 

or selected from a Gateway‐compatible human ORFeome library (hORFeome V5.1, Open 

Biosystems) provided as pDONR223 vectors) and the pcDNA5-FRT-TO-cSH/GW destination 

vector as described previously (‘4.1 Gateway cloning’). 

Expression constructs of C-terminally GFP-tagged versions of E3 ligases were generated by 

LR recombination of the corresponding entry vector (selected from hORFeome V5.1, Open 

Biosystems; internal IDs: 10236 (RNF185), 6868 (MUL1)).) and the pcDNA5-FRT-TO-cGFP-

GW destination vector.    

 

p97 constructs  

pcDNA5-FRT-TO-p97-WT-myc-strep was generated by PCR amplification of rat p97 from 

pcDNAp97myc (database no. 185) and cloned into the NheI/BamHI site of pcDNA5-FRT-TO 

(Invitrogen). pcDNA5-FRT-TO-p97-E578Q-myc-strep was generated by site directed 

mutagenesis (D. Ritz). 

 

pEGFP-C1-UBE4B 

Full length UBE4B cDNA was amplified from an IMAGE clone (ID 7939541) and cloned into 

pEGFP-C1 using XhoI and BamHI (M. Bug).  

 

pmCherry-N3-Flag-CReP 

Flag-tagged PPP1R15B-mCherry (FLAG_hPPP1R15B_4-713_mCherry_UK1298) was a gift 

from David Ron (Addgene plasmid # 80707) (Chen et al. 2015). 
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Table 4.5      DNA constructs used in this study 

name vector gene tag species insert (ref seq) source data-
base 
no. 

pcDNA5-FRT-TO 
     

Invitrogen 
 

pEGFP-C1 
  

GFP 
  

Clontech 
 

pcDNA5-FRT-TO-GFP 
  

GFP 
  

A. Eiteneuer, Essen 506 

pcDNA5-FRT-TO-p97WT-myc-strep 
 

VCP myc-strep rat full-length (NM_053863; 593G->A 
silent) 

D. Ritz, Zurich 242 

pcDNA5-FRT-TO-p97E578Q-myc-strep 
 

VCP E578Q myc-strep rat n.a. D. Ritz, Zurich 243 

pDONR221 
 

ccdB 
   

Invitrogen 
 

pcDNA5-FRT-TO-GW-SH C-terminal 
 

ccdB 2xstrep-HA 
  

R. Aebersold, Zurich 1239 

pcDNA5-FRT-TO-GW-GFP C-terminal 
 

ccdB GFP 
  

M. Koch , Essen 1185 

pDONR221-UBXD1 pDONR221 UBXN6 
 

human full length (NM_025241; 174C->T 
silent) w/o stop 

this study 796 

pDONR221-UBXD8 pDONR221 FAF2 
 

human full length (NM_014613) w/o stop this study 798 

pDONR221-UBXD7 pDONR221 UBXN7 
 

human full length (NM_015562; 834A->C 
silent) w/o stop 

this study 805 

pDONR221-UBXD4 pDONR221 UBXN2A 
 

human full length (BC093681) w/o stop this study 807 

pDONR221-DVC1 pDONR221 SPRTN 
 

human full length (NM_032018) w/o stop this study 810 

pDONR221-p97 pDONR221 VCP 
 

human full-length  (NM_007126; 1839A->T 
silent) w/o stop 

this study 812 

pDONR223-VIMP pDONR223 VIMP 
 

human full length (BC005840) w/o stop this study 814 

pDONR221-VCIP135 pDONR221 VCPIP1 
 

human full length (BC094799) w/o stop this study 819 

pDONR221-YOD1 with stop codon pDONR221 YOD1 
 

human full length (NM_018566) this study 821 

pDONR221-PLAA pDONR221 PLAA 
 

human full length (NM_001031689) w/o stop this study 829 

pDONR221-UBE4B pDONR221 UBE4B 
 

human full length (BC093696) w/o stop this study 831 

pDONR221-Hrd1 pDONR221 SYVN1 
 

human full length (BC030530) w/o stop this study 940 

pDONR221-FAF1 pDONR221 FAF1 
 

human full length (NM_007051) w/o stop  this study (E. Vamos) 750 

pDONR221-SVIP pDONR221 SVIP 
 

human full length (NM_148893) w/o stop this study (E. Vamos) 751 

pDONR221-Cezanne pDONR221 OTUD7B 
 

human full length (BC072681) w/o stop this study (E. Vamos) 752 

pDONR221-UBXD5 pDONR221 UBXN11 
 

human full length (NM_183008) w/o stop this study (E. Vamos) 753 

pDONR221-gp78 pDONR221 AMFR 
 

human full length (BC069197) w/o stop this study (E. Vamos) 754 

pDONR221-HOIP pDONR221 RNF31 
 

human full length (BC012077) w/o stop this study (E. Vamos) 755 

pDONR221-NPL4 pDONR221 NPLOC4 
 

human full length (BC025930) w/o stop this study (E. Vamos) 756 

pDONR221-Ataxin3 pDONR221 ATXN3 
 

human full length (BC033711) w/o stop this study (E. Vamos) 757 

pDONR221-ANKZF1 pDONR221 ANKZF1 
 

human full length (NM_001042410) w/o stop this study (E. Vamos) 758 

pcDNA5-FRT-TO-GW-GFP-SH C-terminal pcDNA5-FRT-TO-GW-SH GFP 2xstrep-HA 
  

R. Aebersold, Zurich 838 

pcDNA5-FRT-TO-GW-Ufd1-SH C-terminal pcDNA5-FRT-TO-GW-SH UFD1L 2xstrep-HA human full length (BC001049) w/o stop this study 794 

pcDNA5-FRT-TO-GW-p47-SH C-terminal pcDNA5-FRT-TO-GW-SH NSFL1C 2xstrep-HA human full length (BC002801) w/o stop this study 795 

pcDNA5-FRT-TO-GW-UBXD1-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN6 2xstrep-HA human full length (NM_025241; 174C->T 
silent) w/o stop 

this study 797 

pcDNA5-FRT-TO-GW-UBXD8-SH C-terminal pcDNA5-FRT-TO-GW-SH FAF2 2xstrep-HA human full length (NM_014613) w/o stop this study 799 

pcDNA5-FRT-TO-GW-UBXD9-SH C-terminal pcDNA5-FRT-TO-GW-SH ASPSCR1 2xstrep-HA human full length (BC018722) w/o stop this study 800 

pcDNA5-FRT-TO-GW-UBXD7-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN7 2xstrep-HA human full length (NM_015562; 834A->C 
silent) w/o stop 

this study 806 

pcDNA5-FRT-TO-GW-UBXD4-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN2A 2xstrep-HA human full length (BC093681) w/o stop this study 808 

pcDNA5-FRT-TO-GW-DVC1-SH C-terminal pcDNA5-FRT-TO-GW-SH SPRTN 2xstrep-HA human full length (NM_032018) w/o stop this study 811 
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pcDNA5-FRT-TO-GW-p97-SH C-terminal pcDNA5-FRT-TO-GW-SH VCP 2xstrep-HA human full length (NM_007126; 1839A->T 
silent) w/o stop 

this study 813 

pcDNA5-FRT-TO-GW-VIMP-SH C-terminal pcDNA5-FRT-TO-GW-SH VIMP 2xstrep-HA human full length (BC005840) w/o stop this study 815 

pcDNA5-FRT-TO-GW-Derlin1-SH C-terminal pcDNA5-FRT-TO-GW-SH DERL1 2xstrep-HA human full length (BC002457) w/o stop this study 816 

pcDNA5-FRT-TO-GW-VCIP135-SH C-terminal pcDNA5-FRT-TO-GW-SH VCPIP1 2xstrep-HA human full length (BC094799) w/o stop this study 820 

pcDNA5-FRT-TO-GW-YOD1 pcDNA5-FRT-TO-GW-SH YOD1 no human full length (NM_018566) this study 822 

pcDNA5-FRT-TO-GW-YOD1-SH C-terminal pcDNA5-FRT-TO-GW-SH YOD1 2xstrep-HA human full length (NM_018566) w/o stop this study 823 

pcDNA5-FRT-TO-GW-PLAA-SH C-terminal pcDNA5-FRT-TO-GW-SH PLAA 2xstrep-HA human full length (NM_001031689) w/o stop this study 830 

pcDNA5-FRT-TO-GW-UBE4B-SH C-terminal pcDNA5-FRT-TO-GW-SH UBE4B 2xstrep-HA human full length (BC093696) w/o stop this study 933 

pcDNA5-FRT-TO-GW-Hrd1-SH C-terminal pcDNA5-FRT-TO-GW-SH SYVN1 2xstrep-HA human full length (BC030530) w/o stop this study 941 

pcDNA5-FRT-TO-GW-p37-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN2B 2xstrep-HA human full length (BC113645) w/o stop this study (E. Vamos) 725 

pcDNA5-FRT-TO-GW-FAF1-SH C-terminal pcDNA5-FRT-TO-GW-SH FAF1 2xstrep-HA human full length (NM_007051) w/o stop  this study (E. Vamos) 726 

pcDNA5-FRT-TO-GW-SAKS1-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN1 2xstrep-HA human full length (BC001372) w/o stop  this study (E. Vamos) 727 

pcDNA5-FRT-TO-GW-UBXD3-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN10 2xstrep-HA human full length (BC047428) w/o stop this study (E. Vamos) 728 

pcDNA5-FRT-TO-GW-UBXD6-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN8 2xstrep-HA human full length (BC020694) w/o stop this study (E. Vamos) 729 

pcDNA5-FRT-TO-GW-UBXD2-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN4 2xstrep-HA human full length (BC020806) w/o stop this study (E. Vamos) 732 

pcDNA5-FRT-TO-GW-AIRAPL-SH C-terminal pcDNA5-FRT-TO-GW-SH ZFAND2b 2xstrep-HA human full length (BC018415) w/o stop  this study (E. Vamos) 733 

pcDNA5-FRT-TO-GW-PNGase-SH C-terminal pcDNA5-FRT-TO-GW-SH NGLY1 2xstrep-HA human full length (NM_018297) w/o stop this study (E. Vamos) 735 

pcDNA5-FRT-TO-GW-SVIP-SH C-terminal pcDNA5-FRT-TO-GW-SH SVIP 2xstrep-HA human full length (NM_148893) w/o stop this study (E. Vamos) 738 

pcDNA5-FRT-TO-GW-Cezanne-SH C-terminal pcDNA5-FRT-TO-GW-SH OTUD7B 2xstrep-HA human full length (BC072681) w/o stop this study (E. Vamos) 739 

pcDNA5-FRT-TO-GW-UBXD5-SH C-terminal pcDNA5-FRT-TO-GW-SH UBXN11 2xstrep-HA human full length (NM_183008) w/o stop this study (E. Vamos) 740 

pcDNA5-FRT-TO-GW-HOIP-SH C-terminal pcDNA5-FRT-TO-GW-SH RNF31 2xstrep-HA human full length (BC012077) w/o stop this study (E. Vamos) 741 

pcDNA5-FRT-TO-GW-ANKZF1-SH C-terminal pcDNA5-FRT-TO-GW-SH ANKZF1 2xstrep-HA human full length (NM_001042410) w/o stop this study (E. Vamos) 742 

pcDNA5-FRT-TO-GW-NPL4-SH C-terminal pcDNA5-FRT-TO-GW-SH NPLOC4 2xstrep-HA human full length (BC025930) w/o stop this study (E. Vamos) 743 

pcDNA5-FRT-TO-GW-Ataxin3-SH C-terminal pcDNA5-FRT-TO-GW-SH ATXN3 2xstrep-HA human full length (BC033711) w/o stop this study (E. Vamos) 745 

pcDNA5-FRT-TO-GW-gp78-SH C-terminal pcDNA5-FRT-TO-GW-SH AMFR 2xstrep-HA human full length (BC069197) w/o stop this study (E. Vamos) 746 

pcDNA5-FRT-TO-SAKS1-GFP C-terminal pcDNA5-FRT-TO-GFP SAKS1 GFP human full length (BC001372) w/o stop  this study 934 

pcDNA5-FRT-TO-p47-GFP C-terminal pcDNA5-FRT-TO-GFP NSFL1C GFP rat n.a. J. Seiler, Essen 763 

pcDNA5-FRT-TO-UBXD4-GFP C-terminal pcDNA5-FRT-TO-GFP UBXN2A GFP human full length (BC093681) w/o stop T. Petrik, Essen 893 

pcDNA5-FRT-TO-GW-MUL1-GFP C-terminal pcDNA5-FRT-TO-GW-
GFP 

MUL1 GFP human full length (BC014010) w/o stop this study 1228 

pcDNA5-FRT-TO-GW-RNF185-GFP C-
terminal 

pcDNA5-FRT-TO-GW-
GFP 

RNF185 GFP human full length (BC035684) w/o stop this study 1233 

pEGFP-C1-UBE4B pEGFP-C1 UBE4B GFP human full length (BC093696) M. Bug, Essen 867 

pmCherry-N3-FLAG-CReP pmCherry-N3 PPP1R15B Flag, 
mCherry 

human NM_032833  w/o aa 1-3 and stop D. Ron, Addgene # 
80707 

1124 
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4.3 Generation of inducible stable cell lines and cell culture. 

HEK293 and HeLa Kyoto cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM; PAN-Biotech) supplemented with 10% fetal bovine serum (FBS; PAN-Biotech) in the 

presence of penicillin/streptomycin (PAN-Biotech). 

Parental Flp-In HEK293 containing a single genomic FRT site and stably expressing the tet 

repressor were cultured in DMEM supplemented with 10% tetracycline free FBS and 1% 

penicillin/streptomycin with additionally 100 µg/ml Zeocin (Invitrogen) and 15 µg/ml blasticidin 

S (Gibco). For cell line generation, medium was exchanged with DMEM full medium containing 

15 µg/ml blasticidin S without zeocin and Flp-In HEK293 cells were co-transfected with the 

corresponding expression plasmids and the pOG44 vector (Invitrogen) in a ratio of 1:9 (total 

amount of DNA 2.4 µg/6 wells) using Liopfectamine2000 reagent (Invitrogen). Medium was 

changed 4 h after transfection. Two days later, cells were selected in hygromycin B-containing 

medium (100 µg/ml) for approximately 2 weeks. Single clones as well as pooled clones were 

selected and amplified. The HEK293 inducible cell lines were maintained in DMEM 

supplemented with 10% tet-free FBS, 1% penicillin/streptomycin, 15 µg/ml blasticidin S and 

100 µg/ml hygromycin B. After induction with 1 µg/ml doxycycline (Sigma-Aldrich) for 24 h, the 

inducible expression of the constructs was verified by Western blotting and 

immunofluorescence analysis. All cell lines were maintained at 37 °C in 5% CO2 

 

4.4 Transfections  

HEK293 and HeLa cells were transfected one day after seeding at 60-80% confluence using 

JetPRIME (Polyplus) or Lipofectamine2000 reagents (Invitrogen). For JetPRIME transfection 

of HEK293 cells in a 3 cm diameter well (6 well plate), 1.5 μg DNA were diluted in 200 μl 

JetPRIME buffer (Polyplus) and briefly vortexed. To this dilution, 3 μl JetPRIME transfection 

reagent were added, vortexed briefly and dropped onto the cells after 10 to 15 min incubation 

at room temperature. Medium was changed 4 h after transfection. 

For transfection in 12 well plates, half of the amounts used for transfection in 6 well plates were 

used. All transiently transfected cells were analyzed 24 h post transfection. 

 

4.5 RNA interference (RNAi) 

Small interfering RNA (siRNA) oligomers were purchased from Microsynth. RNA sequences 

of used oligonucleotides are given in Table 4.6.  Reverse transfection of siRNA into HEK293 

cells was performed with 10 nM final concentration using Lipofectamine RNAiMax (Invitrogen). 

For a 6 well format, 1.2 µl of a 20 mM stock solution were diluted in 200 µl Opti-MEM I (Gibco) 

and vortexed briefly. 2.4 µl of the RNAiMax reagent were diluted in 200 µl Opti-MEM I, vortexed 

briefly and added to the diluted siRNA duplexes. After 20 minutes of incubation at room 
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temperature, the reaction mixture was transferred into the well first and 2 ml of a suspension 

of HEK293 cells with 250,000 cells/ml were added. Cells were analyzed after 48 h or as 

indicated.  

Table 4.6  siRNA oligonucleotides used in this study 

name sequence source database 

number 

βTrCP 1/2 s1 GUGGAAUUUGUGGAACAUCTT (Busino et al. 2003) 768 

ctrl UUCUCCGAACGUGUCACGUTT (Ritz et al. 2011) 714 

CReP s1 AAGGGAUGGAUGCAGGUUCCATT (Jousse et al. 2003) 1676 

p47 s1 AGCCAGCUCUUCCAUCUUATT (Dobrynin et al. 2011) 589 

p97 s4 AACAGCCAUUCUCAAACAGAATT Quiagen, Hs_VCP_7 819 

Ufd1 s2 GUGGCCACCUACUCCAAAUTT (Dobrynin et al. 2011) 594 

Ufd1 s3 CUACAAAGAACCCGAAAGATT (Dobrynin et al. 2011) 734 

 

4.6 Pharmacological and stress treatments 

For pharmacological stress induction, HEK293 cells were exposed to tunicamycin (Sigma), 

thapsigargin (Diagonal), DTT (Diagonal), sodium arsenite (Sigma), zeocin (Invitrogen), CCCP 

(Sigma), LLOMe (Sigma) or Phleomycin (Duchefa Biochemie) for indicated periods of time and 

concentrations. UV irradiation was performed by removing medium from adherent cells and 

covering them in 37 °C PBS (1 ml/6 wells). The plastic lid of the dish was removed, cells were 

exposed to 300 J/m2 UV-C (254 nm) and PBS was replaced by the previously removed media 

(for simultaneous inhibitor treatment drugs were added directly after UV exposure).  

For cycloheximide chase experiments, HEK293 cells were treated with 50 µg/ml CHX (Sigma) 

for indicated periods of time prior to lysis. 

To inhibit p97 function, cells were treated with 5 µM NMS-873 (Sigma) or 5 µM CB-5083 

(Selleckchem) for indicated times. Proteasomal inhibition was done using 20 µM MG132 

(Merck) for 1 h (or as indicated). 

 

4.7 Cell extracts 

Cell extracts from HEK293 cells were made from cells grown in 6-well plates. All steps were 

done on ice and with ice-cold buffers. First, cells were washed once with PBS. Then, cells were 

scraped in 100 to 200 μl extraction buffer (150 mM KCl, 25 mM Tris-HCl pH 7.4, 5 mM MgCl2, 

5% glycerol, 1% Triton X-100 and 2 mM β-mercaptoethanol supplemented with cOmplete 

EDTA-free protease inhibitors and PhosSTOP (both Sigma)) and incubated for 20 min on ice. 

For comparison of different solubilizing conditions dependent on the type of detergent, the 

same extraction buffer as described before was used substituting 1% of Triton X-100 to 1% of 
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digitonin (AppliChem). Lysates were cleared by centrifugation (15 min, 17,000 x g at 4 °C) and 

protein concentration was determined in a bicinchoninic acid (BCA) assay (Interchim). 

Samples of 25 µg protein were supplemented with 6 x SDS sample buffer (Laemmli; 0.35 M 

Tris pH 6.8, 30% glycerol, 10% SDS, 600 mM DTT, 0.02% bromphenol blue) and boiled at 95 

°C for 5 min. 

 

4.8 Immunoprecipitation 

Cells were harvested 24 h after transient transfection and/or 20 h after induction with 

doxycycline by scraping in IP buffer (150 mM KCl, 50 mM Tris-HCl pH 7.4, 5 mM MgCl2, 5% 

glycerol, 1% Triton X-100 and 2 mM β-mercaptoethanol) supplemented with cOmplete EDTA-

free protease inhibitors and PhosSTOP (both Sigma) and if required freshly added 10 mM N-

ethylmaleimide (NEM, Sigma) in order to preserve protein ubiquitination. Cells were incubated 

on ice for 20 min and lysates cleared by centrifugation (15 min, 17,000 x g at 4°C). 

Immunoprecipitation and pulldown experiments were performed using strep-tactin sepharose 

(IBA BioTAGnology), anti-GFP nanobodies or specific antibodies and Protein G sepharose 

(GE Healthcare). For one immunoprecipitation sample 750 µg to 2.5 mg protein was used and 

input (IN) samples of about 0.5 to 5% were taken. Affinity purifications were performed for 2 h 

at 4 °C rotating (strep-/GFP pulldown assays) or 2 h incubation with the indicated primary 

antibodies on ice and additionally with Protein G sepharose for 1 h rotating at 4 °C to capture 

antigen-antibody complexes. Beads were washed five times with 400 µl IP buffer and eluted 

by boiling in 2 x SDS sample buffer (diluted in IP buffer). Samples were resolved by SDS-

PAGE and analyzed by Western blotting. 

 

4.9 SDS-PAGE and Western blotting 

Cell extracts were prepared as described previously and samples supplemented with 6 x SDS 

sample buffer were boiled again at 95 °C for 5 min directly before loading. Proteins were 

separated by size with standard SDS-PAGE methods using an SDS Running Buffer containing 

200 mM glycine, 25 mM Tris-HCl, 0.1 % SDS and the Mini-PROTEAN Tetra cell system (Bio-

Rad). Gels were run at constant current of 17 to 20 mA. Western blotting was performed using 

a Mini Trans-Blot chamber (BioRad) at 4°C. Proteins were transferred onto nitrocellulose 

membranes (Hybond-C Extra, Amersham, GE Healthcare) with a constant current of 800 mA 

for 3 h using wet blot buffer containing 192 mM Glycine, 25 mM Tris-HCl and 0.04 % SDS 

supplemented with 20 % methanol. After blotting, membranes were stained in Ponceau-S dye 

to verify equal loading and transfer and blocked for 1 h at room temperature (RT) with blocking 

buffer containing 7 % fat free milk powder in 1x PBS, 0.05 % Tween® 20 (AppliChem) or 1x 

TBS, 0.1 % Tween® 20 (for membranes that were later probed with phospho-specific 

antibodies). Primary antibodies were diluted as detailed in Table 4.7 and incubated with the 
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membranes rotating over night at 4 °C. Secondary antibodies were diluted as described in 

Table 4.8 and incubated with the membranes for 1 h at room temperature. To visualize the 

bound secondary antibody, membranes were incubated with SuperSignal West Pico enhanced 

chemiluminescence substrate (Pierce) or ECL Plus substrate (Amersham). Signals were 

detected on Super RX films (FUJIFILM) developed in a Cawomat 200 IR (Cawo) developing 

machine. For quantification, antibody signal was captured with a CCD camera (Amersham 

Imager 600 (GE Healthcare)) and/or with an Odyssey CLx fluorescence reader (LI-COR), and 

image analysis was performed with the TotalLab Quant software. 

 
Table 4.7 Primary antibodies used for Western blotting 

target species dilution source 

alpha-tubulin mouse 1:8000 Sigma-Aldrich, T5168 

Chk1 phosphoS317 rabbit 1:1000 Cell Signaling, #2344 

Derlin-1 rabbit 1:500 Y. Ye, Bethesda 

eIF2α mouse 1:2000 Santa Cruz Biotechnology, sc-133132 

eIF2α phosphoS51 rabbit 1:2000 Cell Signaling, #3398 

Flag (M2) mouse 3 µl per 
sample (IP) 

Sigma-Aldrich, F3165 

GAPDH mouse 1:10000 Sigma-Aldrich, G8795 

GFP mouse 1:2000 Roche, 11814460001 

HA (HA.11) mouse 1:1000 Covance, MMS-101P 

Histone H3 rabbit 1:1000 Millipore, 06-755 

HSC 70 mouse 1:10000 Santa Cruz Biotechnology, sc-7298 

Npl4 rabbit 1:500 H. Meyer, HME18 

p37 rabbit 1:1000 J. Seiler, Bio-Genes, animal no. 20880 

p47 rabbit 1:2000 H. Meyer, HME22, serum 

p97  rabbit 1:2000 H. Meyer, HME08, serum 

PPP1R15B (CReP) rabbit 1:1000 Proteintech, 14634-1-AP 

PLAA (Y102) rabbit 1:1000 Abcam, ab32354 

Puromycin (12D10) mouse 1:20000 Millipore, MABE343 

SAKS1 (LOC51035) rabbit 1:10000 Abcam, ab151723 

Ubiquitin (FK2) mouse 1:1000 Millipore, 04-263 

UBXD1 rabbit 1:10000 H. Meyer, E43, serum 

UBXD4 rabbit 1:1000 J. Seiler, Bio-Genes, animal no. 25272 

UBXD7 sheep 1:1500 G. Alexandru, S409D 

UBXD8 rabbit 1:1000 Novus Biologicals, NBP2-16381 

UBXD9 rabbit 1:2000 J. Bogan, Yale 

Ufd1 rabbit 1:1000 H. Meyer, HME14 

 

Table 4.8 Secondary antibodies used for Western blotting 

target species dilution source 

mouse (HRP)  goat  1:10000  BioRad, 170-6516 

rabbit (HRP)  goat  1:10000  BioRad, 170-6515 

sheep (HRP)  rabbit  1:5000  Pierce, 31480  

mouse F(ab’)2 goat 1:20000 Jackson ImmunoResearch, 115-036-006 

rabbit F(ab’)2 goat 1:20000 Jackson ImmunoResearch, 115-036-047 

IRDye® 800CW (mouse) donkey 1:15000 LI-COR, 925-32212 
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4.10 Statistical analysis of Western blots 

All experiments were performed in triplicate or as indicated, with error bars denoting s.e.m. 

Statistical analyses were carried out with the unpaired two-sided t-test. Values of p < 0.05 (*), 

p < 0.01 (**) and p < 0.001 (***) were considered statistically significant.    

 

4.11 Fluorescence microscopy 

HEK293 cells inducibly expressing myc-tagged p97 variants or SH‐tagged cofactors were 

seeded on poly-L-lysine (PLL) coated coverslips (neuVitro) (180,000 cells/12 wells for 48 h). 

24 h after induction with 1 µg/ml doxycycline (and pharmacological stress treatment as 

indicated), cells were washed once in PBS before fixation for 20 min in 4% paraformaldehyde 

at room temperature. After three washing steps with PBS for 5 min each, cells were 

permeabilized in 0.1% Triton X-100 in PBS for 10 min and blocked in 3% bovine serum albumin 

(BSA) in PBS for 30 min. Afterwards, cells were incubated with primary antibodies (Table 4.9) 

diluted in 3% BSA for 90 min. Cover slips were washed three times for 5 min in PBS and 

incubated in secondary antibody solution (1:500 in 3% BSA; Table 4.10) together with 1 µg/ml 

DAPI for 30 min. Finally, cells were washed three times in PBS, once in Milli-Q H2O to remove 

residual salts and mounted in ProLong™ Gold Antifade (Life Technologies) solution on 

microscopy slides (Marienfeld).  

Localization analysis of p97 cofactors was performed via confocal laser scanning microscopy 

on a TCS SP5 AOBS system equipped with sensitive HyD detectors (Leica Microsystems). 

Images were taken with an HCX PL APO 63×/1.4NA oil-immersion objective (done by N. 

Schulze). Lasers used for excitation were multi-line Argon 488 nm (Alexa Fluor® 488) and 

Diode 405 nm (DAPI). Acquisition and hardware was controlled by LAS AF software (Leica 

Microsystems). Localization analysis of p97 after stress treatments was performed on the 

same confocal microscope system as described previously. Lasers used for excitation were 

HeNe 633 nm (Alexa Fluor® 633), multi-line Argon 488 nm (Alexa Fluor® 488) and Diode 405 

nm (DAPI). Images were acquired with zoom factor of 2.6 for overview images and zoom factor 

of 4 for detailed images. Initial immunofluorescence analysis of protein expression in selected 

single clones compared to pooled cell lines was performed on an Andor Revolution spinning 

disk microscope with Yokogawa CSU-X1 spinning disk unit build on a Nikon TiE stand. Images 

were acquired using a CFI Pl Apo 40x/0.95 air objective, laser lines diode cw 488 nm and 

diode cw 405 nm and an Andor iXon DU-897 EMCCD camera.  

Table 4.9 Primary antibodies used for immunofluorescence staining 

target species dilution source 

HA Rabbit 1:100 Sigma-Aldrich, H6908 

myc Rabbit 1:100 Sigma-Aldrich, C3956 

Ubiquitin (FK2) mouse 1:500 Millipore, 04-263 
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Table 4.10 Secondary antibodies used for immunofluorescence staining 

target species dilution source 

Alexa 488 anti-rabbit Goat 1:500 Life Technologies, A-11034 

Alexa 568 anti-rabbit Goat 1:500 Life Technologies, A-11036 

Alexa 633 anti-mouse Goat 1:500 Life Technologies, A-21052 

 

4.12 Size exclusion chromatography 

Size exclusion chromatography was performed on a Superose 6 10/300 GL column (500 µl 

loop volume) connected to an ÄKTApurifier UPC10 (GE Healthcare) at 20 °C in 50 mM HEPES 

pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.5% NP-40, 1 mM DTT, 25 mM β-Glycerophosphate, 10 

µM leupeptin/pepstatin. 3.5 mg cleared cell lysate from stable HEK293 p97-WT/EQ cell lines 

(24 h after induction with doxycycline) were separated into 13 fractions of 1.2 ml volume each 

collected from ~6 ml to 22.4 ml. Elution of proteins was monitored by absorption at 280 nm. 30 

µl of each fraction was mixed with 6 µl of 6xSDS sample buffer and boiled for 5 min at 95 °C. 

20 µl per sample was loaded on a 10% Tris-Glycine gel and analyzed by Western blotting. 

 

4.13 MS sample preparation 

For each pulldown, stable HEK293 cells from 4 x 15 cm fully confluent dishes after 24 h 

induction of bait expression with 1 µg/ml doxycycline were harvested in ice-cold PBS using a 

cell scraper to detach cells. Cells were pelleted by centrifugation at 1,000 rpm for 5 min at 4 °C 

and snap-frozen in liquid nitrogen for storage at -80 °C. Single step affinity purification via the 

tandem streptavidin binding peptide sequence included in the SH tag (for cofactor cell lines) 

or myc-strep tag (for p97 cell lines) was performed for all biological replicates of the same bait 

in parallel. For this, cell pellets were resuspended in 4 ml HNN lysis buffer (50 mM HEPES, 

pH 7.5, 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1.2 µM Avidin, PhosStop phosphatase 

inhibitor cocktail (substituted by 200 µM NaVO3 and 0.5 mM PMSF for pulldowns of p97 

variants) and protease inhibitor cocktail (both Sigma) and lysed for 10 min on ice. Insoluble 

material was removed by centrifugation at 17,000 x g for 15 min at 4 °C. Per pulldown, 100 µl 

of 50 % strep-tactin sepharose bead slurry (IBA) (≈50 µl settled bead bed volume) was 

equilibrated in HNN lysis buffer, cleared lysate was added to the beads and incubated rotating 

for 30 min at 4 °C. The lysate/bead mixture was loaded onto an equilibrated empty spin column 

(BioRad) and the beads were washed with 2 x 1 ml HNN lysis buffer, and 4 x 1 ml HNN buffer 

(50 mM HEPES, pH 7.5, 150 mM NaCl, 50 mM NaF) by gravity flow. Bait complexes were 

released from the affinity matrix with 3 x 200 µl HNN elution buffer (2.5 mM biotin, 50mM 

HEPES, pH 7.5, 150mM NaCl, 50mM NaF) into a fresh 1.5 ml Eppendorf tube, snap-frozen 

and eluates were sent to our collaborator at ETH Zurich. B. Collins continued sample 

preparation with precipitation of protein from eluates by addition of TCA to 25 % (v/v) and 
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incubation on ice for 1 h. Protein was pelleted by centrifugation at 17,000 x g for 15 minutes at 

4 °C. Protein pellets were washed 3 times with ice-cold acetone with interspersed 

centrifugation, dried briefly by vacuum centrifugation at 45 °C, and resuspended in 8 M urea, 

50 mM NH4HCO3. Cysteines were reduced (5 mM TCEP, 30 minutes) and alkylated (10 mM 

iodoacetamide, 30 minutes), and the urea concentration was reduced to 1.5 M by dilution with 

50 mM ammonium bicarbonate. Protein was digested overnight by addition of 1 µg trypsin 

(Promega, sequencing grade). Peptides were purified using C18 microspin columns (Nest 

Group) and resuspended in buffer A containing iRT peptides for retention time alignment 

(Biognosys).  

 

4.14 AP-SWATH analysis 

Samples from affinity purifications of p97 cofactors and p97-wild type or p97-E578Q variants, 

in addition to GFP control purifications were analyzed in two ways, in data-dependent 

acquisition (DDA) mode for spectral library building, and SWATH-MS mode for quantitative 

analysis both performed at ETH Zurich. MS data in DDA and SWATH-MS modes were 

acquired using a Sciex 5600 TripleTOF mass spectrometer interfaced to an Eksigent NanoLC 

Ultra using acquisition parameters as previously described (Collins et al. 2013) with the 

exception that for SWATH analysis 64 variable width precursor isolation windows were used 

(Collins et al. 2017). Spectral library building from DDA data was performed using the human 

canonical UniProt/SwissProt database (March 2013) supplemented with common 

contaminants and iRT peptide sequences containing 20,318 target and 20,283 decoy entries 

as described (Schubert et al. 2015a) except that 3 search engines were used (Tandem - 

version JACKHAMMER 2013.06.15, with and without k-score plugin, and Comet 2014.02 rev. 

2, post-processing and spectral library building with Trans Proteomic Pipeline v4.7.0) (Craig et 

al. 2004; MacLean et al. 2006; Eng et al. 2013), semi-tryptic digestion was specified and 2 

missed cleavages allowed, oxidation of methionine was set as a variable modification, 

carbamidomethylation was set as a fixed modification, mass tolerance was set to 50 ppm 

(precursor) and 100 ppm (fragment), the protein false discovery was set to 5% estimated using 

Mayu v1.08 (iProphet probability threshold > 0.554009, 0.28% PSM FDR, and 0.6% peptide 

FDR), the top 5 most intense transitions per precursor including neutrals losses were selected, 

and decoys for OpenSWATH analysis were generated using the ‘shuffle’ method. Peak lists 

for database searching were generated using the qtofpeakpicker tool in Proteowizard 

v3.0.11026. Only peptides with a unique mapping in the database (proteotypic) were used for 

analysis. To improve coverage of the spectral library, the DDA data from affinity purifications 

of the 23 p97 cofactors (NSFL1C, UFD1L, NPLOC4, YOD1, PLAA, UBXN7, ASPSCR1, FAF1, 

UBXN1, UBXN2B, SPRTN, NGLY1, UBXN10, VCPIP1, ZFAND2B, UBXN11, OTUD7B, 
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RNF31, ATXN3, UBXN2A, UBXN6, FAF2 and SVIP) were also added to build up the spectral 

library used for analysis of the p97 purifications in the second part of this study. 

The SWATH-MS data was analyzed by B. Collins using OpenSWATH (v2.1) essentially as 

described (Collins et al. 2013; Rost et al. 2014). FDR was controlled in the experiment-wide 

context at 1% at the peptide query level and in the global context at 1% at the peptide query 

and protein levels (Rosenberger et al. 2017). Peak groups were further aligned using the TRIC 

algorithm with the LocalMST and lowess options with a target FDR of 1%. Protein abundances 

were computed using the ‘best flyer peptide’ approach by summing the top 5 most intense 

fragments from the top 3 most intense peptides using aLFQ (Schubert et al. 2015b; 

Rosenberger et al. 2014). After log2 transformation and median normalization, we pre-filtered 

the data by firstly removing any protein that was not identified in at least 2 out of 3 replicates. 

We removed contaminant proteins by comparison of identified interactors in respective bait 

pulldowns and GFP controls.  

For the analysis of p97 purifications, contaminant filtering was done by computing the median 

log2 fold change and t-tests (equal variance assumed) between either p97-WT or p97-EQ and 

GFP controls where log2 fold change > 2 and p-value < 0.05 was considered a significant 

interaction. We further insisted proteins whose median log2 abundance in either p97-WT or 

p97-EQ must display at least a 2-fold increase over the maximum abundance from a set of 9 

GFP controls purifications from a previous study (Collins et al. 2013). Median log2 fold change 

and t-tests were also computed between p97-EQ and p97-WT where log2 fold change > 2 or 

< -2 and p-value < 0.05 was considered a significant change in the interaction of a protein with 

p97 between the wild-type and mutant conditions.  

 

4.15 Experimental design and statistical rationale for AP-SWATH experiments 

In the first AP-SWATH analysis of this study focusing on the p97-cofactor interactome, samples 

from affinity purifications of 23 p97 cofactors with 3 biological replicates of each individual bait 

purification (except for SVIP where one replicate was discarded due to an experimental error), 

in addition to 6 biological replicates of GFP control purifications were analyzed both in data 

dependent acquisition (DDA) mode and SWATH-MS mode. The illustrating correlation plots 

have been produced using a web-based clustering tool for AP-MS data from the laboratory of 

Anne-Claude Gingras called ProHits-viz (http://prohits-viz.lunenfeld.ca/). 

For the second AP-SWATH analysis of this study focusing on the quantitative comparison of 

p97 interactors, samples from affinity purifications of 3 biological replicates of p97 wild-type 

and 3 biological replicates of p97-EQ, in addition to 2 biological replicates of GFP control 

purifications (internal controls; one GFP replicate was discarded due to an experimental error) 

were analyzed. To improve power in contaminant filtering, we supplemented the second 

analysis with data from 9 additional independent biological replicate GFP control purifications 

(external controls). As we expected that the effect sizes, both from a contaminant filtering 
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perspective, and from a wild-type versus mutant comparison perspective, should be large, we 

reasoned that this level of replication would be sufficient to detect significant changes. Multiple 

hits were validated by orthogonal biochemical methods as described. 

 

4.16 Puromycin incorporation assay 

The puromycin incorporation assay was performed based on the SUnSET (surface sensing of 

translation) protocol by Schmidt and colleagues (Schmidt et al. 2009). HEK293 cells were 

seeded in a 6-well format and either directly reverse transfected with siRNA and/or two days 

later exposed to 300 J/m2 UV-C light and afterwards grown for 1 or 2 h together with p97 

inhibitor (NMS-873 or CB-5083) or cycloheximide added directly after UV exposure. After 

indicated times of treatments, puromycin (Sigma) was added to culture medium at a final 

concentration of 10 μg/ml and cells were incubated for 10 min at 37 °C and 5% CO2. Then, 

medium was replaced with ice-cold PBS and cells were scraped from the dish on ice, spun 

down at 4 °C and lysed in extraction buffer as described previously (see ‘4.7 Cell extracts’). 

Samples were normalized for protein concentration and puromycin incorporation was detected 

by Western blotting with a monoclonal anti-puromycin antibody (12D10, Sigma). 
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Abbrev.  Definition 

 
5’ UTR   5’ untranslated region 
AAA   ATPases associated with diverse cellular activities 
AP   affinity purification 
ADP   Adenosine diphosphate 
AKNA   AT-hook-containing transcription factor 
ALKBH6  Alkylated DNA repair protein alkB homolog 6 
ALS   amyotrophic lateral sclerosis 
AMFR   Autocrine motility factor receptor 
AMOT   angiomotin 
AMPKγ1  AMP-activated protein kinase gamma 1 
APC/C   anaphase-promoting complex/cyclosome 
APEX2  ascorbate peroxidase 
ASPM   Abnormal spindle-like microcephaly-associated protein 
ASPSCR1  Alveolar soft part sarcoma chromosomal region candidate gene 1 

protein 
ATF   Activating transcription factor 
ATP   Adenosine triphosphate 
As   sodium arsenite 
BAG1   BAG family molecular chaperone regulator 1 
BCA    bicinchoninic acid 
BIRC2   Baculoviral IAP repeat-containing protein 2 
bp   base pair 
BRCA1  breast cancer type 1 susceptibility protein 
BRE   BRCA1-A complex subunit BRE 
BSA   bovine serum albumin 

-TrCP  b-transducin repeat-containing protein 
CAND1  Cullin-associated NEDD8-dissociated protein 1  
CCCP   carbonyl cyanide m-chlorophenyl hydrazone 
CDC   cell division cycle 
CDC5L  Cdc5-like protein 
cDNA   complementary DNA 
CHOP   DNA damage-inducible transcript 3 / C/EBP homologous protein 
CHX   cycloheximide 
cIAP   cellular inhibitor of apoptosis protein 
CMV   cytomegalovirus 
CO2   carbon dioxide 
CRL   cullin-RING ligase 

CReP   constituitive repressor of eIF2 phosphorylation 
CUE   coupling of ubiquitin conjugates to ER degradation 
CUL   cullin 
Chk1   checkpoint kinase-1 
CompPASS  Comparative Proteomic Analysis Software Suite 
Ctrl   control 
DAPI   4′,6-diamidino-2-phenylindole 
DBeQ   N2,N4-dibenzylquinazoline-2,4-diamine 
DDA   data-dependent acquisition 
DIA   data-independent acquisition 
DMEM   Dulbecco’s modified medium 
DMSO   Dimethyl sulfoxide 
DNA   Deoxyribonucleic acid 
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dNTP    deoxyribonucleotide triphosphate 
DOX   doxycycline 
DTT   Dithiothreitol 
DUB   deubiquitinating enzyme 
DVC1   DNA damage-associated VCP/p97 cofactor homolog 
Drp1   dynamin-related protein 1 
E3   ubiquitin ligase 
E. coli    Escherichia coli 
EDTA   Ethylenediaminetetraacetic acid 
EGF   epidermal growth factor 
EGFR   epidermal growth factor receptor 
ELDR    endolysosomal damage response 
en   endogenous 
EPSTI1  Epithelial-stromal interaction protein 1 
ER   endoplasmic reticulum 
ERAD   Endoplasmic-reticulum-associated degradation 
ERGIC   ER-Golgi intermediate compartment 
ex   exogenous 
exp   exposure 
FAF1   FAS-associated factor 1 
FAM   Family with sequence similarity member 
FBS    fetal bovine serum 
FBXL   F-box and leucine-rich repeats 
FBXO   F-box and other domains 
FBXW   F-box and WD40 domain 
FDR   False discovery rate 
FEM1B  Fem-1 Homolog B 
FLN29   TRAF-type zinc finger domain-containing protein 1 
FRET   Förster/Fluorescence resonance energy transfer  
FRT   Flippase Recognition Target 
FTD   Frontotemporal dementia 
Fig   figure 
GADD34  Growth arrest and DNA damage-inducible protein 
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase 
GBZ   Guanabenz 
GCN2   general control non-depressible-2 
GDP   Guanosine diphosphate 
GFP   green fluorescent protein 
GLUL   glutamine synthetase 
GTP   Guanosine triphosphate 
Gy   gray (ionizing radiation) 
H2O2   Hydrogen peroxide 
HA   hemagglutinin 
HCIP   high-confidence interacting partners 
HECT   homologous to the E6-AP C-terminus 
HEK   human embryonic kidney 

HIF1   hypoxia-inducible factor 1 
HOIL-1L  heme-oxidized IRP2 ubiquitin ligase 1L 
HOIP   HOIL1-interacting protein 
HRI   heme-regulated inhibitor 
HSP   heat shock protein 
HUGO   Human Genome Organisation 
HUWE1   HECT, UBA and WWE domain-containing protein 1 
Hrd1   synoviolin 1 
Hsc70   Heat shock 70 kDa protein 8 
I3    Inhibitor-3 
IBA    strep-tactin sepharose bead slurry 
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IBMPFD Inclusion body myopathy with early-onset Paget’s disease and 
frontotemporal dementia 

IFT   intraflagellar transport 
IKK   IκB kinase 
IN    input 
IP   immunoprecipitation 
IR   irradiation 
IRT   indexed retention time 
IRE1   inositol-requiring protein-1 
ISR   integrated stress response 
IgG   Immunglobulin G 

IB  nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor, alpha 

kDa   kilodaltons 
KLD   Kelch domain-containing protein 
KLH   Kelch-like protein 
LB-agar   Lysogeny broth agar 
LC-MS   liquid chromatography mass spectrometry 
LG3BP  Galectin-3-binding protein 
LLOMe  L-leucyl-L-leucine methyl ester 
log   logarithm 
LUBAC  linear ubiquitin chain assembly complex 
Lys   Lysine 
MAD   mitochondria-associated degradation 
MARCH6  Membrane-associated RING finger protein 6  
MCFD2  Multiple coagulation factor deficiency protein 2 
MDM2   Mouse double minute 2 homolog 
METTL21D  Methyltransferase-like protein 21D   
MIST   Mass spectrometry Interaction Statistics 
mRNA   messenger RNA 
MUL1   Mitochondrial E3 ubiquitin protein ligase 1 
MYO5C  Unconventionel myosin-Vc 
Met   methylated 
Met-tRNAi  methionyl tRNA 
MS   mass spectrometry 
NEM    N-ethylmaleimide 

NF-B   nuclear factor kappa-light-chain-enhancer of activated B cells 
NOD2   Nucleotide-binding oligomerization domain-containing protein 2 
NP40   Nonidet P-40 
Npl   Nuclear protein localization protein   
NSFL1C  N-ethylmaleimide-sensitive factor (NSF)L1 cofactor 
NZF   Npl4 zinc finger 
Nrf1   Nuclear respiratory factor 1 
Nup   Nucleoporin 
ORF   Open Reading Frame 
OTU   ovarian tumor DUB domain 
PBS   Phosphate Buffered Saline 
PCR   polymerase chain reaction 
PDB   Paget’s disease of the bone 
PDCD4  Programmed cell death protein 4 
PEG    polyethylene glycol 
PERK   protein kinase RNA (PKR)-like ER kinase 
PFA   paraformaldehyde 
PFU   PLAA family ubiquitin binding domain 
Phleo   phleomycin 
PIM    PUB interacting motif 
PINK1   PTEN-induced kinase 1 
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PKB   Protein kinase B 
PKR   protein kinase double-stranded RNA-dependent 
PLAA   Phospholipase A2 Activating Protein 
PLL    poly-L-lysine 
PMSF   Phenylmethylsulfonylfluorid 
POMT   Protein O-mannosyl-transferase 
PP1   protein phosphatase-1 
ppm   parts per million 
PPP1R  Protein phosphatase 1 regulatory subunit 
PPWD1  Peptidylprolyl Isomerase Domain and WD Repeat Containing 1 
PSM   peptide-to-spectrum match 
PTM   post-translational modifications 
PUB   peptide N-glycosidase/ubiquitin associated domain 
PUL   PLAA, Ufd3 and Lub1 domain 
Pr    Proteasome 
Puro   Puromycin 
RBR   RING-in-between-RING 
RBX1   RING-box protein 1 
recov   recovery 
RIDD    regulated IRE1α-dependent decay 
RING   Really interesting new gene ubiquitin ligase domain 
RIPK   Receptor-interacting serine/threonine-protein kinase 
RNAi   RNA interference 
RNF   RING finger protein 
ROC    Receiver Operating Characteristic 
RT    room temperature 
Raphin1  rational inhibitor of a holophosphatase 
S-P-I   SDS22-PP1-I3 
SAINT   Significance Analysis of INTeractome 
SAKS   SAPK substrate protein 
SCF   Skp, Cullin, F-box containing complex 
SDS-PAGE  sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEL1L   Protein sel-1 homolog 1 
SEP    Shp1-eyc-p47 domain 
Ser   serine 
SG   stress granule 
SH   strep-HA 
SH3KBP1  SH3 domain-containing kinase-binding protein 1 
SHKBP1  SH3KBP1 binding protein 1 
SHP   Shp box (also called BS1) 
siRNA   small interfering RNA 
SKP1   S-phase kinase-associated protein 1 
SOD1   superoxide dismutase 1 
SPATA2  Spermatogenesis-associated protein 2 
SRRM2   Splicing coactivator subunit SRm300 
strep   streptavidin 
STUbLs  SUMO-targeted ubiquitin ligases 
SUMO   small ubiquitin-like modifier 
SUnSET   surface sensing of translation 
sup   supplementary 
SWATH  sequential window acquisition of all theoretical fragment ion spectra 
TCA   Trichloroacetic acid 
TCEP   tris(2-carboxyethyl)phosphine 
TDP-43  TAR DNA-binding protein 43 
TERA   Transitional endoplasmic reticulum ATPase 
TLR   Toll-like receptor 
TNF-R1  Tumor necrosis factor receptor 1 
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TORC1  target of rapamycin complex 1 
TRAF2   TNF receptor-associated factor 2 
TRAFD1  TRAF-type zinc finger domain-containing protein 1 
tRNA   transfer RNA 
Tg   thapsigargin 
Thr   threonine 
Tm   tunicamycin 
UBA    ubiquitin-associated domain 
UBE   ubiquitin-conjugating enzyme 
UBX   ubiquitin domain-X 
UBXD   UBX domain-containing protein 
UBZ   ubiquitin-binding zinc finger 
UIM   ubiquitin-interacting motif 
UPR   unfolded protein response 
UPS   ubiquitin proteasome system 
UT   untreated 
UT3   Ufd1 truncation 3 domain 
UV   ultraviolet 
Ub   ubiquitin 
Ufd1   Ubiquitin fusion degradation protein 1 homolog 
VAPA   Vehicle-associated membrane protein-associated protein A 
VAPB   Vehicle-associated membrane protein-associated protein B 
VBM   VCP-binding motif 
VCIP135  valosin containing protein interacting protein 1 
VCP   valosin-containing protein 
VIM   VCP-interaction motif 
VIMP   VCP-interacting membrane protein 
WB   Western blotting 
WT   wild-type 
YOD   yeast OTU1 deubiquitinating enzyme 
Zeo   zeocin 
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Supplementary Figure S1: Localization study of SH-tagged UBXD cofactors, Ufd1 and 
Npl4 in stable HEK293 cells.  
Cells were grown in the presence of doxycycline and fixed after 24 h, stained with anti-HA 
antibody (white) and DAPI (blue) and analyzed by immunofluorescence microscopy. 
Exemplary confocal microscopy images are shown. Images were taken by N. Schulze. Scale 
bar is 10 µm. 
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Supplementary Figure S1 (continued): Localization study of SH-tagged non-UBXD 
cofactors in stable HEK293 cells. 
Cells were grown in the presence of doxycycline and fixed after 24 h, stained with anti-HA 
antibody (white) and DAPI (blue) and analyzed by immunofluorescence microscopy. 
Exemplary confocal microscopy images are shown. Images were taken by N. Schulze. Scale 
bar is 10 µm. 
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|Q9NVI7|ATD3A 
|Q5T9A4|ATD3B 
|P04181|OAT 
|Q96EP0|RNF31 
|Q96EY1|DNJA3 
|B2RTY4|MYO9A 
|P25054|APC 
|Q13490|BIRC2 
|Q05519|SRS11 
|Q99933|BAG1 
|Q15051|IQCB1 
|Q9Y4I1|MYO5A 
|Q86VI3|IQGA3 
|Q9H0F6|SHRPN 
|Q8IWV8|UBR2 
|Q49A88|CCD14 
|Q9NYH9|UTP6 
|Q9NQX4|MYO5C 
|Q96B96|TM159 
|O14668|TMG1 
|Q92844|TANK 
|Q9UM82|SPAT2 
|Q9BYM8|HOIL1 
|Q96BN8|F105B 
|P51970|NDUA8 
|O15162|PLS1 
|O60784|TOM1 
|Q9NXR7|BRE 
|Q9ULX6|AKP8L 
|Q9NR28|DBLOH 
|Q12933|TRAF2 
|Q9NQC7|CYLD 
|Q9Y4C2|F115A 
|Q8TEM1|PO210 
|P54725|RD23A 
|P07686|HEXB 
|O00469|PLOD2 
|Q9Y6A1|POMT1 
|P25391|LAMA1 
|Q9Y262|EIF3L 
|P48357|LEPR 
|Q96S82|UBL7 
|O95490|LPHN2 
|P51688|SPHM 
|Q96G97|BSCL2 
|Q96IV0|NGLY1 
|Q9UKY4|POMT2 
|Q7Z7M0|MEGF8 
|Q08380|LG3BP 
|O95155|UBE4B 
|Q86W74|ANR46 
|O00468|AGRIN 
|Q9UHP3|UBP25 
|Q8NBJ5|GT251 

 
|Q9UQ35|SRRM2 
|Q9UNN5|FAF1 
|P02545|LMNA 
|Q4VCS5|AMOT 
|O95292|VAPB 
|Q9Y617|SERC 
|Q99805|TM9S2 
|Q9P0L0|VAPA 
|P09960|LKHA4 
|O75694|NU155 
|P20674|COX5A 
|P11047|LAMC1 
|P11387|TOP1 
|Q16891|IMMT 
|Q13617|CUL2 
|Q53G59|KLH12 
|O94888|UBXN7 
|Q15369|ELOC 
|Q15370|ELOB 
|P11279|LAMP1 
|Q9NS56|TOPRS 
|Q7Z7L7|ZER1 
|Q6PID8|KLD10 
|Q96QK1|VPS35 
|P24539|AT5F1 
|P46060|RAGP1 
|Q14980|NUMA1 
|P47985|UCRI 
|Q16718|NDUA5 
|Q7L775|EPMIP 
|O14980|XPO1 
|Q8IW35|CEP97 
|P31151|S10A7 
|Q9BSJ2|GCP2 
|Q6GQQ9|OTU7B 
|Q5T124|UBX11 
|Q9UHF1|EGFL7 
|A0AVF1|TTC26 
|Q02809|PLOD1 
|O15075|DCLK1 
|P25325|THTM 
|P54803|GALC 
|Q92878|RAD50 
|Q9UNZ2|NSF1C 
|P62191|PRS4 
|O75882|ATRN 
|Q7Z591|AKNA 
|Q969W3|F104A 
|Q8IZT6|ASPM 
|Q9H3F6|BACD3 
|Q99832|TCPH 
|P68543|UBX2A 
|Q9HC35|EMAL4 
|O60927|PP1RB 

 
|Q9NZL9|MAT2B 
|Q15435|PP1R7 
|O95299|NDUAA 
|P62140|PP1B 
|Q14CS0|UBX2B 
|P36542|ATPG 
|Q96LJ8|UBX10 
|P54619|AAKG1 
|Q9H040|SPRTN 
|Q04323|UBXN1 
|Q8NHG7|SVIP 
|Q8WV99|ZFN2B 
|Q6PJI9|WDR59 
|Q5VVQ6|OTU1 
|P36957|ODO2 
|Q96JH7|VCIP1 
|Q709F0|ACD11 
|P12270|TPR 
|Q86VP6|CAND1 
|O95793|STAU1 
|Q14204|DYHC1 
|Q9BSD7|NTPCR 
|Q99567|NUP88 
|P78357|CNTP1 
|Q9UJU6|DBNL 
|P05455|LA 
|P55209|NP1L1 
|P55060|XPO2 
|Q96BP3|PPWD1 
|P31948|STIP1 
|Q99459|CDC5L 
|Q13123|RED 
|Q9BZV1|UBXN6 
|P56192|SYMC 
|Q8NI22|MCFD2 
|Q9Y263|PLAP 
|Q96C01|F136A 
|P78527|PRKDC 
|Q92520|FAM3C 
|Q3KRA9|ALKB6 
|A6NKL6|T200C 
|Q9H867|MT21D 
|Q9BZE9|ASPC1 
|P55072|TERA 
|P43686|PRS6B 
|Q96CS3|FAF2 
|Q92890|UFD1 
|Q8TAT6|NPL4 
|P54727|RD23B 
|P16949|STMN1 
|P42167|LAP2B 
|P54252|ATX3 
|P43487|RANG 
|O75390|CISY 

 
|P30041|PRDX6 
|P29401|TKT 
|P52209|6PGD 
|Q15185|TEBP 
|P30086|PEBP1 
|Q99497|PARK7 
|P30101|PDIA3 
|Q9UQ80|PA2G4 
|P27824|CALX 
|P00441|SODC 
|Q02790|FKBP4 
|O43175|SERA 
|Q04760|LGUL 
|Q01105|SET 
|P61978|HNRPK 
|P26641|EF1G 
|P34897|GLYM 
|P46781|RS9 
|Q5T3I0|GPTC4 
|P23284|PPIB 
|P36578|RL4 
|P09936|UCHL1 
|Q15181|IPYR 
|P09874|PARP1 
|Q9P258|RCC2 
|Q14697|GANAB 
|P08865|RSSA 
|Q13263|TIF1B 
|P00338|LDHA 
|P06744|G6PI 
|P40926|MDHM 
|P30048|PRDX3 
|P06576|ATPB 
|P00558|PGK1 
|P27797|CALR 
|P08238|HS90B 
|Q00325|MPCP 
|P25705|ATPA 
|P60174|TPIS 
|P32119|PRDX2 
|P06748|NPM 
|P19338|NUCL 
|P10809|CH60 
|P14625|ENPL 
|P61604|CH10 
|P13639|EF2 
|P62826|RAN 
|P62937|PPIA 
|P12277|KCRB 
|P14174|MIF 
|Q06830|PRDX1 
|P07900|HS90A 
|P07195|LDHB 
|P49257|LMAN1 

  

Supplementary Table S1: 216 high-confidence interacting proteins of SWATH-MS analysis 

of cofactor purifications in descending order relating to Fig. 2.9. Interacting proteins are 

annotated by their UniProt code and UniProt Entry name. 
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Supplementary material (available in the online version of the thesis) 
 
 
Figure 2.7: Heat map of identified interactors represented by their protein abundance. (p.47) 
 
Figure 2.9: Prey-to-prey correlation analysis identifies related modules of interactors. (p.52) 
 
Supplementary Table S2: 

Complete proteomic dataset (whole network) from AP-SWATH MS acquired for the 23 cofactor 
purifications with BAITs, PREYs and the 4 different scores: GFP ratio, MIST score, SAINT 
score and CompPASS score. Additionally included are the number of observations of `crappy´ 
proteins. 
Filtered cofactor network contains the 1% highest interactions of the whole network based on 
CompPASS scores. 
 
Supplementary Table S3 

Individual cofactor purifications extracted from whole cofactor network (sup table S2). 
 
Supplementary Table S4 

Complete proteomic dataset from AP-SWATH MS acquired for p97-WT, p97-EQ, and GFP 
control purifications.  

 


