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Summary 

The hexameric AAA+ ATPase p97/VCP is an abundant enzyme found in the 

cytoplasm and the nucleus and an essential part of protein homeostasis. In concert 

with the proteasome, p97 is involved in the degradation of ubiquitinated proteins. 

These substrate proteins can be unfolded by p97 using the energy provided by ATP 

hydrolysis. The enzyme harbors two ATPase domains, D1 and D2, that regulate the 

activity and conformation of p97. To understand the mechanism and function of p97 

on the molecular and cellular level, inhibitors of p97 emerged as invaluable research 

tools that facilitated numerous experiments. Furthermore, a p97 inhibitor is currently 

in clinical trials to treat cancer types like multiple myeloma that rely on an effective 

ubiquitin proteasome system to deal with stress caused by aberrant or excessively 

synthetized proteins.  

Our goal was to evaluate a new compound as an inhibitor of p97 that emerged from 

a high throughput screen. We confirmed that the compound called I8 inhibits purified 

p97 reversibly with an IC50 of 7 µM. To test the selectivity of I8, we used the AAA+ 

ATPases NSF and VPS4B. NSF is essential for trafficking and secretion and VPS4B 

is a key factor for reverse topology abscission events at membranes. We found that 

I8 has weak activity against NSF, whereas VPS4B is inhibited with an IC50 of 0.7 µM. 

Subsequently, we showed that I8 inhibits both ATPases p97 and VPS4B via an 

allosteric mechanism. Moreover, our study implicated a non-competitive inhibition, 

which is binding between I8 and p97 independently of ATP binding. Structure activity 

relationship studies revealed that the fluorinated bisphenyl and tetrahydrocarbazole 

group are important structural features of I8. We investigated effects of I8 on the 

structure of p97 and found that it does not influence the hexamerization but increases 

the stability of the D2 domain against degradation. Via mass spectrometry analysis 

and comparison of I8 with known p97 inhibitors, we found potential homologous 

binding sites of I8 in the p97 D1 and D2 domains and in VPS4B. The comparison 

revealed a possible shared inhibitory pathway in p97 between a diverse set of 

inhibitors that disrupts the inter-domain communication in the D2 domains.  

In summary, our characterization of a novel ATPase inhibitor identified a possible 

general mechanism of action common to different classes of inhibitors. 
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Zusammenfassung 

Die AAA+ ATPase p97/VCP ist ein hexameres Enzym, das in hoher Anzahl im 

Zytoplasma und Zellkern vorkommt und einen essentiellen Beitrag zur 

Proteinhomöostase leistet. Zusammen mit dem Proteasom ist p97 am Abbau von 

ubiquitinierten Proteinen beteiligt, die von p97 unter ATP Verbrauch entfaltet werden 

können. Das Enzym besitzt zwei ATPase-Domänen, D1 und D2, die die Aktivität und 

Konformation von p97 regulieren. Um den Mechanismus und die Funktion von p97 

auf der molekularen und zellulären Ebene zu verstehen, dienen p97 Inhibitoren als 

wertvolle Forschungsinstrumente, die zahlreiche Experimente ermöglicht und 

erleichtert haben. Einer dieser Inhibitoren wird außerdem in klinischen Tests gegen 

Krebstypen wie das Multiple Myelom eingesetzten, die ein effektives Ubiquitin 

Proteasome System benötigen um mit Stress umzugehen, der von falsch gefalteten 

oder überzähligen Proteinen verursacht wird. 

In dieser Studie untersuchten wir eine neue Substanz, die als p97 Inhibitor in einem 

Hochdurchsatz-Screening gefunden wurde. Wir konnten bestätigen, dass die I8 

genannte Substanz aufgereinigtes p97 reversibel mit einem IC50 Wert von 7 µM 

inhibiert. Um die Selektivität zu überprüfen, nutzten wir die mit p97 verwandten AAA+ 

ATPasen NSF und VPS4B. NSF ist ein essentieller Bestandteil des Transport- und 

Sekretionssytems, VPS4B ist ein Schlüsselelement in Abschnürungsvorgängen 

reverser Topologie von Membranen. Wir fanden heraus, dass I8 nur eine schwache 

Aktivität gegen NSF hat, VPS4B jedoch mit eine IC50 von 0,7 µM inhibiert. Daran 

anschließend zeigten wir, dass die ATPasen p97 und VPS4B durch einen 

allosterischen Mechanismus inhibiert werden. Außerdem deutete unsere Studie eine 

nicht-kompetitive Inhibition an, das heißt eine Bindung zwischen I8 und p97 

unabhängig von der ATP Bindung. Untersuchungen zur Struktur-Wirkbeziehung 

zeigten, dass die fluorierte Bisphenyl- und Tetrahydrocarbazolgruppe wichtige Teile 

des I8 Moleküls darstellen. Wir untersuchten den Einfluss von I8 auf die Struktur von 

p97 und fanden heraus, dass es nicht die Hexamerisierung beeinträchtigt aber die 

D2 Domäne gegen Verdau schützt. Durch eine massenspektrometrische Analyse 

und dem Vergleich von I8 mit anderen p97 Inhibitoren fanden wir eine mögliche 

homologe Bindestelle in den beiden p97 ATPase Domänen und in VPS4B. Dieser 

Vergleich zeigte auch einen möglichen Signalweg auf, der von unterschiedlichen 

Inhibitoren genutzt wird, um die Kommunikation zwischen den D2 Domänen zu 

stören.  
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Zusammengefasst zeigt unsere Charakterisierung des neuen ATPase Inhibitors I8 

einen möglichen generellen Mechanismus auf, über den verschiedene Klassen von 

Inhibitoren wirken. 
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1 Introduction 

1.1 The ubiquitin proteasome system 

Cellular protein homeostasis is maintained by sustained and highly regulated protein 

expression that is balanced by controlled protein degradation. Proteins are usually 

degraded in one of two major pathways. First, degradation can happen in the 

lysosome, a vesicular structure with acidic lumen that contains proteases. For 

example, multivesicular bodies formed after endocytosis fuse with the lysosome for 

the turnover of membrane proteins (see 1.3). Furthermore, autophagosomes can 

fuse with the lysosome for degradation of organelles or parts of the cytosol. Second, 

proteins can be degraded in the proteasome (see 1.1.2) (Clague, Urbe 2010). A 

common signal in both pathways is ubiquitination. 

1.1.1 Ubiquitin 

The turnover of proteins needs to be tightly regulated to maintain a fully functional 

cell. An important regulatory step is ubiquitination, a posttranslational modification. 

Ubiquitin is a small protein (76 amino acids, 8.6 kDa) that is covalently linked via its 

C-terminus to lysine residues, forming an isopeptide bond and thus resulting in 

monoubiquitination. Ubiquitin itself can be ubiquitinated at eight different positions 

and form chains, resulting in polyubiquitination. This happens either at the N-

terminus (M1) or at seven different lysines: K6, K11, K27, K29, K33, K48, and K63. 

All eight linkages are present in the cell (Komander, Rape 2012). 

Ubiquitination depends on an enzyme cascade of E1 ubiquitin-activating enzymes, 

E2 ubiquitin-conjugating enzymes and E3 ubiquitin-ligating enzymes (Figure 1.1). 

With each level in the cascade, the number of the different enzymes rises: There are 

only two E1s, 40 E2s, and over 600 E3s. First, ubiquitin is loaded to the E1. To 

activate the C-terminus of ubiquitin, ATP and therefore energy is consumed. Second, 

the activated ubiquitin is transferred to an E2. Ubiquitin is attached to the E1 and E2 

via a cysteine, intermediately forming thioester bonds. Third, a complex of E2 and E3 

attaches the ubiquitin to the substrate. Depending on the E3, the ubiquitin is either 

directly transferred from the E2 to the substrate or first transferred to the E3 and then 

to the substrate. The largest group of E3s, the RING (really interesting new gene) or 

U-box containing ligases, act without receiving the ubiquitin themselves. HECT 

(Homologous to E6-AP carboxyl terminus) and RBR (RING between RING) ligases 
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have an active site cysteine and are charged with ubiquitin before it is linked to a 

substrate (Kleiger, Mayor 2014).  

 

Figure 1.1 The ubiquitination cascade 

The ubiquitination requires the consecutive action of the ubiquitin-activating enzyme 
E2, the ubiquitin-conjugation enzyme E2, and the ubiquitin-ligating enzyme E3. The 
free ubiquitin (Ub) is activated under ATP hydrolysis and linked via a thioester bond 
to the E1. Subsequently, it is transferred to the E3. Depending on the type of the E3 
ligase, ubiquitin is directly transferred onto the lysine residue of the substrate (HECT 
and RBR type) or intermediately bound to the E3 ligase (RING type). The further 
processing of the substrate depends on the linkage type and can result in 
proteasomal degradation (adopted from Magori, Citovsky 2011). 

The biggest fraction of ubiquitin is conjugated as monoubiquitin (Clague et al. 2015). 

In the endolysosomal system, monoubiquitin can target proteins for sorting in MVBs 

(multivesicular bodies), similar to K63 chains. In other cases, monoubiquitination 

provides additional interaction sites and recruits binding partners. For example, the 

heterologous transcription activator LexA-VP16 fused to monoubiquitin is extracted 

from chromatin by p97 (Ndoja et al. 2014). This case is also an example for a non-

proteolytic function in ubiquitin signaling. 

The formation of short chains can directly happen by the initial complex of E2, E3 

and substrate. On the other hand, some E2-E3 complexes only recognize ubiquitin 

itself as a substrate. They can build chains on monoubiquitinated substrates or 

elongate the short “initiator” chains (Ye, Rape 2009). The linkage specificity can 

depend on the E2 or the E3: In the case of the RING E3 ligases, the corresponding 

E2 controls the linkage type. On the other hand, HECT and RBR E3 ligases control 
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linkage specificity independently of the E2. The topology of the chain depends on the 

modified lysine or methionine. For example, the distinct distance and flexibility of the 

different chain types is utilized by different binders to discriminate between the chains 

and enables differential signaling (Komander, Rape 2012). The K48 and K63 chains 

are the best studied types. K63 linkage is a signal typically found in protein 

trafficking, signal transduction and DNA repair pathways. K48 linkages are usually a 

signal for proteasomal degradation. However, inhibition of the proteasome results in 

an increase of all lysine linkages except K63, indicating that also all other chain 

types, not only K48 chains, can target proteins for degradation (Xu et al. 2009). 

Additional layers of complexity are added by mixed linkage types, branched chains, 

and posttranslational modifications on ubiquitin itself (Swatek, Komander 2016). 

Ubiquitination is a reversible modification and the removal is an important part of 

regulatory mechanisms. Around 100 deubiquitinating enzymes (deubiquitinases, 

DUBs) can cleave the chains either en bloc or more commonly, one by one. So far, 

five families of DUBs are known. USP (ubiquitin-specific protease), UCH (ubiquitin C-

terminal hydrolases), OTU (ovarian tumor proteases) and josephins are cysteine 

proteases that can be inhibited by chemicals like NEM (N-Ethylmaleimide). Members 

of the fifth family are Zn2+ metalloproteases called JAMM (JAB1/MPN/MOV34, or 

MPN+). In both cases, the GG sequence at the C-terminus of ubiquitin is needed for 

the removal of ubiquitin. Similar to E2s and E3s, DUBs can exhibit linkage specificity 

towards the different ubiquitin chain types. The DUB activity is important for a variety 

of cellular functions: The maintenance of the level of free ubiquitin, cleavage of the 

linear ubiquitin chains originating from biosynthesis, regulation of the signaling by 

ubiquitin in the diverse pathways or the rescue of ubiquitin from degradation in 

proteasomal or lysosomal pathways (Komander et al. 2009). For example, the DUB 

AMSH can counteract E3 ligases in the ESCRT pathway and therefore act as a 

negative regulator of degradation (Clague et al. 2012). 

1.1.2 The proteasome 

The proteasome is a huge, ubiquitously expressed protein complex present in the 

cytosol and nucleus (Figure 1.2 A). It consists of 33 different subunits and can be 

divided into a core that associates with different caps. The 20S core particle contains 

the proteolytic sites in a barrel-like structure. The barrel is built of four stacked, 

heteroheptameric rings. The middle rings consist of β-subunits and contain in total six 

active sites. The two outer rings consist of α-subunits and form a pore that prevents 
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folded proteins from entry into the proteolytic chamber. The core can bind to caps or 

regulatory particles. The 20S core together with the 19S cap makes up the 26S 

proteasome (Inobe, Matouschek 2014). The 19S cap is the best studied regulatory 

particle and can be divided into two parts. One part is the base with a 

heterohexameric AAA+ ATPase (Rpt1-6) together with Rpn1, Rpn2, and Rpn13. The 

ATPase binds to the α-subunits of the 20S core with the C-terminal HbYX motif and 

induces the pore opening. The second part, the lid, consists of Rpn3, Rpn5, Rpn6, 

Rpn7, Rpn8, Rpn9, Rpn12, and Rpn15/Sem1 (Figure 1.2 B). The 19S cap can recruit 

ubiquitin binders (UbL-UBA proteins) or deubiquitinases. Some subunits of the cap 

like Rpn13 and Rpn11 can also bind or cleave ubiquitin, respectively. Binding of 

substrate and ATP induce conformational changes that align the cap and the core on 

a common axis, accelerating the substrate degradation (Förster et al. 2013).  

 

Figure 1.2 Structure and components of the 26S proteasome 

A) Overview of the assembled 26S proteasome. It consists of the catalytic core of the 
20S proteasome and the 19S regulatory particle. B) Single components of the 26S 
proteasome. The 20S core consists of two stacked heptameric β-rings and two outer 
heptameric α-rings. The base of the regulatory particle is divided into the base and 
the lid. They consist of a hexameric ATPase (regulatory particle triple-A 1-6) and 
regulatory particle non-ATPase (RPN) subunits (adopted from Murata et al. 2009). 

Unmodified proteins can be degraded directly if they can associate to the 

proteasome and contain an unstructured tail long enough to reach into the 19S base 

(Erales, Coffino 2014). However, usually ubiquitinated proteins are recruited and 

degraded. Here, too, an unstructured region is important for initiation of proteolysis. 

As the degradation signal or degron consists of two parts, ubiquitination and the 

unstructured region can be distributed onto different proteins. This way, a quaternary 

A B 
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structure can be segregated and only one partner degraded (Inobe et al. 2011). 

Ubiquitin can bind directly or indirectly to the 19S cap and a chain length of at least 

four ubiquitins is needed for efficient degradation (Thrower et al. 2000). Due to the 

associated E3 ligases and DUBs, the chain length can be modified while the 

substrate is bound to the proteasome. The deubiquitination can serve as a recycling 

mechanism of ubiquitin but also as a regulatory step of degradation: The DUBs 

remove the distal ubiquitin moieties first. Together with the chain length, this creates 

a time limit for degradation. If the initial unfolding process of the substrate is slower 

than the deubiquitination, the substrate may escape degradation (Lee et al. 2011).  

Besides the 19S regulatory particles, three other caps for the core are described. 

Two of them, 11S and Blm10/PA200, are ATP independent and only little is known 

about their function. 11S is a toroidal heptamer that induces the gate opening in the 

subunits of the 20S proteasome similar to the 19S particle. It is implicated to be 

involved in the immune response. Blm10/AP200 forms a long, single chain that 

wraps at the top of the 20S proteasome and does not seem to trigger the opening of 

the subunits (Kish-Trier, Hill 2013). The third type of cap, the p97 homolog 

Cdc48/VAT, was so far only found in archaea. VAT was shown to functionally interact 

with the 20S proteasome via the HbYX motif in the C-terminus (see 1.2.1) 

(Barthelme, Sauer 2012). 

1.2 The AAA+ ATPase p97 

The hexameric ATPase p97 (also called VCP for valosin containing protein or Cdc48 

in yeast) is an essential and ubiquitously expressed protein, found in high abundance 

in the cytoplasm and nucleus of the cell (Peters et al. 1990). It is highly conserved in 

eukaryotes. As a member of the AAA+ family (ATPases associated with diverse 

cellular activities), it uses the energy provided by ATP hydrolysis to induce 

conformational changes in substrate molecules.   

p97 was found to be involved in many diverse pathways (Wolf, Stolz 2012; 

Dargemont, Ossareh-Nazari 2012; Bug, Meyer 2012, Figure 1.3). For example, it 

extracts Aurora B and Ku80 from chromatin (Ramadan et al. 2007; van den Boom et 

al. 2016) and mediates the degradation of CDC25A and IκBα depending on signaling 

events (Riemer et al. 2014; Li et al. 2014). Furthermore, p97 is an important 

component of the regulation of protein quality control and homeostasis throughout 

the cell. It associates with various organelles where it promotes the degradation of 

misfolded proteins, for example in endoplasmic reticulum-associated degradation 
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(Wolf, Stolz 2012, see below) or mitochondria-associated degradation (Taylor, Rutter 

2011; Wu et al. 2016). Moreover, it promotes degradation of nascent polypeptides at 

stalled ribosomes (Verma et al. 2013).  

A unifying theme in these pathways is the association of p97 with ubiquitin or 

ubiquitinated substrates. The binding to ubiquitin itself is weak and mainly mediated 

by over 30 ubiquitin adapters and additional cofactors. These interactions regulate 

p97 and recruit the enzyme to the distinct pathways. 

 

Figure 1.3 Cellular functions of p97 

p97 extracts substrate destined for proteasomal degredation like in ER-associated 
degradation. In other cases, it promotes degradation by autophagy, for example 
stalled ribosomes, but also catalyzes the dissociation of proteins from chromatin. For 
effects of disease-associated mutant of p97, see also section 1.2.3. Green: 
substrates; orange: ubiquitin; purple: proteasome; red: RNA; blue: ribosome. 

The cofactors bind with different domains or motifs to the p97 N domain or in some 

cases to the C-terminus. The largest group of N domain-binding cofactors contains a 

UBX (ubiquitin regulatory X) or the structurally similar UBX-L (ubiquitin regulatory X-

like) domain (Buchberger et al. 2015). UBX and UBX-L are structurally similar to 

ubiquitin but have additional, distinct features in their S3/S4 loops that are important 

for p97 binding (Hanzelmann et al. 2011; Kang, Yang 2011). The function of p97 is 

closely linked to ubiquitinated substrates but p97 itself shows only low affinity to 
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ubiquitin (Ye et al. 2003). The interaction with the ubiquitinated substrates is 

mediated by cofactors. A subset of the UBX proteins can bind to ubiquitin with a UBA 

(ubiquitin-associated) domain (Buchberger et al. 2015). The UBX-UBA containing 

cofactors are therefore also described as substrate recruiting cofactors. Of note, 

other cofactors can bind p97 and ubiquitin with different domains, too. For example, 

AIRAPL (arsenite-inducible RNA-associated protein-like protein) contains a VIM 

(VCP-interacting motif) for p97 binding and a UIM (ubiquitin-interacting motif) for 

ubiquitin binding (Glinka et al. 2014). Besides acting as scaffolds, some cofactors 

show enzymatic activity, for example E3 ligases like gp78 or dequbiquitinases like 

YOD1 (Fang et al. 2001; Messick et al. 2008). The two related proteins p37 and p47 

modulate the ATPase activity of p97 (Zhang et al. 2015). However, the organization 

of the cofactor system and the roles of many of the known cofactors are under 

investigation (Meyer, Weihl 2014).  

According to the currently prevailing model, p97 forms “core complexes” with major 

cofactors (Meyer, Weihl 2014; Hänzelmann, Schindelin 2017). These major cofactors 

bind mutually exclusive. The binding of “accessory” cofactors localize the core 

complex to a defined pathway (Meyer et al. 2012). The UFD1–NPL4 (ubiquitin fusion 

degradation protein 1, nuclear protein localization protein 4) heterodimer, p47 and 

UBXD1 (ubiquitin regulatory X domain 1) are described as such major cofactors 

(Meyer et al. 2012; Buchberger et al. 2015). All three can occupy two binding sites in 

the hexamer. p47 uses a SHP box and a UBX domain (Bruderer et al. 2004). UFD1 

binds p97 with a SHP box and NPL4 uses a UBX-L domain to bind to one or two 

neighboring N domains (Hanzelmann, Schindelin 2016). UBXD1 binds to the N 

domain via a VIM motif and to the C-terminus with its PUB (PNGase/UBA or UBX 

containing proteins) domain (Kern et al. 2009). 

The mutual exclusive binding of major cofactors can be partially explained by 

overlapping binding sites. For example, p47 and UFD1-NPL4 bind to the same 

groove in the N domain with a UBX or UBX-L domain, respectively (Dreveny et al. 

2004; Isaacson et al. 2007) and compete for this binding site (Bruderer et al. 2004). 

However, access to the binding sites in p97 is not generally blocked. For example, 

accessory cofactors can bind to the N domain simultaneously with the major 

cofactors UFD1-NPL4 and UBXD1 (Glinka et al. 2014; Papadopoulos et al. 2017). 

How these restrains in the stoichiometry are achieved is not fully understood. 
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The most-studied function of 97 involves the core complex with UFD1-NPL4 in ERAD 

(endoplasmic reticulum associated degradation), an important part of protein quality 

control during protein biosynthesis. Nascent proteins are bound to chaperones in the 

ER lumen (Nakatsukasa, Brodsky 2008). If the proteins cannot fold properly, they 

become primed for degradation (Nishikawa et al. 2001). In a next step, the protein 

needs to be transported out of the ER lumen or membrane. A channel is assumed to 

be necessary, similar to the Sec61 channel for translocation (Hampton, Sommer 

2012). After parts of the protein are exposed to the cytosol, it can be ubiquitinated 

and subsequently completely transported into the cytosol (Wang et al. 2007). ER-

associated E3 ligases are for example Hrd1 (HMG-coA Reductase Degradation 1) 

and gp78 (Glycoprotein 78) (Bordallo et al. 1998; Zhong et al. 2004), both cofactors 

of p97. The complex of p97 and UFD1-NPL4 binds to the ubiquitinated substrates 

and ATP hydrolysis by p97 is needed for the substrate translocation (Ye et al. 2001). 

Furthermore, p97 acts as an interaction hub for other ERAD-associated proteins 

such as UBXD8 or the DUB Ataxin-3 (Suzuki et al. 2012; Zhong, Pittman 2006). 

Finally, the substrates are handed over to the 26S proteasome for degradation 

(Zhang, Ye 2014).  

Another role of p97 is found in the endolysosomal system. There, p97 forms a 

complex with UBXD1 (Kirchner et al. 2013). Recently it was shown that p97 and 

UBXD1, together with YOD1 (Ubiquitin thioesterase OTU1) and PLAA 

(phospholipase A2 activating protein), are also involved in the clearance of damaged 

lysosome by autophagy or in short, lysophagy. During this process, the complex 

targets and processes K48 linked ubiquitin chains on the damaged lysosome. This 

step in the endo-lysosomal damage response (ELDR) is essential for the formation of 

the autophagosome (Papadopoulos et al. 2017). 

UBXD1 belongs to the class of UBX containing cofactors of p97. A physiological role 

of UBXD1 was found in endolysosomal transport of caveolin (Figure 1.4). Together 

with p97, it was implicated in targeting of monoubiqitinated caveolin. Mutations in p97 

can cause degenerative diseases (see 1.2.3). One of these p97 mutants was found 

to impair the transport of caveolin, potentially by lower binding between UBXD1 and 

the p97 mutant (Ritz et al. 2011; Schuetz, Kay 2016). UBXD1 is special in that it does 

not use the UBX domain to bind to p97 (Madsen et al. 2008). Instead, UBXD1 has a 

PUB domain for C-terminal binding and a VIM motif for N-terminal binding. Moreover, 

the N-terminus harbors an additional binding element for the N-D1 interface of p97. 
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Interestingly, also the disease-associated mutations in p97 are found at this interface, 

offering a possible explanation for the decreased interaction between UBXD1 and the 

p97 mutants. Furthermore, UBXD1 inhibits the p97 ATPase activity. As a 

mechanism, it was suggested that it locks the N domains in the down conformation 

with the help of its N-terminal binding region (Trusch et al. 2015; Schuetz, Kay 2016). 

YOD1 binds the p97 N domain with a C-terminal UBX-L domain. It is a 

deubiquitinase of the OTU (ovarian tumor) family (Figure 1.4). Especially longer, 

K11-linked ubiquitin chains are cleaved, but its specificity is broadened by the N-

terminal Zinc finger domain towards K27, K29, K33 and also K48 chains (Mevissen 

et al. 2013). The zinc finger domain, like the UBX-L domain, was shown to be 

necessary for in vivo retrotranslocation of ERAD substrates. There, it is also 

associated with p97 (Ernst et al. 2009). YOD1 activity impaired the retrotranslocation 

of a nonubiquitinated substrate, implicating a negative regulation of ERAD 

components by the DUB (Bernardi et al. 2013). 

PLAA consists of a WD40 domain followed by a PFU domain for ubiquitin binding 

and the C-terminal PUL domain that interacts with the p97 C-terminus (Figure 1.4). 

The PUL domain forms a helical structure with a long, positively charged groove to 

which the p97 C-terminus binds (Qiu et al. 2010). The yeast homolog of PLAA, 

Doa1/Ufd3 was shown to be associated with ESCRT-0 and the efficient sorting of 

ubiquitinated substrates into multivesicular bodies (Ren et al. 2008). Doa1 also 

regulates ubiquitin levels by an unknown mechanism (Qiu et al. 2010). 

 

Figure 1.4 Domain structure of UBXD1, YOD1, and PLAA 

The size and domains of the three ELDR cofactors UBXD1, YOD1, and PLAA are 
shown. Orange: domains or motifs binding to p97; yellow: domains binding to 
ubiquitin. 

1.2.1 Structure and domains 

p97 belongs to the family of AAA+ proteins and harbors two consecutive ATPase 

domains (D1 and D2 domains). The active unit is a hexamer where the ATPase 
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domains form two stacked rings with a diameter of around 12 nm and a height of 

around 7 nm. The N domains form a second ring around D1 with a diameter of 

around 15 nm (Figure 1.5 A+B). 

The N domain is separated into two lobes, the N-terminal Nn part and C-terminal Nc 

part. Nn consists of a double ψ-barrel, Nc consists of a four-stranded β-barrel (Yeung 

et al. 2008) (Figure 1.5 C). The cleft between the two subdomains is an important 

adaptor interaction site, which binds UBX, UBX-L, VIM and VBM motifs of cofactor 

proteins. The SHP box binding site is in the vicinity of the cleft on the Nc subdomain 

and simultaneous binding of UBX/UBX-L and SHP box is sterically possible 

(Hanzelmann, Schindelin 2016). 

 

 

 

 

Figure 1.5 Structure of the p97 hexamer 

A) Domain structure of p97. Green: N domain; light blue: D1; dark blue: D2; Grey: 
linker. B) Hexameric structure of p97 with ADP in D1 and no nucleotide in D2 (pdb 
5ftk). Colored as in A). C) Detailed view of the N domain of p97 (pdb 3cf3): view from 
the D1 towards the N domain. Colored as in A), but with additional coloring for the N 
subdomains. Light green: Nn double ψ-barrel; green: Nc four-stranded β-barrel  

The two ATPase domains are very similar in sequence. Regarding their structure, the 

D2 domain adopts a more “open” state (Davies et al. 2008; Magnaghi et al. 2013). 

The D1 domain is important for hexamerization as truncations without N or D2 

domain still form hexamers. It was shown that the full length protomers can assemble 

even in absence of nucleotides, though presence of nucleotides accelerates the 

process (Wang et al. 2003). The two ATPase domains also differ in activity, with D2 

being the main contributor to hydrolysis (see 1.2.2.2). The C-terminus is a flexible tail 

and rarely visible in structural datasets. Its interactions with the PUB (PNGase/UBA 

A 

B C 

Nn 

Nc 
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or UBX containing proteins, also called PUG) and PUL (PLAP, Ufd3p, and Lub1p) 

domains of cofactors are correspondingly elusive. At the very end of the C-terminus, 

p97 harbors the HbYX motif (hydrophobic, tyrosine, any amino acid) that is part of 

the longer PIM (PUB interacting motif). In other AAA+ ATPases, the HbYX motif is 

part of the interface with the 20S proteasome (see 1.1.2). The tyrosine at position 

805 is reported as a phosphorylation site that if phosphorylated blocks interaction 

with the PUB domain of cofactors. The PUL domain found in cofactors binds also to 

the PIM but with weaker affinities (Zhao et al. 2007). 

1.2.2 Molecular mechanisms in p97 

p97 converts chemical energy from ATP hydrolysis into mechanical work. It extracts 

or segregates substrates from membranes or protein complexes, or it unfolds the 

client proteins (Stolz et al. 2011). However, the molecular mechanism of this process 

is currently intensively debated. A typical feature of AAA+ ATPases is their central 

pore that that is used by some enzymes for substrate translocation, causing global 

unfolding. An example for an AAA+ ATPase with this mechanism is VPS4 (Yang et 

al. 2015). Another AAA+ ATPase on the other hand, NSF, uses the movement of the 

N domains to segregate proteins in a single burst (Ryu et al. 2015). Very recent 

studies could reconstitute the unfoldase activity of wild type p97 in vitro (Blythe et al. 

2017; Bodnar, Rapoport 2017). 

1.2.2.1 Models for substrate processing 

Three models for the role of the central channel were suggested: First, the substrate 

is only looped into the D2 pore. The D2 pore is lined with the denaturing “arginine 

collar” (R586, R599) and aromatic amino acids (551WF552), possibly helping in an 

unfolding process (DeLaBarre et al. 2006). This mechanism was considered because 

ubiquitinated proteins, the typical substrates of p97, were thought to be too unwieldy 

to be threaded through the pore (Stolz et al. 2011). On the other hand, the DUBs and 

ubiquitin ligases among the p97 adaptors render a sequential de- and re-

ubiquitination possible. 

In a second model, the substrate may enter “sideways” from the D1-D2 interface and 

leave through the D2 pore. Axial openings in the D1-D2 interface were observed in 

different structures that could serve as entry points. A normal mode analysis claimed 

that the D1 pore is rigid, especially due to residue H317. Rotational and elongating 

movements of the D2 domain would pull a substrate through the D2 pore (Na, Song 

2016).  
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In a third model, the substrate is threaded completely through the D1 and D2 pores. 

However, some structural data implicated narrow pores, particularly the D1 site 

seemed to be blocked by amino acids 313-323 (DeLaBarre et al. 2006). In other 

structures, especially those derived from cryo-EM, this constraint seems to be lifted 

(Yeung et al. 2014; Banerjee et al. 2016). In the archaeal p97 homolog VAT, 

important pore lining sequences include aromatic or hydrophobic residues (KYYG in 

D1 and KMVG in D2). However, a corresponding sequence in mammalian p97 is 

only found in D2 (550MWFG553).  By mutation of the D1 pore loop 277KLAG280 to 

277KYYG280 and additional deletion of the N domain, unfoldase activity of this 

mutant p97 could be shown in vitro. As the mutations in D1 were needed, it 

implicates a complete threading of substrates through the pore (Rothballer et al. 

2007). A very recent study established an in vitro unfolding assay. A fluorescent 

model substrate was ubiquitinated and the fluorescence is reduced by Cdc48-UFD1-

NPL4 in a time dependent manner. The efficiency of unfolding increased with the 

ubiquitin chain length and reached a maximum at four to five ubiquitin moieties. 

Interestingly, K48-linked chains, but not K63-linked chains were processed. 

Furthermore, a polyubiquitinated substrate could be crosslinked either to D1, the 

intra-luminal site of the pore, or D2 in yeast Cdc48. The authors concluded that the 

substrate is translocated through the entire pore from D1 to D2 driven by ATP 

hydrolysis in D2, which causes global unfolding. For the release of the unfolded 

substrate, the DUB activity of YOD1 was needed (Bodnar, Rapoport 2017). 

Simultaneously, another group showed in a similar assay with human p97 that the 

unfolding did not occur with the cofactors p47 or UBXD7. Here, too, longer chains 

were processed more efficiently and also branched chains improved the unfolding 

(Blythe et al. 2017). 

In all three models, ATP hydrolysis is mandatory for the function of p97. This 

prerequisite was demonstrated in different in vitro unfolding experiments (Rothballer 

et al. 2007; Blythe et al. 2017; Bodnar, Rapoport 2017) and also in numerous cell 

based studies (Esaki, Ogura 2010; Meerang et al. 2011; Riemer et al. 2014). 

Furthermore, the different nucleotide states correlate with different conformations of 

p97 (Banerjee et al. 2016). Therefore, understanding the nucleotide binding and the 

ATPase activity is important to establish a comprehensive model of the p97 function. 
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1.2.2.2 ATPase activity 

In total, p97 has twelve ATPase domains distributed on six protomers with two 

different binding sites each. Each ATP binding site is influenced by the other in the 

same protomer and by neighboring protomers, spanning an intricate network that is 

not understood so far. An additional layer of complexity is added by the N domains 

and adaptors that influence the activity (Niwa et al. 2012; Zhang et al. 2015). These 

connections are for example addressed by investigating the activities and nucleotide 

affinities in different mutants of p97. One important set of mutants harbors single 

point mutations of residues in the Walker A (K251 and K524) or Walker B (E305 and 

E578) motifs. Walker A mutants are deficient in nucleotide binding, Walker B mutants 

deficient in ATP hydrolysis. Among the four possible Walker mutants, only Walker B 

in D1 (or B1 in short) shows activity at wild type level (Chou et al. 2014). 

Furthermore, experiments in yeast implicated that the hydrolysis in D1 is not 

essential (Ye et al. 2003; Esaki, Ogura 2010). Along with these observations, the 

main ATPase activity of p97 was attributed to the D2 domain. However, the 

attribution of D1 as inactive was challenged when an ND1 fragment (1-480, ND1L) 

was found to be active. The relevance of this activity in the full length protein is 

unclear. At least in in vitro experiments, the D2 domain seems to be a negative 

regulator of the D1 domain (Tang, Di Xia 2013; Chou et al. 2014). The B1 mutant, but 

not the Walker B in D2 (B2) mutant showed unfolding activity in vitro, mirroring the 

ATPase activity of the mutants (Blythe et al. 2017; Bodnar, Rapoport 2017). 

An interesting property of the D1 domain is its very stable binding to ADP. Even 

under nucleotide-free purification conditions, ADP is bound in D1. The reported 

amounts prebound ADP ranges from 0.5 to 1 per p97 monomer (DeLaBarre, Brunger 

2003; Davies et al. 2008; Briggs et al. 2008; Tang, Di Xia 2013). The amount of 

prebound nucleotides is also reflected by the affinities of the different domains to the 

different nucleotides. The Walker A mutants or the ND1L truncation are used to 

differentiate between binding to the two ATPase domains. The reported affinities vary 

with the methods used, but the ratios between binding to D1 and to D2 are 

consistent. The D1 domain has higher affinities for ATP and ADP than the D2 domain 

(Table 1.1 A, comparing K524A with K251A). Furthermore, ADP has a slightly higher 

affinity for the D1 domain than ATP (A, comparing ADP with ATP). However, this 

changed when the protein was depleted of prebound nucleotide with apyrase, 

resulting in an elevated affinity for ATPγS (B). 
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Table 1.1 Nucleotide affinities for different p97 mutants 

The data was taken from the indicated publications. Two values in a box are the 
results from a two site binding model. 

A Binding in Mutation 
Nucleotide affinity [nM] 

ADP ATP ATPγS 

 D1 K524A 142 264 9.5  / 417 

 D2 K251A 6400 8670 1870 

 D1+D2 Wild type 123 / 3100 140 / 4700 42  / 1200 

 none K524A/K251A 22300 25500 11200 

 
SPR data from Chou et al. 2014. The proteins were not depleted of prebound 
nucleotide. 
 

 
Binding in Mutation 

Nucleotide affinity [nM] 

B ADP ATPγS ATPγS (apyrase) 

 D1 ND1L 880 890 110 

 

ITC data from Tang, Di Xia 2013. Comparison of ATPγS affinities between 
apyrase treated and non-treated protein. Apyrase hydrolyzes ATP and ADP to 
AMP. 
 

Activity and affinity measurements showed the mutual influence of the ATPase 

domains, but also the N domain became apparent as an important regulator. A hint at 

the mechanism was found in mutations of p97 associated to the disease MSP1 

(Multisystem Proteinopathy 1). The influence of MSP1 mutations on the functions of 

p97 is still under investigation. Interestingly, the mutations are only found in the N-D1 

interface or in the N-D1 linker, while the ATP binding sites themselves are not 

changed (see 1.2.3). Nevertheless, some disease-associated mutations cause a 

higher ATPase activity (Tang, Di Xia 2013). By restraining the flexibility of the N 

domain, either by mutations in the N-D1 linker or crosslinking N to D1, ATPase 

activities of an MSP1 mutant or the wild type were reduced (Niwa et al. 2012). The 

first crystal structure of the N domains in the so called up-conformation was achieved 

with an MSP1 mutant in the ND1L fragment. This correlated with the binding of 

ATPγS to D1 (Tang et al. 2010). In earlier studies with wild type p97, only ADP was 

found in D1. Another observation was the lower occupancy of nucleotides in D1 in 

different disease associated mutants, leading to the suggestion that the exchange 

from ADP to ATP is accelerated in the mutants (Tang, Di Xia 2013). Later, cryo-EM 

data of full length wild type p97 confirmed the connection between ATPγS in D1 and 

the N domain in up-conformation (Banerjee et al. 2016). There, the N domains in up-

conformation showed lower electron densities, hinting at a possible asymmetry that 
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may be obscured by symmetry operations during structure determination (Tang, Di 

Xia 2013; Schuller et al. 2016; Banerjee et al. 2016). Also NMR data showed a 

higher flexibility of the N domain in presence of ATPγS or in different MSP1 mutants. 

In this study, different pathways for allosteric interactions were proposed that 

influence the interaction with other protomers, the nucleotide binding site, or the N-

D1 interaction (Schuetz, Kay 2016). However, if the conformation of the N domain is 

a result of ATP binding in D1 or vice versa is unclear. Some adaptors are associated 

with an N domain conformation, too, as was shown for p47, FAF1 and UFD1-NPL4 

(Ewens et al. 2014). All four bring the N domains in an up-conformation, while 

UBXD1 is proposed to favor the down-conformation (Trusch et al. 2015; Schuetz, 

Kay 2016). In vitro, both p47 and UBXD1 have an inhibitory effect on the p97 

ATPase activity, but seem to favor different N domain positions. It is unknown if the 

displacement of the N domains, in concert with bound cofactors, transfers force on a 

substrate or if it is a regulatory mechanism. Besides the change in N domain 

conformation, there are two other prominent interdependent movements in the 

hexamer during the hydrolysis cycle. First, a twist of D1 and D2 against each other 

around the central axis occurs. The rotation is dependent on ATP binding to D2, but 

not hydrolysis (Noi et al. 2013). The second movement is a narrowing of the D2 pore 

upon binding of ATP (Banerjee et al. 2016). Of note, the pores appear wider in 

solution-based structures like cryo-EM than in crystal structures (Beuron et al. 2006). 

These two structural changes are attributed to exert mechanical force onto the 

substrate. 

A proposed model for the ATPase cycle assigns a regulatory role to D1 (Figure 1.6 

A). It differentiates between the ADP open and locked state, additionally to an empty 

and ATP bound state. In the empty state with unknown conformation of the N 

domain, ATP can bind and the N domain is found in the up conformation. This state 

allows ATP hydrolysis in D2. However, it is not clear if hydrolysis in D1 and D2 

happens sequentially or if the two ATPase cycles occur in a connected, but 

independently proceeding manner as this model assumes. Upon hydrolysis of ATP, 

the N domain flips down and the corresponding D2 is inactive. Importantly, the D1 

domain is at first in a locked state, meaning that ADP cannot be readily exchanged 

against ATP (Tang, Di Xia 2016). The model can be expanded with the new data 

from unfolding assays (Figure 1.6 B). The binding of ATP to D1 strengthens the 

binding of UFD1-NPL4 (Chia et al. 2012) and reduces or elevates the global ATPase 

activity with or without substrate, respectively. If the whole complex is assembled, 
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hydrolysis in D1 is reduced to maintain the active conformation. In the meantime, the 

D2 domain can progressively unfold the substrate until ATP in D1 is hydrolyzed. 

Then, the N domains adopt the down conformation. For substrate release, the 

remaining folded ubiquitin moieties are cleaved off by a DUB and the substrate, 

including a short ubiquitin chain, is pulled completely through the pore before finally 

dissociating from p97. The dissociation is supported by the DUB Otu1 (the YOD1 

homolog in yeast) (Bodnar, Rapoport 2017). 

 

 

 

Figure 1.6 Model for the regulation of the ATPase cycle in p97 

A) Model with a focus on the hydrolysis in D1. N domains are shown in red, D1 in 
blue and D2 in orange. D denotes ADP in D1 and a corresponding down 
conformation, T denotes ATP in D1 with an up conformation. An empty D1 is 
unlabeled. A D2 domain can hydrolyze ATP only in case D1 is occupied by ATP 
(adopted from Tang, Di Xia 2016). B) Model for the translocation of a ubiquitinated 
substrate (ubiquitin in blue, GFP in green). UN: UFD1-NPL4; Ub: ubiquitin (adopted 
from Bodnar, Rapoport 2017) 

 

A 

B 
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1.2.3 Degenerative diseases caused by mutations in p97  

Over 30 point mutations in p97 are known that cause autosomal dominant 

degenerative diseases. They are subsumed under the term multisystem 

proteinopathy 1 (MSP1) and include IBM (inclusion body myopathy), FD 

(frontotemporal dementia), Paget’s disease of bone, FALS (familial amyotrophic 

lateral sclerosis) and CMT (Charcot-Marie-Tooth disease) (Tang, Di Xia 2016). They 

are late-onset diseases and the first indicators often occur in muscle tissue, but also 

bone and brain can be affected. The same mutation can differ in phenotype and 

severity depending on the patient. In patient tissue, hallmarks of the diseases are 

aggregates or inclusions, often positive for TDP-43 or ubiquitin. Structurally, the 

mutations are located at the interface between N and D1 domain with no obvious 

connection to binding sites of ATP or cofactors  (Meyer, Weihl 2014). How the 

mutations cause the different phenotypes is not clear. An important question is if the 

mutations confer a loss-of-function or a gain-of-function. At least some of them result 

in an elevated ATPase activity (Niwa et al. 2012; Tang, Di Xia 2013), but it is not 

clear if this always translates to higher activity in the cellular functions or represents 

and idle running, decoupled ATPase activity. Several recent findings support the 

gain-of-function hypothesis: First, less pre-bound ADP is found in D1, resulting in a 

faster, deregulated nucleotide exchange in D1 that may result in hyperactivity (Tang, 

Di Xia 2016). Second, experiments in Drosophila melanogaster showed that a p97 

mutant could rescue a mitochondrial defect, arguing against a loss-of-function 

(Zhang et al. 2017). Third and most recently, in an in vitro unfolding assay a mutant 

showed higher unfolding activity compared to the wild type (Blythe et al. 2017). 

However, the studies were not carried out comprehensively including all disease 

mutants, but focused predominantly on R155H and A232E. Besides an influence on 

p97 activity itself, another possibility how the mutations affect different pathways is 

the deregulation of p97-cofactor interactions (Fernández-Sáiz, Buchberger 2010). 

This was shown for UBXD1 that binds less to the R155H mutant (Ritz et al. 2011). 

Furthermore, the two cofactors p47 and p37 regulate the ATPase activity of p97 and 

this regulation is impaired in different MSP1 p97 mutants (Zhang et al. 2015). 

1.2.4 Inhibitors of p97 

With p97 emerging as a key player in protein homeostasis, the development of 

inhibitors of p97 moved into focus. Cancer cells are “addicted” to certain traits that 

enable them to grow in spite of their abnormalities. One of these abnormalities is 
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proteotoxic stress and therefore, they need a highly efficient UPS (ubiquitin-

proteasome system). As p97 is an important part of this system, it emerged as a 

target for cancer therapy (Vekaria et al. 2016). Another similar strategy to target 

cancer cells via the protein quality control axis is already in clinical practice with 

proteasome inhibitors like bortezomib. Accordingly, there is ongoing research in 

developing p97 inhibitors (Chapman et al. 2015). 

Eeyarestatin I (EerI) was found in a library screen for ERAD inhibitors (Figure 1.7 A). 

It inhibits the degradation of class I major histocompatibility complex or T-cell 

receptor α without inhibition of the proteasome (Fiebiger et al. 2004). Subsequent 

studies showed that EerI inhibits ERAD by association with the p97-UFD1-NPL4 

complex. There, it negatively regulates a deubiquitinating process. However, EerI 

does not affect the ATPase activity of p97 (Wang et al. 2008). Combined with 

bortezomib, EerI induced apoptosis even in bortezomib resistant cells, demonstrating 

the promising concept of targeting different components of the protein quality control 

simultaneously (Auner et al. 2013). 

The competitive inhibitor DBeQ (Figure 1.7 B) was found in another screen. It was 

selective, reversible, ATP competitive, and inhibited the ATPase activity of p97 with 

an IC50 of 1 µM. Treated cells responded for example with upregulation of the UPR 

(unfolded protein response) marker CHOP (CCAAT/enhancer-binding protein 

homologous protein) and caspase activation (Chou et al. 2011). In later studies, 

DBeQ was found to act on both the D1 and D2 domain of p97 but two derivatives 

(ML240 and ML241) were selective for D2 (Chou et al. 2014). While both derivatives 

inhibited p97 potently, only ML 240 impaired autophagy and induced apoptosis, 

indicating the possibility to develop pathway-specific inhibitors of p97 (Chou et al. 

2013). The ATP-competitive inhibitors also lost potency against p97 if it was bound to 

p47, further supporting the possibility to target specific p97 functions (Fang et al. 

2015a). The structure of ML240 was refined to the compound CB-5083 (Figure 1.7 

C) with an IC50 in the low nanomolar range and entered clinical trials (Anderson et al. 

2015). 

Two inhibitors were found in another screening, one allosteric and one covalently 

binding. The covalent inhibitor NMS-859 (Figure 1.7 E) targets C522. This residue is 

known to be regulated by an oxidative modification that results in ATPase inhibition 

(Noguchi et al. 2005). Since C522 is near to the critical Walker A residue K524, ATP 

binding is blocked by NMS-859, similar to the widely used K524A mutant (Magnaghi 



Introduction 

30 

et al. 2013). Other compounds like Withaferin A analogs also target C522 (Tao et al. 

2015). The allosteric inhibitor was further improved, yielding NMS-873 (Figure 1.7 D) 

with an IC50 of 30 nM. It induced established biomarkers of p97 inhibition such as 

CHOP, polyubiquitinated proteins and caspase-3. Its binding site was found with a 

derivative that carried an azido moiety. This moiety could be crosslinked to p97. After 

digestion and MS analysis, a modified peptide was found in the region of the D1-D2 

interface at positions 615KN616. A docking simulation supported this site as a 

possible binding pocket. Mutations in this area lead to a loss of binding and loss of 

inhibition by NMS-873, confirming the binding site. As a possible mechanism of 

inhibition, NMS-873 could disrupt the communication between intersubunit signaling 

motif (ISS) and the Sensor I region and subsequently between the protomers. This 

area is important for interprotomer communication and nucleotide sensing. 

Accordingly, nucleotide binding was affected by NMS-873 in that the compound 

increased p97’s affinity towards ADP. Furthermore, ATP binding was necessary for 

binding of NMS-873, as NMS-873 did not bind to the K524A mutant that cannot bind 

ATP in D2. In the context of the ATPase cycle in the hexamer, NMS-873 probably 

interferes with the hydrolysis by prohibiting the interaction of the D2 arginine finger 

with ATP in the following D2 domain. Another effect is the inhibition of ADP release 

from the D2 domain in which NMS-873 itself is bound (Magnaghi et al. 2013). 

UPCDC30245 is another allosteric inhibitor of p97. Its binding site could be 

determined with cryo-EM to be located at the D1-D2 interface in the same area as 

NMS-873. Based on the structural data, it was suggested that UPCDC30245 inhibits 

the conformational change that occurs between the ADP and ATP bound form of the 

D2 domain. Accordingly, the bound inhibitor was found in data sets of the ADP 

conformation whereas binding to the ATP form would produce steric clashes (Alverez 

et al. 2015; Banerjee et al. 2016). This is in line with the elevated affinity of p97 

towards ADP upon NMS-873 binding. 
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Figure 1.7 Structures of described inhibitors of p97 

A) Eeyerstatin I B: DBeQ (competitive) C) CB-5083 (competitive, D2 specific) 
D) NMS-859 (covalent attachment to C522) E) NMS-873 (allosteric, D2 specific) 
F) UPCDC30245 (allosteric) 

1.3 The ESCRT pathway and the AAA+ ATPase Vps4 

During this study, the AAA+ ATPase VPS4 that is related to p97 became relevant for 

our investigations. For that reason, its cellular function is introduced. 

Endocytosis describes the process of the invagination of the plasma membrane and 

the formation of vesicles through the abscission of the membrane. Endocytic vesicles 

bud from the plasma membrane to transport cell surface factors and extracellular 

material to the endosome. As an example, this mechanism regulates the cell surface 

expression of the receptor tyrosine kinase EGFR (epidermal growth factor receptor) 

(Goh, Sorkin 2013), but also viruses uses this machinery to infect cells (Shtanko et 

al. 2014). Moreover, the release of enveloped viruses (for example HIV) requires the 

ESCRT (endosomal sorting complex required for transport) machinery, including 

VPS4 activity (Votteler, Sundquist 2013).  

The ESCRT pathway is an important part of the processing of ubiquitinated cargo in 

the endosomal/lysosomal system. During the maturation of an endosome, the cargo 

can be sorted with the help of the ESCRT pathway into intraluminal vesicles (ILV) so 

that an MVB (multivesicular body, also called MVE for multivesicular endosome) 

develops (Huotari, Helenius 2011). The ESCRT pathway is controlled by a sequential 

assembly of different protein complexes (Figure 1.8). ESCRT-0 is a heterodimer with 

the subunits HRS (hepatocyte growth factor (HGF)-regulated Tyr-kinase substrate) 
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and STAM (signal transducing adaptor molecule) (Asao et al. 1997). HRS recognizes 

endosomes decorated with phosphatidylinositol 3-phosphate (PI3P) (Raiborg et al. 

2001). Furthermore, HRS and STAM can bind to ubiquitinated proteins at the 

endosomal membrane (Bache et al. 2003). The ESCRT-I subunit TSG101 (Tumor 

Susceptibility Gene 101) is recruited by the amino acid motif PSAP in HRS. TSG101 

is part of a heterotetramer with VPS28 (vacuolar protein sorting-associated protein 

28), VPS37 and hMVB12. Ubiquitinated substrates are recognized by TSG101 and 

hMVB12 (Christ et al. 2017). However, the interaction of ESCRT-I to membranes is 

only weak and its recruitment depends on ESCRT-0 (Kostelansky et al. 2007). The 

interaction between ESCRT-I and ESCRT-II in mammals is probably mediated 

between VPS28 and EAP45 (Christ et al. 2017). EAP45 also provides the interaction 

with the membrane via PI3P and with ubiquitin (Slagsvold et al. 2005). Additionally to 

EAP45, the ESCRT-II complex consists of EAP30 and two subunits of EAP20. The 

EAP20 subunits mediate the interaction with the ESCRT-III protein CHMP6 (charged 

multivesicular body protein 6) (Yorikawa et al. 2005). CHMP6 can also bind directly 

to the ESCRT-I subunit hVPS28 (Pineda-Molina et al. 2006). The ESCRT-III complex 

differs from the other complexes in that its subunits do not form defined complexes 

already in the cytosol but polymerize on the membrane. Binding between EAP20 and 

CHMP6 forms a nucleation complex and the other ESCRT-III proteins, CHMP7, 

CHMP5, CHMP4 (isoforms A, B, C), CHMP3, CHMP2 (isoforms A, B), CHMP1 

(isoforms A, B), and IST1 (increased salt tolerance 1) are recruited. The proteins do 

not assemble in the cytosol because the negatively charged C-terminus folds back to 

the N-terminus, causing auto-inhibition (Williams, Urbe 2007). Upon displacement of 

the C-terminus, the proteins can polymerize (Alonso Y Adell et al. 2016). The 

membrane interaction of the subunits is mediated by the positive charges in the N-

terminus, myristoylation of CHMP6, and a membrane inserting domain in CHMP4 

(Yorikawa et al. 2005; Buchkovich et al. 2013). CHMP4 is also suggested to provide 

the biggest fraction of the ESCRT-III polymer (Alonso Y Adell et al. 2016). 
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Figure 1.8 Overview of the ESCRT complexes in endolysosomal sorting 

The sorting of cargo after endocytosis requires the coordination of four protein 
complexes. ESCRT-0 interacts with ubiquitinated cargo, the clathrin coat, and lipids 
(PI3P). Typically, ESCRT-I and ESCRT-II are recruited to ESCRT-0 and the cargo, 
though also alternative pathways exist (in grey). The ESCRT-III polymer drives 
vesicle formation and abscission of the vesicles, together with the ATPase VPS4. 
VPS4 also recycles the ESCRT-III subunits (Christ et al. 2017). 

In the biogenesis of MVBs, ESCRT proteins and VPS4 are needed for budding and 

scission of ILVs (Adell et al. 2014). However, the mechanism of membrane 

remodeling and scission is so far unknown. The ESCRT-III polymer is thought to be 

the main driver of the process. It can form spirals, tubes, and cones, though the 

functional relevance of the different forms is unclear (Schöneberg et al. 2017). VPS4 

is recruited by the exposed MIMs (MIT interaction motif) in the C-termini of ESCRT-III 

proteins at the membrane. The ESCRT-III related protein LIP5 binds with its VSL 

(Vta1/SBP-1/Lip5) domain to the β-domain of VPS4. LIP5 contains two further MIT 

(microtubule interacting and trafficking) domains to interact with other ESCRT-III 

proteins. Furthermore, the VSL domain of LIP5 causes dimerization. Therefore a 

model was proposed where multiple VPS4-LIP5 complexes form a lattice on 

ESCRT-III (Yang, Hurley 2010). The mechanic force provided by the ATPase activity 

of VPS4 is needed for disassembly of ESCRT-III. Already the partial disassembly of 

the ESCRT-III polymer destabilizes it and causes depolymerization (Yang et al. 

2015).  
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1.3.1 Structure and activity of VPS4 

VPS4 is a type I AAA+ ATPase and cooperates with the ESCRT machinery in 

membrane deformation and fission events. As part of this evolutionary conserved 

system, VPS4 is found in all eukaryotes and archae. In higher eukaryotes, two 

isoforms, VPS4A and VPS4B, exist. They display a high degree of sequence 

similarity of 80 % to each other and 60 % to yeast VPS4. The isoforms can assemble 

in heteromeric complexes. VPS4B can functionally replace VPS4 in yeast and 

VPS4B alone is sufficient for viral release (Scheuring et al. 2001; Kieffer et al. 2008). 

The functional difference between the isoforms is not clear yet but they may be 

involved in different branches of the ESCRT pathway (Monroe, Hill 2016). VPS4 is 

the only direct consumer of energy during endocytosis, making it a prominent target 

for inhibition. A potent, specific inhibitor would be a valuable research tool. So far, no 

specific inhibitors of VPS4 are known. However, DBeQ, developed as a p97 inhibitor, 

was shown to be active against VPS4B, too (Magnaghi et al. 2013). 

A protomer of VPS4 consists of an N-terminal MIT domain, a flexible linker, and a 

single ATPase domain followed by a short C-terminus. The ATPase domain is further 

subdivided in the large and small ATPase domain (Figure 1.9). The small ATPase 

domain contains the β-domain insertion found in higher eukaryotes but not in yeast or 

related ATPases like spastin (Scott et al. 2005b). 

 

Figure 1.9 Domain structure of human VPS4 

VPS4A is slightly shorter than VPS4B due to deletions in the N-terminal part (based 
on Scott et al. 2005a; Scott et al. 2005b). 

Similar to other AAA+ ATPases, VPS4 oligomerizes to fulfill its function but the 

stoichiometry of active VPS4 is under debate. In the inactive state, it forms probably 

dimers in the cytoplasm (Babst et al. 1998; Scott et al. 2005b), In some cases, also 

monomeric states were reported (Inoue et al. 2008). In the active oligomer, different 

stochiometries ranging between 6-14mers were proposed, though data hinting at 

hexamers or dodecamers of two stacked hexamers was reported most often 

(Landsberg et al. 2009; Monroe et al. 2014; Caillat et al. 2015). The p97 D1 domain 

was chosen as a structural model for the hexameric ring due to the high sequence 

final
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similarity and because p97 D1 forms a hexamer, too (Scott et al. 2005a). In vivo, the 

oligomerization of VPS4 could be induced by its high local concentration at the 

ESCRT-III complex together with nucleotide binding. Recent studies favor a simple 

hexamer of VPS4 as its active conformation (Monroe et al. 2014; Caillat et al. 2015). 

The crystal structure of msVPS4ΔMIT from Metallosphera sedula from the phylum 

Crenarcheota revealed an asymmetric pseudohexamer, showing for the first time an 

active conformation in a structural data set. The data implicated a model where VPS4 

oligomerizes upon ATP binding and structural changes in two opposing protomers 

lead to the mechanical work. Furthermore, five low affinity sites and one high affinity 

site for ADP were found in ITC experiments, explaining the asymmetry in the ring 

structure that results in a pseudohexamer (Caillat et al. 2015). The central pore of 

VPS4 shows typical features found in other AAA+ ATPases, for example hydrophobic 

pore residues and an arginine collar (Gonciarz et al. 2008). Indeed, VPS4 uses the 

energy from ATP hydrolysis to disassemble the ESCRT-III complex by translocating 

the ESCRT-III substrates trough the pore, causing global unfolding (Yang et al. 

2015).  
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1.4 Aims of the thesis 

The molecular mechanism of p97 as well as the interactions with cofactors are still of 

major interest to understand its role in the cell. Inhibitors are valuable tools to 

investigate the function of a protein in the cellular context and to understand the 

activity of an enzyme on the molecular level. Furthermore, p97 evolved as an 

interesting drug target, both for cancer therapy by targeting cells that depend on 

highly efficient protein homeostasis and for treatment of degenerative diseases 

caused by gain-of-function mutations. 

At the start of this thesis, only few inhibitors of p97 were described. We wanted to 

characterize a novel small organic molecule that was found in a high throughput 

screen against p97 activity. Furthermore, we aimed to improve the inhibition or 

specificity by investigating the important structural features of the inhibitor. Moreover, 

we set out to reveal the mechanism of inhibition, especially by identifying the binding 

site of the inhibitor. Finally, we wanted to investigate the inhibitory effect of I8 on the 

related AAA+ ATPase VPS4B and compare it to p97. 
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2 Results 

The work in our laboratory focuses on the AAA+ ATPase p97. This chaperone is a 

complex machine involved in many different cellular pathways. We are interested in 

elucidating its cellular function as well as its molecular mechanism. Small molecule 

inhibitors are important tools for the research of a protein’s functions as a fast and 

easy alternative to genetic techniques like RNAi. They provide a way to understand 

the function and mechanism of a protein in the cellular context and on a molecular 

level. Every newly identified inhibitor needs to be characterized in order to 

understand its mechanism of action. Therefore, the first goal of this study of a novel 

small molecule was the initial characterization that included the activity to p97 and 

possible off-target effects, its reversibility, and kinetic measurements. Subsequently, 

we focused on elucidating the inhibitory mechanism of the molecule. 

2.1 Initial characterization of a HTS hit 

A high throughput screening was conducted in a private company.  A library of small 

molecules was tested for the inhibition against purified p97 in an NADH coupled 

ATPase assay. We chose one hit from the screen for further characterization (Figure 

2.1). We called this molecule I8 (inhibitor 8). 

 

Figure 2.1 Chemical structure of the HTS hit I8 

The molecule can be divided into three different parts: the bisphenyl group (blue), the 
alkyl linker with an amine (orange) and a tetrahydrocarbazole ring system (green). 

The small molecule I8 (462.56 g/mol) harbors two moieties: a fluorinated bisphenyl 

group (Figure 2.1 blue) and a tetrahydrocarbazole (Figure 2.1 green) ring system 

connected by an alkyl chain containing a secondary amine (Figure 2.1 orange). 

In a first step, we wanted to validate the HTS result. We tested the inhibitory effect of 

I8 against p97 and, in addition, against two other AAA+ ATPases. NSF is a type II 

AAA+ ATPase closely related to p97 and already in use in our laboratory. It 
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segregates SNARE complexes that form during the fusion of membranes (Ryu et al. 

2016). VPS4B, a type I AAA+ ATPase, has been shown to be inhibited by DBeQ, a 

known competitive inhibitor of p97 (Magnaghi et al. 2013). Therefore we were 

interested if our compound I8 would show activity against VPS4B as well. We used 

the malachite green assay to measure the ATPase activity of the three enzymes. The 

malachite green assay is a colorimetric endpoint assay to detect inorganic phosphate 

in which the enzyme of interest hydrolyses ATP for the desired incubation time. 

Afterwards, an acidic molybdate containing reagent stops the reaction. The inorganic 

phosphate that is released by ATP hydrolysis forms a complex with molybdate and 

the complex is detected by measuring the absorption at 630 nm. P97 and NSF have 

been shown to have good basal activity, while VPS4B needs a substrate to be active 

(Merrill, Hanson 2010). We used the C-terminal fragment of the ESCRT-III protein 

CHMP1B (amino acids 106-199) to activate VPS4B. 0.2 µM of ATPase were 

incubated for 30 min (p97 and NSF) or 10 min (VPS4B) at 25 °C with 2 mM ATP. For 

VPS4B, 5 µM of CHMP1B 106-199 was added as activator (Figure 2.2). 
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 IC50 (µM) 95% CI 
Remaining act. at 

50 µM (s.d.) 

p97 7.22 6.10 to 8.55  

NSF - - 42.4 (9.1) 

VPS4B 0.71 0.61 to 0.81  

 Figure 2.2 Effect of I8 on three AAA+ ATPases 

The activity against p97 was validated and the effect against two other AAA ATPases 
tested. The activity was measured with the endpoint malachite green assay. Shown   
are mean and error (s.d.) of three replicates. NSF was inhibited to a lesser extent 
then p97 while VPS4B was more sensitive towards I8.  

The inhibitor I8 was indeed active against p97 and less so against NSF. VPS4B 

activity on the other hand was already inhibited by a ten times lower concentration 

than p97. 
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Since the chemical structure of I8 does not contain a reactive group, we expected a 

reversible inhibition of p97 by I8. To investigate this, we incubated p97 with I8, diluted 

the sample stepwise in reaction buffer and measured the activity with the standard 

malachite green assay. Indeed, dilution released the inhibition (Figure 2.3), showing 

that I8 inhibits p97 reversibly. 

 

Figure 2.3 Dilution shows reversibility of I8 

20 pmol p97 were incubated with 20 µM I8 and a twofold dilution series was made. 
ATPase activity was measured with the standard endpoint malachite green assay. 
Mean of three experiments. Errors are s.d. Note that dilution restored the relative 
activity of p97, showing reversible inhibition. 

In a next step we wanted to investigate the effect of I8 on the enzyme kinetics of p97 

and VPS4B. The kinetic measurements require low ATP concentrations. Under these 

conditions, product inhibition by ADP can become a secondary effect that interferes 

with the measurements.  We used the continuous NADH coupled ATPase Assay to 

circumvent this problem. In this assay the initial ATP concentration is kept constant 

by a coupled reaction with pyruvate kinase and lactate dehydrogenase and their 

substrates phosphoenolpyruvate (PEP) and reduced nicotinamide adenine 

dinucleotide (NADH), respectively. Phosphoenolpyruvate and pyruvate kinase 

replenish ATP from ADP produced by the ATPase. The formed pyruvate is 

metabolized by lactate dehydrogenase to lactate. During this step, NADH is oxidized 

to NAD+ and loses an absorption peak at 340 nm. The decline of absorption at 340 

nm over time is detected in a spectrophotometer. If the ATP hydrolysis is the rate 

limiting step, the rate of NADH consumption equals the reaction rate of the ATPase. 

VPS4B showed strong inhibition by I8 (Figure 2.2). We therefore wondered whether 

inhibition by I8 would show the same kinetic mechanism for p97 and VPS4B and 

therefore included VPS4B in the measurements (Figure 2.4). 

0

20

40

60

80

100

120

20 pmol
p97

10 pmol
p97

5 pmol
p97

2.5 pmol
p97

%
 A

c
ti

v
it

y
 

without I8 with I8



Results 

40 

p97

ATP (µM)

m
o

l/
m

in
/m

o
l

0 500 1000 1500 2000 2500
0

10

20

30
0 µM I8

5 µM I8

10 µM I8

20 µM I8

VPS4B

ATP (µM)

m
o

l/
m

in
/m

o
l

0 500 1000 1500 2000 2500
0

50

100

150

200
0 µM I8

5 µM I8

10 µM I8

20 µM I8

 

I8 (µM) 
p97 VPS4B 

vmax h KM vmax h KM 

0 25.6±0.5 2.8±0.2 396±13 149±2 1.9±0.1 78.2±2.3 

5 23.1±0.8 2.6±0.3 387±23 144±2 2.0±0.2 74.6±3.3 

10 19.1±0.3 2.5±0.1 405±11 130±1 1.9±0.1 66.1±1.6 

20 14.3±0.3 2.3±0.2 416±15 96±2 2.0±0.2 78.6±4.3 

Figure 2.4 Inhibitory effect of I8 on the kinetics of p97 and VPS4B  
For kinetic measurements at 37 °C, a continuous NADH coupled assay was used to 
prevent product inhibition at low ATP concentrations that can interfere with 
measurements if the endpoint malachite green assay is used. The activity was 
derived from the decline of NADH absorption at 340 nm. 
A: ATP titration to 0.25 µM p97 at indicated concentrations of I8. Means of three 
independent experiments are shown. Error bars indicate s.d. 
B: ATP titration to 0.1 µM VPS4B and 10 µM CHMP1B 106-199 at indicated 
concentrations of I8. Means of three independent experiments are shown. Error bars   
indicate s.d. 
C: Fitted parameters of the Hill-equation for measurements of the inhibition of p97 
and VPS4B by I8. Parameters: vmax: maximal enzyme velocity; h: Hill-coefficient, an 
indicator of cooperativity; KM: Michaelis-Menten constant. Errors indicate s.d. of the 
fit. 

Incubation of p97 with rising concentrations of I8 resulted ina drop in vmax, showing 

that the inhibition by I8 is not competitive. The Hill-coefficient showed a positive 

cooperativity of the hexamer, that is an increased affinity of an unoccupied binding 

site in p97 for ATP upon binding of ATP to another binding site. Together with the 

relatively high KM, this resulted in a sigmoidal shape of the fitted curve. In contrast to 

the decreasing vmax, the KM stayed constant, indicating a non-competitive inhibitory 

mechanism in which the complex of enzyme and inhibitor forms independently of the 

substrate (Figure 2.4 A+C). 

The vmax of uninhibited VPS4B ATPase activity was higher by a factor of seven and 

the KM lower by a factor of five compared to p97. The Hill-coefficient showed a 

positive cooperativity as it was the case for p97. As a consequence of the high vmax 

and low KM of VPS4B, the fitted curve showed no sigmoidal shape. Like I8 mediated 
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inhibition of p97, inhibition of VPS4B by I8 caused a drop in vmax while the KM stays 

constant (Figure 2.4 B+C), indicating that I8 inhibits both ATPases with the same 

mechanism. 

The KM describes the affinity between enzyme and substrate (in this case ATP). We 

wanted to further investigate the influence of I8 on nucleotide binding. To this end, 

we measured the anisotropy of the fluorescent nucleotide analog ATP-BODIPY 

(Figure 2.5). Binding of this probe results in an increase in anisotropy. In the case of 

tight binding or low Kd, less protein is needed to achieve saturation. p97 was titrated 

in a twofold serial dilution to 20 nM of ATP-BODIPY in the presence of DMSO or 

20 µM I8. In a next step, the experiment was modified to address a possible influence 

on ADP binding. Therefore, ADP was added at a constant concentration of 1 µM, 

causing competition with ATP-BODIPY. 
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ATP-B + compound Kd of ATP-B (nM) Kd of ADP (nM) 

- 162±6.0 - 

I8 153±7.8 - 

ADP 1247±74.4 149 

ADP+I8 1108±114.9 171 

Figure 2.5 I8 does not affect nucleotide binding affinity to p97 wt 
p97 wt was titrated to 20 nM ATP-BODIPY. In a second set of experiments, 20 µM I8 
and/or 1 µM ADP were added. In the presence of ADP, the measured Kd of 
ATP-BODIPY was used to calculate the Kd of ADP. ATP-B: ATP-BODIPY. Errors are 
s.d. of the fit of one experiment. Neither the Kd of ATP-Bodipy nor the derived Kd of 
ADP was altered by adding I8.  

ATP-BODPIY bound to p97 with a Kd of 162 nM, which is in line with previously 

published values (Chou et al. 2014). The addition of I8 did not result in a shift of the 

curve to higher concentrations of p97, resulting in a constant affinity between p97 

and ATP-Bodipy (162 nM vs. 153 nM, Figure 2.5 A+C). Next, we tested the affinity of 

ADP. Compared to the measurements without ADP (Figure 2.5 A), a shift of the 
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curve towards higher concentrations became visible, showing the competition 

between ATP-Bodipy and ADP (Figure 2.5 B). The addition of I8 did not result in a 

further shift. Thus, the affinitie of ADP stayed constant (149 nM vs. 171 nM, Figure 

2.5 C). The data from these anisotropy experiments are consistent with the kinetic 

results and supports a non-competitive mechanism. 

2.2 Structure activity relationship SAR 

The IC50 value of I8 is in a range comparable to other first hits from high throughput 

screens for p97 inhibitors like DBeQ (precursor of CB-5083) or NMS-862 (precursor 

of NMS-873), with values of 9.1 µM and 2.8 µM, respectively (Magnaghi et al. 2013). 

We subsequently aimed to improve the inhibition of p97 by I8 by generating I8 

derivatives to facilitate further experiments.  

2.2.1 SAR with p97 

The structure activity relationship (SAR) studies were done in cooperation with AG 

Kaiser at the ZMB at the University Duisburg-Essen, where all syntheses were done 

by Jan Krahn. For these structure activity relationship studies, the standard malachite 

green assay was used. p97 (0.2 µM) was incubated for 30 min at room temperature 

with 1 mM ATP. An overview of the remaining p97 activities for the tested derivatives 

of I8 is given in Figure 2.6. 
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Figure 2.6 Overview of the derivatives of I8 tested against p97 

All measurements were done with the endpoint malachite green assay. 
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A: Single point measurements of different classes of derivatives of I8. The grey line 
marks the remaining activity of p97 in the presence of 100 µM I8. Means of two 
experiments shown. Errors bars represent s.d. 
B: Continuation of A. The grey line marks the remaining activity of p97 in the 
presence of 100 µM I8. Means of two experiments shown. Errors bars represent s.d. 
C: IC50 values were determined for selected compounds that showed good inhibition. 
Means of two experiments shown. Errors bars represent 95% CI.  

As examples, the structures of some derivatives from Figure 2.6 are given in Figure 

2.7. 

  

 

I8 40 53 

   
66 72 75a 

 

 

 
81 94y 99a 

 

Figure 2.7 exemplary structures from the SAR studies in Figure 2.6 
I8: lead structure; 40: simplification of I8 used for synthesis; 55: variant with changed 

alkyl linker; 66: amide derivative instead of alkyl linker; 72: amino acid instead of alkyl 

linker; 75a: ring system instead of alkyl linker: 81: double bond in alkyl linker; 94a: 

simple ring system instead of tetrahydrocarbazole; 99a: tetrahydrocarbazole, here 

without a substituent 

Most compounds were based on simpler, less potent derivatives (e.g. compound 40, 

Figure 2.7), but were sufficient to evaluate parts of the I8 structure (Figure 2.6 A+C). 

The alkyl chain derivatives showed that a shorter chain or a different position of the 
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secondary amine lead to a lower inhibition (Figure 2.6, alkyl linker). In general, 

changes in the alkyl chain led to a loss of inhibition, as shown for derivatives with 

changes in the length of the linker or the position of the amine (e.g. compound 55, 

Figure 2.7), introducing an amide bond (e.g. compound 66, Figure 2.7) or amino 

acids (e.g. compound 72, Figure 2.7). Using a ring system as a linker (e.g. compound 

75a, Figure 2.7) or constraining the orientation of the bisphenyl group by adding a 

double bond (e.g. compound 81, Figure 2.7) also resulted in a loss of inhibition. Two 

antipsychotic drugs from the diphenylbutylpiperidine class, Fluspirilene and Pimozide 

also contain a fluorinated bisphenyl group. Both showed a similar inhibition compared 

with each other towards p97, highlighting the importance of this group (Figure 2.6 C). 

We next focused on alternatives to the tetrahydrcarbazole ring system (Figure 2.6 B). 

Substitution with a simple benzyl group (e.g. compound 94y, Figure 2.7) showed 

minor improvements compared to the cyclohexyl group (compound 40, Figure 2.7).  

The best results were achieved by working with the original tetrahydrocarbazole and 

changing the substituents (Figure 2.6 B+C). Exchange of the fluoride in I8 to a 

chloride in 99b or the absence of a substituent (e.g. compound 99a, Figure 2.7) 

resulted in good inhibition but still in the range of I8. 

We synthesized and tested many different compounds and gained an understanding 

of the relevance of different structural parts of I8. However, we could not improve our 

lead structure. 

2.2.2 SAR with VPS4B 

We wanted to know if there were some differential effects of the derivatives between 

p97 and VPS4B. Selected compounds that showed good inhibition towards p97 were 

tested against VPS4B (Figure 2.8). VPS4B (0.2 µM) was incubated for 10 min at 

25 °C with 1 mM ATP. 2 µM of CHMP1B 106-199 was added as activator.  

None of the compounds showed a loss or gain of function. On the contrary, the 

relation between IC50 values for p97 or VPS4B was rather constant with ten times 

lower values for VPS4B. Thus, we did not find a way to change the specificity of I8. 

This may underline the high similarity of VPS4B and p97 not only in structure but also 

in mechanism. 
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Figure 2.8 Overview of the derivatives of I8 tested against VPS4B 

The IC50 values for selected compounds were determined with the endpoint 
malachite green assay. Mean of two experiments. Errors are 95% CI. 

2.3 Mechanistic investigations 

A new inhibitor bears the possibility to investigate the mechanism of an enzyme. This 

is especially true for an allosteric inhibitor that does not directly compete with 

nucleotide binding.  

2.3.1 Comparison to known inhibitors 

NMS-873 is a known allosteric inhibitor of p97. An azido derivative of NMS-873 was 

found to cross link to N616 of p97 and the p97 N616F mutant is insensitive towards 

NMS-873 (Magnaghi et al. 2013). 

CB-5083 is a competitive inhibitor of p97. Its binding site is not known, but cells 

challenged with CB-5083 developed different mutations to become resistant. The 

most effective was T688A (Anderson et al. 2015). However, the sites of resistance 

mutations do not necessarily reflect the binding sites as NMS-873 resistant cells 

showed a A530T mutation, more than 17 Å apart from N616 (Her et al. 2016).  

We wanted to know if I8 and NMS-873 act by the same mechanism and tested I8 

together with NMS-873 and CB-5083 against the N616F mutant (Figure 2.9). The 

malachite green assay was used to measure the activity of 0.2 µM p97 after 

incubation with 2 mM ATP for 30 min at 25 °C and various concentrations of inhibitor. 
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IC50 NMS-873 (nM) 95% CI CB-5083 (nM) 95% CI I8 (µM) 95% CI 

wt 84.14 72.19 to 98.08 50.45 41.50 to 61.35 29.05 20.93 to 40.33 

N616F - - 1170 589.3 to 2323 - - 

Figure 2.9 Effect of different inhibitors on p97 wt or p97 N616F 
Activity measurements of p97 wild type (wt) and p97 N616F were done with the 
endpoint malachite green assay. 
A: The p97 N616F mutant has wild type level ATPase activity and is not inhibited by 
NMS-873. Mean of three experiments. Errors are s.d. 
B: I8 shows reduced efficacy towards the N616F mutant, similar to CB-5083 (C). 
Mean of three experiments. Errors are s.d. 
C: As a negative control, the unrelated, competitive inhibitor CB-5083 is used. The 
N616F mutant is less sensitive towards CB-5083. Mean of three experiments. Errors 
are s.d. 
D: IC50 values of the fits of the graphs A, B and C. Mean of three experiments. Errors 
are 95 % CI. 

In line with the literature (Magnaghi et al. 2013), the p97 N616F mutant showed 

activity at wild type level and was not inhibited by NMS-873 (Figure 2.9 A). The 

inhibition of p97 N616F by I8 was weakened compared to p97 wild type, though due 

to the limited solubility of I8 at higher concentrations, the curves were incomplete 

(Figure 2.9 B). Interestingly, the p97 N616F mutant also showed resistance against 

CB-5083 (Figure 2.9 C). Since the N616F mutation affected also CB-5083, it is 

uncertain if the reduced efficacy of I8 was a result of reduced binding of I8 or if the 

mutation introduced subtle changes to p97 who affected regulatory interactions in the 

hexamer. 
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2.3.2 Binding studies of I8 

2.3.2.1 A rhodamine probe binds to p97 

The kinetic data showed that I8 inhibits p97 and VPS4B with an allosteric mechanism 

(Figure 2.4). Its binding site is therefore important for the mechanism of ATP 

hydrolysis or indirectly by disrupting a path of allosteric communication in the 

hexamer. Knowing the binding site can therefore give important information on p97 

function. 

First, we used ITC measurements of I8 and p97. However, due to low affinity and low 

solubility of I8, we could not obtain Kd values or information about the stoichiometry 

of I8 binding. We then used anisotropy measurements as these worked good for the 

nucleotide binding studies. Jan Krahn from AG Kaiser synthesized a fluorescent 

probe of I8. A fluorescent TAMRA moiety was linked with a short alkyl chain to the 

carboxy derivative 99g of I8. 0.1 µM of the probe was used in the anisotropy binding 

assay with twofold serial dilutions of p97 (Figure 2.10). 
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Figure 2.10 A fluorescent derivative of I8 
A derivative (106) of I8 binds to p97 (Kd = 15.64 ± 0.96 µM). A 
Carboxytetramethylrhodamine (TAMRA, colored in red) was coupled to the carboxy 
group of the derivative 99g with a short alkyl chain, substituting the flour at the 
tetrahydrcarbazole of I8. 

Due to the rhodamine moiety interfering with the malachite green based activity 

assay, we could not determine the probe’s IC50, but it showed inhibition towards p97. 

To be sure that the probe and I8 bind to the same site, an anisotropy competition 

assay was conducted (Figure 2.11). 
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Figure 2.11 Anisotropy competition experiments to find the Ki of I8 
The probe was used at a concentration of 0.1 µM.  
A: Titration of threefold serial dilution of I8 to different concentrations of p97. No 
change in anisotropy visible. 
B: Titration of twofold serial dilution of the bleached probe to 50 µM p97. Competition 
occurs. The fitted Ki (~22 µM) of the bleached probe is similar to the measured Kd 
(15 µM) of the fluorescent probe. Because of the missing lower plateau of the curve, 
the fit depends slightly on the constraints of parameters.  
C: Direct comparison of A and B. Under the same experimental set up the bleached 
probe but not I8 shows competition. An explanation is a different binding site for I8 
and compound 106. 
D: Titration of a twofold serial dilution of p97 to TAMRA, the rhodamine moiety of 
compound 106. The signal rises only at high concentrations above 100 µM. That 
means at the p97 concentrations used, unspecific binding of TAMRA is not the 
reason for lacking competition. 
E: Titration of threefold serial dilution of NMS-873 to 97. No change in anisotropy 
visible. 
F: Titration of threefold serial dilution of I8 to VPS4B. No change in anisotropy visible. 
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We could not observe competition of I8 or NMS-873 with the probe towards p97 

(Figure 2.11 A and E). No change in anisotropy was detected for the titration of I8 to 

VPS4B as well, indicating that there was no competition between the probe and I8 

(Figure 2.11 F). As a positive control, 500 µM of the probe was bleached with an 

HXP short arc lamp over 48 hours. This bleached probe worked in this experimental 

set up and lowered the signal of the fluorescent probe (Figure 2.11 B). The highest 

possible concentration from the bleached 500 µM stock was 15 µM so that the 

competition was low, but clearly distinguishable from the trend of the I8 curve (Figure 

2.11 C) showing that the probe and I8 have different binding sites. Since the 

rhodamine moiety was the most obvious difference between the probe and I8, we 

wondered if this might be the reason for an unspecific binding event. A titration of 

TAMRA to p97 showed no binding at 50 µM p97, ruling out this possibility (Figure 

2.11 D).  

2.3.2.2 Alanine screen of VPS4B mutants to validate a binding site 

Various approaches were undertaken to find the binding site of I8 with the help of 

mass spectrometric analyses. Jan Krahn from AG Kaiser synthesized different 

probes bearing azido moieties that were covalently linked to p97 or VPS4B. The 

crosslink changes the m/z ratio of the tryptic peptide so that its peak disappears (or 

more precisely shifts) in comparison to the untreated protein sample. The advantage 

of this approach is that the modified peptide does not need to be detected. The 

detection can be challenging since the exact kind of modification and therefore the 

mass shift is not known. The cross linking and mass spectrometry was done by 

Farnusch Kaschani from AG Kaiser. 

After crosslinking and analysis, two modified peptides could be identified only in 

VPS4B. The peptides were located in N-terminal MIT domain (amino acids 24-46) 

and in the ATPase domain (amino acids 256-289): 

24- AGNYEEALQLYQHAVQYFLHVVK-46 

256- TEFLVQMQGVGVDNDGILVLGATNIPWVLDSAIR-289 

In a next step, we focused on the peptide in the ATPase domain since this is the 

region homologous between VPS4B and p97. We wanted to validate the hit by an 

alanine screen (Figure 2.12). 
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Figure 2.12 Evaluation of an MS hit 

The structure of VPS4B (pdb 2zao) is shown. The amino acids are colored according 
to the conservation between VPS4B and p97. Light blue: identical; light green: high 
similarity; yellow: low similarity; orange: no similarity, red: missing in p97 
A: The two multi alanine mutation sites, located in the identified peptide. 
B: Results from a docking simulation of the probe to VPS4B. Two different 
orientations of the probe are shown. On the left picture, the probe is spanning from 
the lower to the upper helix. Shown is an overlay of three docking results that differ 
only in the orientation of the bisphenyl part. On the right picture, the probe is aligned 
along the identified peptide. 
C: The single alanine mutations chosen based on the docking simulation, with a 
focus on the upper helix. 
 

Helix3A E257A V260A Q263A 

Loop4A GVDN266AAAA 

Upper helix K218A N218A Q221A R224A 

Lower helix V260A Q261A   
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The peptide in the ATPase domain is rather long and can be divided in an N-terminal 

helical part and a C-terminal loop part. At these sites, we introduced two multi alanine 

mutations Helix3A and Loop4A (Figure 2.12 A).  

Johannes van den Boom from our lab conducted a docking simulation of the probe to 

VPS4B. A VPS4B trimer was modeled to a p97 trimer (pdb code 3CF1) and the azido 

probe was subsequently docked to the protomer in the middle (Figure 2.12 B, only 

middle protomer shown). Six further mutations were chosen based on the docking 

simulation that are not only located in the identified peptide but also in the upper helix 

(Figure 2.12 C). 

We did not have the means for a direct binding assay, therefore we tested the 

purified VPS4B mutants for resistance against I8 (Figure 2.13). For activity 

measurements, we used the malachite green assay with 0.2 µM ATPase, 1 mM ATP 

and 4 µM CHMP1B 106-199 as activator. Reaction time was 10 min at 25 °C. 

 

Figure 2.13 Activity of the VPS4B mutants 
A) Activities were measured with the endpoint malachite green assay with or without 
the activating CHMP1B fragment. Means of three experiments shown. Errors bars 
represent s.d. B) IC50 values of I8 against VPS4B wild type and the two active 
mutants from the screen in A).  

Most mutations are inactive and could therefore not be used to test the activity of I8 

(Figure 2.13 A). The N218A exchange is a gain of function mutation, however it was 

still inhibited by I8. Q221A showed an activity comparable to the wild type, but was 

also sensitive to I8 (Figure 2.13 B). We could therefore not confirm the peptide as the 

binding site of I8. However, we can exclude the part in the upper helix (figure, amino 

acids) as important contributors for the binding of I8. 

The inactivity of the multi alanine mutants could be a consequence of improper 

folding. To further investigate this possibility, we recorded CD (circular dichroism) 
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spectra of the two mutants and the wild type (Figure 2.14). Circular polarized light 

interacts with the chiral proteins and the ratios of the different secondary structures 

(helices, sheets and loops) generate characteristic spectra. 0.2 g/l of the proteins 

were measured in chloride free potassium phosphate buffer and the curves of the 

mutants normalized to the wild type. 

 

Figure 2.14 CD spectra of VPS4B wt and the mutants Helix3A and Loop4A 

The proteins were measured in 50 mM chloride free potassium phosphate buffer at 
pH 7.4. The mutations do not introduce discernable changes in the secondary 
structure that could explain a loss of activity. 

The spectra of the mutants showed no deviation from the wild type, meaning the 

mutations cause no gross misarrangement in the secondary structure. Moreover, a 

single, conservative mutation like V260A abolished the activity completely, showing 

the sensitivity of this area to disturbances. 

2.3.3 Effect of I8 on p97 mutants 

Since we had no probe to test the binding between I8 and p97, we tried to investigate 

the inhibitory mechanism of I8 by using different mutants of p97. This established 

approach uses the different Walker mutations that either cannot bind (Walker A) or 

cannot hydrolyze (Walker B) ATP to distinguish between the activity of the D1 or D2 

domain. Therefore, this approach can be used to determine the specificity of an 

inhibitor for an ATPase domain. We used the malachite green assay with 0.2 µM 

ATPase, 2 mM ATP and 35 min incubation at 25 °C. 
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Figure 2.15 Influence of 20 µM I8 on p97 mutants 
Activity measurements with the endpoint malachite green assay. Wt: p97 wild type; 
A1: Walker A in D1, K251A; B1: Walker B in D1, E305Q; A2: Walker A in D2, K524A; 
B2: Walker B in D2, E578Q; RH: MSP1 associated mutation R155H. 

The mutants B1 and RH showed robust activity at wild type level. The two Walker A 

mutants were inactive. The mutant B2 showed intermediate activity. Only for B2, a 

loss of inhibition by I8 is visible. Since the activity in the B2 mutant stems from the D1 

domain, this finding suggests that I8 may reduce mainly the activity of the D2 

domain. Of note, the B2 mutant had a low activity that was less robust than the 

activity of the wildtype or B1 mutant.  

The ND1L mutant (1-480) was described as an active truncation compared to a 

shorter fragment (1-458). It can therefore be used as an alternative to the B2 mutant. 

In my hands, the activity was not as high as reported (30% vs. 80% of wild type 

(Zhang et al. 2015)) but at similar levels as B2, hampering the activity measurements 

(Figure 2.16). 
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Figure 2.16 Activity of I8 against the p97 ND1L fragment 
The p97 ND1L fragment (1-480) was incubated with various concentrations of I8 and 
its activity measured with the endpoint malachite green assay.  
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The ND1L fragment was inhibited by I8 to a similar extent as the wild type, 

suggesting that I8 bound ND1L and influenced the D1 activity. However, the Hill 

slope of -4 was unusually steep, indicating possible secondary effects like 

aggregation.  

2.3.4 Conformational changes in p97 or VPS4B upon I8 treatment 

The ATPase activity of p97 is coupled to different structural changes. One prominent 

feature is the up and down movement of the N-domains that correlates with ATP 

binding in D1 (Banerjee et al. 2016). While it is clear that movement and activity are 

linked, it is not known if the conformational state is a result of the activity or if i t 

controls the activity. Either way, this implies that inhibiting p97 with I8 or with other 

inhibitors may cause changes in the structure. We used limited proteolysis of p97 

and VPS4B to test this hypothesis (Figure 2.17). The ATPase was incubated with 

trypsin and aliquots were taken at different time points. For analysis of the digested 

fragments, these aliquots were separated with SDS-PAGE and stained with colloidal 

Coomassie. 
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Figure 2.17 Limited proteolysis of p97, ND1L or VPS4B with Trypsin 

10 µM of the indicated protein (A: p97; B: ND1L; C: VPS4B) was incubated with 
70 µM inhibitor and 7.5 ng/µl trypsin. Incubation temperature for p97 and VPS4B was 
30 °C, for ND1L 37 °C. After the indicated time, aliquots were taken, separated with 
SDS-PAGE and stained with colloidal Coomassie. 

Full length p97 (Figure 2.17 A) is readily degraded at 30 °C. An intermediate 

fragment at ~75 kDa build up during the first 15 minutes and was subsequently 

degraded to a ~55 kDa fragment. According to Magnaghi et al., this was an N-D1 

fragment. The addition of NMS-873 or I8 to p97 caused a stabilization of the high 

molecular weight fragment at ~75 kDa. Therefore, I8 and NMS-873 probably had a 

stabilizing effect on the D2 structure. Consistent with the stabilization, small 
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fragments in the running front were depleted. The stabilizations by the inhibitors 

could be a direct effect by masking cleavage sites or an indirect effect. In the latter 

case, a structural rearrangement might make the D2 domain more compact and less 

susceptible for trypsin digestion. 

In the case of the tryptic digestion of ND1L, a higher temperature (37°C) was needed 

to observe degradation (Figure 2.17 B). A relative stable fragment at ~24 kDa 

accumulated in the course of two hours. Addition of I8 had no effect on the 

degradation of ND1L. This can serve as a control that I8 does not inhibit trypsin 

activity. On the other hand, ATPγS stabilized ND1L efficiently, only a fragment of 

~5 kDa is lost after two hours.. It is known that ATPγS binding to D1 correlates to the 

up conformation of the N domains (Banerjee et al. 2016). Apparently, this also had 

protective effects against trypsin. 

VPS4B was very susceptible to the digestion at 30 °C (Figure 2.17 C). A big fraction 

of the protein is digested after 15 minutes. Two of the resulting smaller fragments 

(~40 kDa and ~38 kDa) were more stable. Addition of CHMP1B 106-199 (~15 kDa) 

delayed degradation of the full length protein and a third fragment at ~17 kDa was 

stabilized during the first 30 minutes. This fragment did not appear without CHMP1B 

106-199 and was stable during the remaining time course. The flexible linker 

between MIT and ATPase domain has a high content of lysines and therefore 

possible cleavage sites for trypsin. This offers an explanation for the fast digestion 

during the first 15 minutes. The activator CHMP1B 106-199 binds to the N-terminal 

MIT domain where it could shield otherwise accessible peptide bonds, explaining the 

new band at ~17 kDa. Another effect could be a stabilization of the linker region 

resulting in the delayed degradation of full length VPS4B. The addition of I8 had no 

visible effect on the stability of the proteins. 

We searched further for a possible mechanism of I8. In contrast to other AAA 

ATPases, p97 is known to form remarkably stable hexamers that form even in the 

absence of nucleotide or substrates. In vitro, 6 M urea is needed to disassemble p97 

(Wang et al. 2003). Because the monomers are inactive, disassembly by I8 may be a 

way of inhibition. To test the hypothesis, we conducted size exclusion 

chromatography with a 1:1 ration of p97:I8 (Figure 2.18). 
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Figure 2.18 Size exclusion chromatography of p97 with or without I8 
20 µM I8 or DMSO was added to 20 µM purified p97 and to the running buffer. The 
mixture was loaded onto a Superose 6 3.2/30 column. Protein was detected at 
280 nm. The flow rate was set to 0.04 ml/min.  

During a size exclusion chromatography, a change in size or even conformation 

should result in a peak shift. Besides a monomerization, also the formation of higher 

order assemblies could result in inactivity of the enzyme. No difference in elution 

volume was observed.  The difference in peak height is due to loading of the column. 

In these experiments, I8 did not show an influence on the p97 hexamer. 

2.4 The assembly of the ELDR components are not influenced by I8  

The ATPase p97 is involved in many different pathways. Papadopoulos et al. 

investigated the case of the endolysosomal damage response (ELDR) where we 

found p97 acting in concert with a distinct set of adaptors: YOD1 (a DUB), UBXD1 

and PLAA (Papadopoulos et al. 2017). The components act in an intermediate step 

of lysophagy: Before the damaged lysozyme can be degraded, the ELDR 

components turn over K48-linked ubiquitin chains. In immunofluorescence 

experiments, they were colocalizing on damaged lysosomes. In immunoprecipitation 

experiments from cell lysates, the components were also associated with each other. 

In the immunoprecipitation experiments however, PLAA was not found together with 

p97 wild type but with the dominant negative p97 B2 mutant that can bind ATP in D2 

but cannot hydrolyze it. The B2 mutant is known for this “trapping” effect.  

As a part of the study of the endolysosomal damage response, we wanted to 

reconstitute the complex in vitro. To this end, we expressed and purified the single 

components in bacteria or insect cells. We tested the binding of the ELDR 

components via a GST-pull down of recombinant ubiquitin. The protein was fused to 

a C-terminal GST tag that cannot be cleaved by deubiquitinases (Ub-GST). Two of 
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the ELDR components, YOD1 and PLAA, are already known to contain at least one 

ubiquitin binding site and could act as possible scaffolds (Mevissen et al. 2013; Fu et 

al. 2009). The proteins were incubated for 90 minutes at room temperature to avoid 

precipitation. After elution from beads with reduced glutathione, the proteins were 

analyzed with an SDS-PAGE and subsequent colloidal Coomassie staining (Figure 

2.19). 

  

Figure 2.19 The ELDR components can be reconstituted in vitro 

Pulldown of Ubiquitin-GST (Ub-GST) or GST with the different ELDR components 
(p97 12 µM; YOD1 8 µM; UBXD1 3 µM; PLAA 6 µM). The indicated proteins were 

incubated in buffer containing 2 mM ATP. Co‐isolated proteins were detected with 
colloidal Coomassie staining after SDS-PAGE. GST served as a pulldown control. 
P97 did not bind alone but together with YOD1 to Ub-GST. UBXD1 could also 
integrate into the complex. Only in the p97 B2 background, PLAA is associated with 
Ub-GST. 

p97 bound to Ub-GST together with YOD1, but not alone. UBXD1 was detected in 

the pulldown, too. In ITC experiments with the EDLR components performed in our 

lab, Daniel Grum found a change in stoichiometry if YOD1 and UBXD1 bind 

simultaneously to p97. The ratio p97:YOD1 was 6:6 and for p97:UBXD1 it was 6:3. 

But for the tertiary complex of p97:YOD1:UBXD1 it was found to be 6:3:3. 

Apparently, UBXD1 limits the YOD1 binding to p97. In this pulldown, this was 

reflected by the weaker band of YOD1 in the sample with UBXD1 compared to the 

one without UBXD1.  

We could show that the ELDR components can bind together to Ub-GST in vitro 

(Papadopoulos et al. 2017). A special case is PLAA: It was only associated with the 
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other components if the dominant negative p97 B2 mutant was used. We next asked 

if I8 could mimic or abrogate this “trapping” phenotype. We used the Ub-GST pull 

down in the same set up to test the hypothesis (Figure 2.20). 

 

 

Figure 2.20 The ELDR components assemble in presence of I8 
Pulldown of Ubiquitin-GST (Ub-GST) or GST with the different ELDR components 
(p97 8 µM; YOD1 8 µM; UBXD1 3 µM; PLAA 3 µM) with or without 10 µM I8. The 
indicated proteins were incubated in buffer containing 2 mM ATP. Co‐isolated 
proteins were detected with colloidal Coomassie staining after SDS-PAGE. GST 
served as a pulldown control. The use of p97 B2 results in a stronger pulldown and 
association of PLAA. No difference between the samples with or without I8 was 
observed. 

The pulldown showed again that the ELDR components were dependent on each 

other for binding to Ub-GST (compare Figure 2.20 and Figure 2.19). The weaker 

intensities in this experiment could result from the lower input levels of p97 (8 µM 

versus 12 µM), hinting at the hexamer as the central hub for the components. A 

higher efficiency of the pulldown with p97 B2 could be observed. I8 showed no 

influence on the complex of YOD1, UBXD1 and PLAA with either p97 wt or p97 B2. 

Therefore, I8 did not mimic the B2 “trapping” phenotype.  
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3 Discussion 

A general strategy to study cellular functions is the impairment of single proteins. The 

impairment can be achieved by DNA based techniques (RNAi and CRISPR/Cas) or 

small molecules. The latter can be used in in vitro experiments, offer a high 

penetrance of the cell population, and are fast acting. Furthermore, the inhibited 

protein may still interact with its partners, in contrast to the genetic techniques. The 

option to use inhibitors in the controlled environment of cell free assays adds to their 

great versatility. With their help, significant progress regarding the molecular 

mechanism of a complex enzyme like p97 or its contribution in the different cellular 

pathways becomes possible (Chou et al. 2014; Papadopoulos et al. 2017; van den 

Boom et al. 2016). Small molecules are therefore important complementary research 

tools (Weiss et al. 2007). A second property of high interest is their potential to be 

developed into drugs as happened in the development of proteasome inhibitors 

(Kisselev, Goldberg 2001). In this regard, inhibition of p97 can be used to target 

cancer cells addicted to the ubiquitin proteasome system (Luo et al. 2009). 

In this study, we describe the small molecule I8 as an inhibitor of p97. I will discuss 

potential binding sites and inhibitory mechanisms in p97 and also in the context of 

the related AAA+ ATPase VPS4B. Furthermore, the inhibition by I8 will be compared 

to the effects of other known inhibitors and possible effects on the inter- and intra-

domain communication in p97 will be discussed. 

3.1 I8 is a reversible, allosteric inhibitor of p97 

In cooperation with a private company, we received the new chemical compound I8 

that was found in a high throughput screening (HTS) against p97 ATPase activity. 

We set out to investigate its activity against p97 and confirmed an IC50 value in the 

low micromolar range (7 µM, Figure 2.2), in range of typical values of compounds 

found in HTS campaigns. Therefore, we wanted to study this compound in detail.  

A fundamental difference between inhibitors is whether they bind reversibly or 

irreversibly. We tested I8 in this regard by a serial dilution experiment. I8 does not 

contain a reactive electrophile so that we expected a reversible inhibition. As 

experimental conformation, we used a serial dilution assay. A reversible inhibitor can 

be removed by dilution which results in a regained specific activity. In line with our 

expectation, we determined the binding of I8 to be reversible. Reversible inhibition is 

usually favored over irreversible inhibition in drug development for several reasons: 

Although irreversible inhibitors can have high potencies and prolonged effects, their 
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off-target effects are considered more harmful than reversible inhibitors (Bauer 

2015). Additionally, irreversible inhibition can lead to immune-mediated toxicity 

(González‐Bello 2016). Reversible inhibition on the other hand can be used in chase 

experiments, an important aspect of versatile research tools.  

In our kinetics analysis, we determined a Hill-coefficient of h>2, showing cooperation 

in the p97 hexamer. Data from literature on this topic is ambiguous. Some studies 

support our observation (DeLaBarre et al. 2006; Magnaghi et al. 2013) and structural 

data show that arginine fingers interact with bound nucleotides in neighboring 

ATPase domains, giving a structural explanation for the cooperativity (DeLaBarre, 

Brunger 2003). In other studies however, no cooperativity was reported (Chou et al. 

2014; Her et al. 2016). In the latter cases however, endpoint activity assays were 

used. Therefore, the absence of the observed cooperativity might be an artifact 

maybe caused by product inhibition at low ATP concentrations. 

We carried out our initial characterization of I8 at high ATP concentrations and 

therefore under conditions of high competition. Still, the inhibitor showed good 

inhibitory effects, indicating a mechanism different from competitive inhibition. Our 

kinetics analysis of the inhibition of p97 by I8 shows that vmax is reduced and KM stays 

constant, suggesting a non-competitive mechanism (Figure 2.4). However, a direct fit 

of the kinetic data to a non-competitive model is not possible as the model does not 

account for the observed cooperativity. A non-competitive inhibitor can bind to the 

free enzyme or the enzyme substrate complex and does not influence the affinity 

between enzyme and substrate (in this case p97 and ATP). To further investigate the 

mechanism, we used anisotropy measurements of ATP-BODIPY and p97 to 

measure the affinity between p97 and the different nucleotides. In this experiment, 

we detect no change in affinities between p97 and ATP or ADP (Figure 2.5). This 

observation differs from the effect that was observed for the p97 inhibitor NMS-873 

(Magnaghi et al. 2013). In that case, the affinity between p97 and ADP was 

increased, indicating a different allosteric mechanism between I8 and NMS-873. Of 

note, our anisotropy measurements were conducted with full length p97 wild type. As 

the D1 domain shows dominant binding of nucleotides over the D2 domain, binding 

to D1 is predominantly assessed. To further investigate the hypothesis of non-

competitive inhibition, the effect of I8 on the nucleotide affinities towards the Walker 

A mutants of p97 can be measured in future experiments. 
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3.2 Important structural features of I8 

As an initial hit from an HTS campaign, I8 shows only moderate potency. Therefore, 

we wanted to improve the potency and selectivity of the molecule by probing the 

chemical space. In the scope of our structure-activity relationship (SAR) study of over 

90 derivatives, we show that the bisphenyl group in I8 is an important structural 

feature (Figure 3.1). The phenyl rings may mediate the binding with the protein by π-

interactions (Kozelka 2017). We show that the fluorination in the para-position 

elevates the potency of the inhibitor (comparing compound 41 and 42) but did not 

investigate the influence at the ortho- or meta-positions. Fluorine substituents are 

introduced for example to improve bioavailability and metabolic stability (Purser et al. 

2008). For in vitro studies however, different effects are important to be considered. 

Due to the high electron negativity of the fluorine, the benzyl rings are relatively 

electron poor. Consequently, interactions with electron rich areas at the protein 

surface could be strengthened. However, the bisphenyl group is also part of the 

antipsychotic drugs pimozide and fluspirilene (Figure 3.1).  

 

Figure 3.1 Structures of I8, pimozide and fluspirilene 
From left to right: I8, pimozide and fluspirilene. All three compounds contain the 
fluorinated bisphenyl group highlighted in blue. In the structure of I8, the numbering 
for the aromatic part of the tetrahydrocarbazole is given. 

Pimozide and fluspirilene were developed and used as dopamine receptor antagonist 

(Muscat et al. 1990; Wang 2002), but for both of them, a variety of targets are 

described, including the hERG K+ channel and the USP1/UAF1 complex (Kang et al. 

2000; Chen et al. 2011). The bisphenyl group itself may therefore provide limited 

selectivity. A secondary amine linker of defined length connects the bisphenyl group 

to the second prominent part of I8, a fluorinated tetrahydrocarbazole. Changes of the 

halite to positions 5 and 8 had only minor effects on the potency whereas a 

substituent at position 7 results in incomplete inhibition (Figure 2.6). Also the 

introduction of a second halite has only minor an effect on the potency. The fluorine 
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can be substituted with chlorine but the introduction of bigger groups like carbonyls is 

detrimental to the potency of I8. This could be a sign of steric limitations in a binding 

pocket. It may also provide an explanation why I8 does not compete with its 

rhodamine derivative (Figure 2.10): The rhodamine moiety is a substitute of the 

fluorine at the tetrahydrocarbazole and may prevent access to the binding pocket. 

3.3 I8 inhibits VPS4B, but not NSF or proteasomal ATPases 

Alina Dressler in our group observed a high toxicity of I8 compared with NMS-873 in 

MTS assays in HeLa cells. There, cell viability was markedly reduced by I8 already 

after 5 hours. We considered this fast toxicity as an indication that p97 is not the only 

target of inhibition, as the p97 inhibitor NMS-873 showed effects only after 24 hours. 

Grzegorz Dobrynin in our group conducted a selectivity test in a reporter cell line that 

helps differentiate between inhibition of p97 and inhibition of the proteasome. The 

cell line expresses two substrates, Ub-GFP and ODD-luciferase that are both 

degraded in the proteasome, but only Ub-GFP in a p97 dependent manner. Ub-GFP, 

but not ODD-luciferase was stabilized by I8. Thereby, Grzegorz Dobrynin showed 

that I8 does not inhibit the proteasome and we excluded that the observed toxicity 

arises from proteasome inhibition. Both assays by Alina Dressler and Grzegorz 

Dobrynin were conducted in a cell based system. They demonstrate the 

advantageous straightforwardness of assays based on the inhibition by small 

molecules compared with genetic techniques. 

DBeQ was the first described compound that reversibly inhibited the ATPase activity 

of p97 by competition with ATP (Chou et al. 2011) and was used thereafter in 

different studies (for example Haines et al. 2012; Watkinson et al. 2013; Fang et al. 

2015b). However, DBeQ was later found to also inhibit the p97-related AAA+ ATPase 

VPS4B (Magnaghi et al. 2013). Hence, we tested I8 against other AAA+ ATPases to 

further explore its specificity. I8 has negligible activity against the AAA+ ATPase NSF 

but shows high potency against VPS4B, whereas NMS-873 shows no activity 

towards both ATPases. Off-target effects of DBeQ and I8 could explain their high 

toxicity in the MTS assay. Importantly, I8 and DBeQ are structurally unrelated and 

have distinct mechanisms according to the kinetics analysis. Nevertheless, they are 

both ineffective against NSF and the proteasome and inhibit VPS4B and p97). The 

overlap of the activities of I8 and DBeQ might stem from the fact that both inhibitors 

are active against the D1 and D2 domain of p97 as D2 selective compounds do not 

inhibit VPS4B (Magnaghi et al. 2013; Chou et al. 2014). 
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VPS4 is an interesting target for small molecule inhibitors, since it is the only 

mechanoenzyme in the ESCRT pathway. Therefore, I8 could provide a viable way to 

inhibit the pathway or more specifically the formation of intraluminal vesicles. 

Inhibition of VPS4 has a potential for cancer treatment as the ESCRT pathway is 

associated with tumorigenesis (Mattissek, Teis 2014). However, the role of VPS4 in 

tumorigenesis is not clear: Low levels of VPS4B are connected to higher malignancy 

of breast cancer cells, possibly by elevated growth factor signaling (Lin et al. 2012). 

On the other hand, VPS4 is involved in the final steps of cytokinesis and VPS4 

activity is connected to proliferation signaling (Davies et al. 2011). Therefore, VPS4 

inhibition by a small molecule could have positive or negative effects on tumor growth 

and survival. Another pathologically relevant function of the ESCRT pathway is its 

association with viral infection. For example, some viruses require formation of MVBs 

for infection, and this formation requires VPS4B activity (Pasqual et al. 2011). 

Furthermore, the ESCRT machinery is used by enveloped viruses like Ebola for 

release of virions from the cell membrane (Li, Blissard 2012). Therefore, inhibition of 

VPS4 may prevent spreading of certain viral infections. 

 

3.4 Where is the binding site of I8? 

3.4.1 Coarse-grained views on effects of I8 binding 

We demonstrate that inhibition by I8 and NMS-873 results in a similar protection of 

the D2 domain against trypsin digestion (Figure 2.17). In line with its higher potency, 

the effect is more pronounced for NMS-873. The experiment implicates a more 

compact D2 domain upon I8 binding, and this might influence cofactor binding. 

However, we detected no evidence for a change in the composition of the ELDR 

components UBXD1, YOD1 and PLAA in presence of the inhibitor (Figure 2.20). Of 

note, the protective effect of the inhibitors against tryptic digestion can be indirect, as 

inter- and intra-domain communications within the hexamer exist. Thus, inhibitor 

binding in D1 could result in protective changes in D2.  

In further limited proteolysis experiments, we show that the digestion of the ND1L 

fragment is not influenced by I8 but depends on the nucleotide state (Figure 2.17). 

Even without nucleotide, ND1L is very stable against digestion. Addition of ATPγS 

forces the N domains into the up conformation (Banerjee et al. 2016) and 

concomitantly the resistance against trypsin is increased, possibly by masking 

otherwise accessible lysine or arginine residues. A protective effect of I8 on ND1L 
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against limited proteolysis could be obscured by different reasons. First, the ND1L 

fragment is already quite stable, even before addition of I8. It is possible that this 

stability cannot be further increased or the increase cannot be resolved in this assay. 

The second reason is that I8 may only bind to the D2 domain, which is absent in the 

ND1L fragment. This is implicated by the binding sites of the other known allosteric 

p97 inhibitors NMS-873 and UPCDC30245 in the D2 domain (see 3.4.2 and 3.5). 

However, a discrimination of I8 between the two ATPase domains of p97 seems 

unlikely because I8 also targets VPS4B, and the VPS4B ATPase domain is 

structurally homologous to both ATPase domains in p97. Moreover, I8 cannot 

stabilize VPS4B in our limited proteolysis experiments. Thus, in this experiment, 

VPS4B resembles ND1L. I8 might therefore not be a domain selective inhibitor in 

regard to p97, similar to DBeQ (see 3.3). 

Interestingly, our data regarding inhibition of ND1L by I8 is ambiguous. The decline in 

activity happens over a very small inhibitor concentration range of only ~10 µM, 

hinting at some unusual kind of inhibition (Figure 2.16). Usually, this interval spans 

around two orders of magnitude (Auld et al. 2012). A possible explanation for the 

rapid decline could be an increased aggregation rate of ND1L in presence of I8 

compared to full length p97. The higher susceptibility of aggregation of ND1L would 

then be caused by the truncation of the D2 domain since we detect no aggregation of 

full length p97 in size exclusion chromatography in presence of I8. Furthermore, the 

B2 mutant but not the B1 mutant of p97 shows a slight resistance against I8 

inhibition. Taken together, these results indicate that I8 likely targets the activity in 

both ATPase domains, possibly with a preference for the D2 domain. 

3.4.2 Narrowing down a possible binding site 

The inhibition of p97 and VPS4B by I8 results in the same changes in the kinetics 

parameter (a reduced vmax and constant KM, Figure 2.4). We therefore reason that a 

similar mechanism with homologous binding sites might exist in p97 and VPS4B. We 

have no compounds available to test a direct binding to p97, but an azido derivative 

of I8 was successfully crosslinked to VPS4B. Subsequently, we identified a modified 

peptide by mass spectrometry in collaboration with AG Kaiser. To confirm the binding 

site, we mutated residues in the peptide and in a neighboring helix based on docking 

simulations (Figure 2.12). In most cases the point mutations rendered the protein 

inactive. This prevented the assessment of a possible lower potency of I8 against 

these mutants that would indicate a loss of binding. However, two mutants with 
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mutations in the neighboring, upper helix were active and inhibited with the same 

potency as the wild type. We therefore excluded this helix as part of the binding site. 

The modified VPS4B peptide we found in the MS analysis is located in the ATPase 

domain of VPS4B and comprises glycine 271. Glycine 271 is the structural homolog 

of histidine 340 in p97 D1 and asparagine 616 in p97 D2 (Figure 3.2 A+B). In the 

type II AAA+ ATPase NSF, the homolog amino acids to glycine 271 are asparagine 

366 in D1 and lysine 639 in D2 (Figure 3.2 C+D). The alignments of the modified 

peptide with the ATPase domains of p97 and NSF show that it has higher homology 

with the p97 D2 and NSF D1. This correlates with the attribution that the NSF D1 and 

p97 D2 domains are the active ATPase domains of the respective enzyme. 

Therefore, I8 might preferentially bind in the active ATPase domain. Furthermore, the 

homologue residues of p97 and NSF are asparagines and spatially more extensive 

than the glycine in VPS4B and could introduce steric limitations that may explain the 

reduced potency of I8 towards NSF and p97 compared with VPS4B. 

  

Figure 3.2 Structural alignment of the ATPase domain of VPS4B to the 
ATPase domains of p97 and NSF 
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The ATPase domain of VPS4B (blue, pdb 2zao) is aligned to A) p97 D1 (cyan, pdb 
5ftk) B) p97 D2 (teal, pdb 5ftk) C) NSF D1 (light green, pdb 3j95) D) NSF D2 (dark 
green, pdb 3j95). The homologue amino acids to VPS4B glycine 271 (red) are shown 
in orange in stick representation. The pore is located at the top in all pictures. 

The homology between glycine 271 in VPS4B and asparagine 616 in p97 provides a 

connection to the inhibitor NMS-873. Asparagine 616 was found crosslinked to an 

azido derivative of NMS-873. Subsequently, the azido derivative was modeled into 

the D1-D2 interface of two neighboring p97 subunits (Magnaghi et al. 2013). Mapping 

the modified peptide we found to p97 D2 reveals an overlap with the binding site of 

NMS-873 (Figure 3.3 B). Therefore, the binding sites of the two inhibitors may be in 

the same area. However, NMS-873 does not inhibit VPS4B (Magnaghi et al. 2013). 

This implicates that although I8 and NMS-873 may share partially their binding sites, 

they are different enough so that I8 can additionally bind and inhibit VPS4B. 

Intriguingly, the structure of the inhibitor UPCDC30245 bound to the p97 D2 domain 

showed that asparagine 616 is also involved in the binding of UPCDC30245, 

providing  hydrophobic interactions for the inhibitor (Figure 3.3 B).  

 

 

Figure 3.3 Binding sites of three different inhibitors 

A 

B 

ND1L 

D2 
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A) Overview of the whole p97 hexamer in the same orientation as in B). Two ND1L 
fragments are removed to show the D2 ring. ND1L in cyan, D2 in gray. A single D2 
protomer is highlighted in dark grey (pdb 3cf3). B) Zoom in on the highlighted D2 
domain from A). Peptides found in the MS analysis are shown in blue for I8 (peptide 
602-634) and in yellow for NMS-873 (peptide 609-638, Magnaghi et al. 2013). 
According to a docking simulation, additional interactors are found in the D1 domain 
(N460 and L463, not shown). The interaction sites of UPCDC30245 are shown in 
cyan according to  Banerjee et al. 2016. Asparagine 616 (red) is part of all three 
patches. 

UPCDC30245 binds via a fluorinated indole group. Superposition of the inhibitor 

bound state with the ATPγS bound state (without inhibitor) showed steric clashes in 

the inhibitor binding pocket. The authors concluded that thereby UPCDC30245 

prevents the exchange of nucleotides during the ATPase cycle (Banerjee et al. 

2016). Of note, the indole structure of UPCDC30245 is also part of the 

tetrahydrocarbazole of I8 (Figure 3.4) and we show that the tetrahydrocarbazole is an 

important moiety of I8 (see 3.2). 

 

Figure 3.4 Structures of I8 and UPCDC30245 
Structure of I8 (left) and UPCDC30245 (right). The common structural feature is 
highlighted in blue. 

Considering the similarities in the structures of UPCDC30245 and I8 and the 

homology between glycine 271 and asparagine 616, their binding sites may be also 

similar. The electronegativity of the fluorine or other substituents was shown to be 

important contributors for the binding of UPCDC30245. For example, also bigger 

substituents like a nitro-derivative showed high potency (Alverez et al. 2015). Thus, 

steric limitations seem to be only a minor concern, contrary to our observations for I8. 

To further clarify the extent of the similarity between I8 and UPCDC30245, the 

inhibitory effect of the latter towards VPS4B could be tested. A high potency towards 

VPS4B may further hint at a similar binding site. 
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3.5 A common inhibitory mechanism of different inhibitors? 

We compared the inhibition by I8 with inhibition by the commercially available 

inhibitors NMS-873 and CB-5083. For NMS-873, the binding site and a resistant p97 

mutant are known. However, this NMS-873 insensitive N616F mutant was only 

tested in vitro. There, the enzymatic activity was slightly elevated but not as strong as 

in other mutations that result in a 2-3 fold increase in activity (Magnaghi et al. 2013; 

Tang, Di Xia 2013). These mutations cause a gain-of-function of p97 activity that 

leads to the late-onset disease MSP1. Therefore it could be reasoned that also the 

N616F mutation may not result in an immediate defect of cellular p97 function. 

Interestingly, we show that not only I8 is less effective against p97 N616F but also 

the inhibitor CB-5083 is 20 times less potent against the mutant (Figure 2.9). Like 

NMS-873, CB-5083 is D2 specific. However, CB-5083 shows competitive behavior 

with ATP at the D2 domain whereas NMS-873 acts allosterically and  prevents the 

release of ADP from D2 (Magnaghi et al. 2013; Anderson et al. 2015; Zhou et al. 

2015). Considering these data, a common binding site appears unlikely. One 

explanation why the p97 N616F mutant shows resistance against CB-5083 is that the 

p97 N616F mutant may have an altered intra- or inter-subunit communication that 

leads to a loss of efficacy of CB-5083. Magnaghi et al. suggested that NMS-873 

disrupts the inter-protomer motion transmission, resulting in impaired hydrolysis. 

Besides preventing the binding of NMS-873, the N616F mutation may have a 

strengthening effect on the connection between the subunits. Thereby, the N616F 

mutation could elevate the catalytic efficiency. In this case, CB-5083 and I8 can still 

bind and compete with the nucleotide, but the stronger connection between the 

protomers could diminish the inhibitory potency of the inhibitors.  

A similar idea was suggested for the A530T mutation in p97. This particular mutation 

was found in cells resistant to NMS-873. Subsequently, it was found that NMS-873 

still binds to purified p97 A530T. Consistently, the mutant is still inhibited by 

NMS-873 although less potently by a factor of four. Additionally, p97 A530T has a 

higher catalytic efficiency compared to wild type p97 and associates stronger with 

certain cofactors like UFD1-NPL4. It was suggested that the mutant circumvents the 

inhibitory effect of NMS-873 due to its more “robust” activity (Her et al. 2016). 

How could the connection or communication between subunits be strengthened in 

the p97 N616F mutant? Asparagine 616 is located in a turn within a stretch of amino 
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acids that connect the sensor I region and the ISS (inter-subunit signaling) motif 

(Figure 3.5).  

 

Figure 3.5 Communication network between two neighboring D2 domains 
View on two neighboring D2 domains in light and dark shades of grey (left and right, 
respectively) from the outside of the hexamer (pdb 5ftk). Marked amino acids are part 
of the ISS motif (aspartate 609, yellow), the sensor I region (asparagine 624, 
orange), or the arginine finger (arginine 635, cyan and arginine 638, green). 
Asparagine 616 is marked in red. ADP is shown in blue.  

The ISS motif coordinates the arginine finger that reaches into the nucleotide binding 

pocket of the neighboring protomer while the sensor I interacts with the 

ATP γ-phosphate of its own protomer (Davies et al. 2008; Huang et al. 2012). 

Mutation to phenylalanine might cause a repositioning of the two elements, resulting 

in a changed inter-protomer communication and possibly in the reduced susceptibility 

to the inhibitors, as described above. However, structural data would be needed to 

confirm this hypothesis. 

3.6 Future development of inhibitors  

Our study revealed interesting new insights into the regulatory mechanisms in the 

p97 hexamer, for example regarding the communication between D2 domains. 

However, the comparison of the compound I8 with the optimized inhibitors CB-5083, 

NMS-873, and UPCDC30245 shows that it is less potent. So far, only the DBeQ 

derivative CB-5083 showed drug-like pharmacokinetics and -dynamics and is tested 

in clinical trials (Anderson et al. 2015). Additionally, recent studies support the notion 

that MSP1 mutations result in a gain of function of p97 (Zhang et al. 2017; Blythe et 
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al. 2017). Therefore, p97 inhibitors could also be used as treatments against this 

degenerative disease. 

Importantly, I8 is the first described allosteric inhibitor of VPS4B and already more 

potent towards VPS4B than towards p97. By further iterations of the inhibitor, the 

selectivity could maybe be improved. Similar to the p97 inhibitors, such a potent 

VPS4B inhibitor can be used as a lead structure for drug development (see 3.3), but 

also as a research tool. For example, unresolved questions that could be addressed 

involve how the VPS4 activity of coordinated with the membrane remodeling by 

ESCRT-III proteins and what the role of VPS4 is in the final scission steps of vesicle 

formation besides recycling of ESCRT-III proteins. Furthermore, cell based studies 

would not have to rely on overexpression of dominant negative mutants or 

downregulation of endogenous VPS4 if an inhibitor is available.  

Another point that can be addressed in the future development of new p97 inhibitors 

is their domain specificity. The potent inhibitors NMS-873, CB-5083, and 

UPCDC30245 all target the D2 domain (Magnaghi et al. 2013; Anderson et al. 2015; 

Banerjee et al. 2016). Activity and unfolding measurements showed that ATP 

hydrolysis in D2 is higher compared to D1. Furthermore, hydrolysis in D2 but not D1 

is needed for unfolding activity (Chou et al. 2014; Blythe et al. 2017; Bodnar, 

Rapoport 2017). By using full length p97 during the search for and development of 

inhibitors, a bias towards the D2 domain may be introduced. Therefore, in the 

development of new molecules, the focus could lie on the ND1L fragment of p97. In 

this approach to p97 inhibition, the modulation of the p97 regulation instead of simple 

ATPase inhibition could be preferentially targeted. 

The important regulatory function of the ND1L part of p97 is demonstrated by its role 

as the main interaction site with the cofactors. The cofactor binding can influence the 

conformational status of the hexamer and directly or indirectly influence the activity of 

the hexamer (Niwa et al. 2012; Banerjee et al. 2016; Trusch et al. 2015). Conversely, 

nucleotide binding is connected to the differential association of cofactors (Chia et al. 

2012; Bulfer et al. 2016). Interestingly, the MSP1 mutants cluster in the ND1L 

fragment and some show deviations in the cofactor association (Ritz et al. 2011; 

Chou et al. 2014). An inhibitor targeting either D1 activity or cofactor binding might 

therefore provide interesting new insights into the regulatory communication in the 

hexamer and also in the interaction with cofactors. The interaction with cofactors 

could also be targeted as a way to develop pathway-specific inhibitors. For example, 



Discussion 

73 

the disease associated functions of p97 in cancer or in MSP1 are usually affecting 

the degradation pathways but not the membrane dynamics (Meyer, Weihl 2014). 

Thus, the tolerance for a possible treatment may increase with a more precise 

approach of inhibition.  
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4 Material and methods 

4.1 Cloning 

The PCR reactions for generating different mutants were done using PfuUltra II 

Fusion HS DNA Polymerase (Agilent Technologies). The composition of the general 

reaction mixture is given in Table 4.1. 

Table 4.1 Reaction mixture for site directed mutagenesis 

H2O 37.5 µl 

10x PfuUltra II reaction buffer 5 µl 

dNTP mix (10 mM each dNTP) 3 µl 

forward primer (10 µM) 1 µl 

reverse primer (10 µM) 1 µl 

template (10 ng/µl) 2.5 µl 

PfuUltra II Fusion HS DNA Polymerase 0.5 µl 

Total reaction volume 50 µl 

 
The general PCR program for the amplification is given in Table 4.2. 

Table 4.2 General PCR program for site directed mutagenesis. 

TM1 denotes the melting temperature of one half of the primer, TM2 the melting 
temperature of the whole primer. 

 Temperature Time  

Initial Denaturation 95 °C 3 min  

Denaturation 95 °C 30 s 

10 cycles Annealing TM1-5 °C 1 min 

Elongation 72 °C 8 min 

Denaturation 95 °C 30 s 

20 cycles Annealing TM2 -5°C 1 min 

Elongation 72 °C 8 min 

Final elongation 72 °C 7 min  

Storage 15 °C paused  

 
For purification of PCR products, the NucleoSpin® Gel and PCR Clean-up kit 

(Macherey-Nagel) was used according to the manufactures instructions. The 

plasmids were amplified by transformation of chemically competent E. coli strains 

DH5α or XL1-blue. Transformation was done by heat shock. 50 µl of bacterial 

suspension was mixed with 1 µl plasmid DNA. After 10 min incubation on ice, the 

bacteria were incubated for 45 s in a water bath at 42 °C. Afterwards, the bacteria 
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were incubated again for 10 min on ice. 800 µl TB media was added before 1 h 

incubation at 37 °C at 300 rpm. Purification of plasmid DNA from E.coli was done 

with the NucleoSpin® Plasmid kit (Macherey-Nagel) according to the manufactures 

instructions. The purified DNA was verified by sequencing (Microsynth or GATC 

Biotech).  Used plasmids are given in Table 4.3. 

Table 4.3 DNA constructs used in this study 

name insert source species tag vector Code 

YOD1-His YOD1 D. Grum, Essen human His pET41b+ 698 

His-PLAA PLAA D. Grum, Essen human His pFL 707 

His-p97 p97 D. Grum, Essen human His pET15b 708 

UBXD1-His UBXD1 D. Grum, Essen human His pET41b+ 715 

pETUbV-GST Ubiquitin H.Meyer, New Haven mouse GST pET23a+ 928 

pQE9.NSF NSF Alan Morgan, Liverpool hamster His pQE9 54 

VPS4A VPS4A Phyllis I. Hanson, St. Louis mouse His pEt28a 716 

VPS4B VPS4B Phyllis I. Hanson, St. Louis mouse His pEt28a 717 

CHMP1B106-199 CHMP1B Phyllis I. Hanson, St. Louis mouse His pEt28a 718 

His-VPS4B H3A VPS4B this study mouse His pET28a 1009 

His-VPS4B L4A VPS4B this study mouse His pET28a 1010 

His-VPS4B K217A VPS4B this study mouse His pET28a 1040 

His-VPS4B N218A VPS4B this study mouse His pET28a 1041 

His-VPS4B Q221A VPS4B this study mouse His pET28a 1042 

His-VPS4B R224A VPS4B this study mouse His pET28a 1043 

His-VPS4B V260A VPS4B this study mouse His pET28a 1044 

His-VPS4B Q261A VPS4B this study mouse His pET28a 1045 

p97 RH p97 this study human His pET15b 780 

p97 A1 p97 this study human His pET15b 781 

p97 B1 p97 this study human His pET15b 782 

p97 A2 p97 this study human His pET15b 783 

p97 B2 p97 D. Grum, Essen human His pET15b 784 

p97 His-ND1L p97 this study human His pET15b 938 
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4.2 Expression and purification of recombinant proteins 

All proteins were snap frozen and stored at -80°C after purification. YOD1-His was 

expressed and purified by Daniel Grum. 

4.2.1 Protein expression and purification from E. coli 

For bacterial expression of recombinant proteins, either E. coli strains Rosetta2 

(DE3) or SoluBL21 (DE3) were transformed and grown in TB media. The chemically 

competent bacteria were transformed with the appropriate plasmid (Table 4.3) via 

heat shock and grown to an OD600 of ~0.8 at 37 °C. Expression was induced with 

0.4 mM IPTG and the bacteria were grown over night at 18 °C. The bacteria were 

centrifuged for 15 min at 4 °C and 3900 x g. The pellet was resuspended to a final 

volume of ~70 ml lysis buffer (50 mM HEPES pH 7.4, 150 mM KCl, 5 mM MgCl2, 5 % 

Glycerol, 20 mM imidazole for His-tagged proteins) per pellet from 1 l medium. The 

pellet was stored at -80 °C or directly used to purify the protein. 

4.2.1.1 His-p97 (wild type and mutants) 

The pellet was resuspended in lysis buffer or thawed. After addition of DTT (0.5 mM), 

PMSF (0.1 mM), ATP (2mM) and Lysozyme, the mixture was stirred for 20 min at 

4°C. Cells were lysed on ice via sonication with 5x30 s pulses with 30 s breaks 

(Bandelin Sonoplus, TT13). After three pulses, Triton X-100 was added to 0.1 %. 

Lysed cells were centrifuged for 45 min at 35,000 x g. The supernatant was filtered 

through a 0.8 µm filter and loaded onto a 5 ml HisTrap FF crude column (GE 

Healthcare) at ~2 ml/min. Next, the column was washed with 300 ml lysis buffer and 

eluted directly on a HiTrap Q HP 5 ml column (GE Healthcare) with 25 ml lysis buffer 

containing 300 mM imidazole. The anion exchange column was washed with 25 ml 

IEX buffer A (20 mM HEPES pH 7.2, 25 mM KCl, 5 mM MgCl2, 5 % Glycerol). Ion 

exchange chromatography was performed using elution with a gradient from 30 % to 

70 % IEX B (as IEX A, but 1 M KCl) over 5 column volumes and 1 ml/min on an 

ÄKTApurifier UPC10 (GE Healthcare). The elution of protein was monitored with UV 

absorption at 280 nm.  The peak fractions were pooled and concentrated with a 

100 kDa cut-off centrifugal concentrator (Sartorius). 

4.2.1.2 His-VPS4B (wild type and mutants) 

The pellet was resuspended or thawed and DTT (0.5 mM), PMSF (0.1 mM), ATP 

(2 mM) and Lysozyme added. The mixture was stirred for 20 min at 4°C. Cells were 

lysed on ice via sonication with 5x30 s pulses with 30 s breaks (Bandelin Sonoplus, 
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TT13). After three pulses, Triton X-100 was added to 0.1 %. Lysed cells were 

centrifuged for 45 min at 35,000 x g. The supernatant was filtered through a 0.8 µm 

filter and loaded onto a 5 ml HisTrap FF crude column (GE Healthcare) at ~2 ml/min. 

Next, the column was washed with 300 ml lysis buffer, 50 ml lysis buffer containing 

2 mM ATP and finally equilibrated with 50 ml IEX A (20 mM HEPES pH 7.2, 25 mM 

KCl, 5 mM MgCl2, 5 % Glycerol). The proteins were eluted directly on a HiTrap SP 

HP 5 ml column (GE Healthcare) with 25 ml IEX A containing 300 mM imidazole. The 

cation exchange column was washed with 25 ml IEX buffer A.  Ion exchange 

chromatography was performed using elution with a step from 0 % to 40 % IEX B (as 

IEX A, but 1 M KCl) with 4 column volumes at 40 %. Flow rate was 1 ml/min on an 

ÄKTApurifier UPC10 (GE Healthcare).  The elution of protein was monitored with UV 

absorption at 280 nm.  The peak fractions were pooled and concentrated with a 

10 kDa cut-off centrifugal concentrator (Sartorius).  

4.2.1.3 His-CHMP1B 106-199 

The pellet was resuspended or thawed and PMSF (0.1 mM) and Lysozyme added. 

The mixture was stirred for 20 min at 4°C. Cells were lysed on ice via sonication with 

5x30 s pulses with 30 s breaks (Bandelin Sonoplus, TT13). Lysed cells were 

centrifuged for 45 min at 35,000 x g. The supernatant was filtered through a 0.8 µm 

filter and loaded onto a 5 ml HisTrap FF crude column (GE Healthcare) at ~2 ml/min. 

Next, the column was washed with 300 ml lysis buffer and equilibrated with 50 ml IEX 

A (20 mM HEPES pH 7.2, 25 mM KCl, 5 mM MgCl2, 5 % Glycerol). The protein was 

eluted directly on a HiTrap Q HP 5 ml column (GE Healthcare) with 25 ml lysis buffer 

containing 300 mM imidazole. The anion exchange column was washed with 25 ml 

IEX buffer A (20 mM HEPES pH 7.2, 25 mM KCl, 5 mM MgCl2, 5 % Glycerol). Ion 

exchange chromatography was performed using gradient elution at 1 ml/min on an 

ÄKTApurifier UPC10 (GE Healthcare).  However, the protein eluted late at 100 % IEX 

B. The elution of protein was monitored with UV absorption at 280 nm.  The peak 

fractions were pooled and concentrated with a 100 kDa cut-off centrifugal 

concentrator (Sartorius).   

4.2.1.4 UBXD1-His 

The chemically competent bacteria were transformed with construct 715 via heat 

shock and grown to an OD600 of ~2 at 37 °C. Expression was induced with 0.4 mM 

IPTG and the bacteria were grown over night at 18 °C. The bacteria were centrifuged 

for 15 min at 4 °C and 3900 x g. The pellet was resuspended to a volume of ~70 ml 
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lysis buffer (50 mM HEPES pH 7.4, 150 mM KCl, 5 mM MgCl2, 5 % Glycerol, 20 mM 

imidazole) per pellet from 1 l medium. After addition of DTT (0.5 mM), PMSF 

(0.1 mM) and Lysozyme, the mixture was stirred for 20 min at 4°C. Cells were lysed 

on ice via sonication with 5x30 s pulses with 30 s breaks (Bandelin Sonoplus, TT13). 

The lysed cells were centrifuged for 45 min at 35,000 x g. The supernatant was 

filtered through a 0.8 µm filter and loaded onto a 5 ml HisTrap FF crude column (GE 

Healthcare) at ~2 ml/min. Next, the column was washed with 300 ml lysis buffer and 

equilibrated with 50 ml IEX A (20 mM HEPES pH 7.2, 25 mM KCl, 5 mM MgCl2, 5 % 

Glycerol). The protein was eluted with 25 ml lysis buffer containing 300 mM 

imidazole. After 1:1 dilution with IEX A, the solution was loaded on a 5 ml HiTrap Q 

HP column (GE Healthcare). The anion exchange column was washed with 25 ml 

IEX A. Ion exchange chromatography was performed using elution with a gradient 

from 45 % to 100 % IEX B (as IEX A, but 200 mM KCl) over 100 ml and 1.5 ml/min 

on an ÄKTApurifier UPC10 (GE Healthcare). The elution of protein was monitored 

with UV absorption at 280 nm.  The peak fractions were pooled and concentrated 

with a 10 kDa cut-off centrifugal concentrator (Sartorius).  

4.2.1.5 His-NSF 

The pellet was re-suspended in lysis buffer (100 mM HEPES pH 7.0, 500 mM KCl, 

5 mM MgCl2, 5 mM ATP, 2 mM DTT, 0.1 % Triton X-100). After addition of Roche 

complete EDTA-free protease inhibitor and Lysozyme, the mixture was stirred for 

30 min at 4°C. Cells were lysed on ice via sonication with 4x30 s pulses with 30 s 

breaks (Bandelin Sonoplus). The lysed cells were centrifuged for 30 min at 

35,000 x g. The supernatant was loaded onto a Ni-TED (Machery-Nagel) column via 

gravity flow. After washing (20 mM HEPES pH 7.0, 500 mM KCl, 1 mM MgCl2, 

0.5 mM ATP, 2 mM DTT, 10 % glycerol, 0.1 % Triton X-100, Roche complete EDTA-

free protease inhibitor), the protein was eluted with washing buffer containing 

250 mM imidazole. The eluted protein was concentrated and further purified via size 

exclusion chromatography. The concentrate was loaded onto a Superose 6 

10/300 GL column that was equilibrated with running buffer (20 mM Hepes 7.4, 

150 mM KCl, 1mM MgCl2, 5% Glycerin, 1 mM DTT). The pooled fractions were 

concentrated with a 10 kDa cut-off centrifugal concentrator (Sartorius). 

4.2.1.6 Ub-GST 

The chemically competent bacteria were transformed with construct 928 via heat 

shock and grown to an OD600 of ~0.7 at 37 °C. Expression was induced with 0.4 mM 
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IPTG and the bacteria were grown for 4h at 30 °C. The bacteria were centrifuged for 

15 min at 4 °C and 3900 x g. The pellet was resuspended in ~70 ml lysis buffer 

(50 mM HEPES pH 8.0, 150 mM KCl, 5 mM MgCl2, 5 % Glycerol, 20 mM imidazole) 

per pellet from 1 l medium. After addition of Lysozyme, the mixture was stirred for 

30 min at 4°C. Cells were lysed on ice via sonication with 5x30 s pulses with 30 s 

breaks (Bandelin Sonoplus, TT13). The lysed cells were centrifuged for 30 min at 

35,000 x g. The supernatant was filtered through a 0.8 µm filter and loaded onto a 

5 ml HisTrap FF crude column (GE Healthcare) at ~1.5 ml/min. Next, the column was 

washed with 100 ml lysis buffer and elutes with 20 ml containing 300 mM imidazole 

and 1 mM DTT. The elution was loaded on a 5 ml GSTrap FF (GE Healthcare) with a 

flow rate of 0.5 ml/min and washed with 150 ml buffer. The protein as eluted with 

40 ml buffer containing 20 mM GSH and 2 mM DTT. Finally, the eluate was loaded 

onto a HiTrap Q HP 5 ml column (GE Healthcare) and the flow through collected. 

The flow through was concentrated with a 10 kDa cut-off centrifugal concentrator 

(Sartorius). 

4.2.2 Protein expression and purification from insect cells with the 

baculovirus system 

4.2.2.1 His-PLAA 

The full length PLAA protein could not be expressed solubly in E. coli. Therefore, we 

used a baculovirus expression vector system, MultiBac, to express PLAA (Bieniossek 

et al. 2008). Chemically competent E. coli DH10 EMBacY were transformed via heat 

shock with the pFL plasmid (Table 4.3) and plated on TB agar containing 50 μg/ml 

kanamycin, 10 μg/ml tetracycline, 7 μg/ml gentamycin, 40 μg/ml IPTG and 100 μg/ml 

X-Gal. The PLAA coding sequence was integrated into the bacmid via Tn7 

transposition. Selection for a successful integration was done with a blue/white 

screen. Integration disrupts a lacZ gene so that colonies with successful integration 

remain white after 48h. Single positive clones were picked and grown in selective TB 

medium containing 50 μg/ml kanamycin, 10 μg/ml tetracycline and 7 μg/ml 

gentamycin. For purification of the bacmid, cells were lysed with the NucleoSpin® 

Plasmid kit (Macherey-Nagel). After centrifugation, the DNA in the supernatant was 

precipitated with 50% isopropanol at -20 °C over night and centrifuged. The pellet 

was washed with 70 % ethanol and resuspended gently in 40 µl sterile TE buffer. 

S. frugiperda Sf9 cells (Invitrogen) were seeded and maintained in Sf900TM
 III serum 

free medium (Gibco) in suspension culture at 27 °C according to the supplier’s 
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instructions. For transfection, Sf9 cells were seeded in 30 mm diameter wells (6 well 

plate, 1x106 cells per well). FuGene HD transfection reagent (Promega) was used 

according to the manufactures instructions with 5 µl reagent and 20 µl bacmid DNA in 

200 µl medium. The adherent cells were incubated for four days at 27 °C. Besides 

the recombinant protein PLAA, the bacmid codes for YFP under a late promoter. 

Therefore, after at least 72 h, transfection and viral production can be controlled with 

a fluorescent microscope. For the first virus amplification, 1x107 cells were seeded 

into a 10 cm dish. The complete content of a 6 well was transferred to the 10 cm dish 

to infect the cells. The dish was incubated for four day at 27 °C. Virus generation V1 

and V2 were done in 50 ml suspension culture. The cultures were incubated for four 

days between virus propagation. 2 ml of the supernatant was used to infect 5x107 

cells. V0 and V1 were stored with 5% FCS ate 4 °C in the dark. For the final 

expression, the complete supernatant of V2 was used to infect 1×106 cells/ml in 1 l 

medium. The cells were incubated for four days at 27 °C in the dark at 115 rpm. Cells 

were harvested by 15 min centrifugation at 2300 x g, resuspended in cold PBS and 

centrifuged again for 10 min at 1000 x g. Cells from a 1 l expression culture were split 

into 3 parts before pelleting and the pellets stored at -80 °C. The remaining infected 

cells after each viral generation were used to monitor the expression of the protein 

with a His-pull down from the cell lysate. 

For purification, a pellet was resuspended in 100 ml lysis buffer (50 mM HEPES pH 

8.0, 150 mM KCl, 5 mM MgCl2, 5 % Glycerol, 20 mM imidazole, 0.5 mM DTT, Roche 

complete EDTA-free protease inhibitor). Cells were lysed on ice via sonication with 

3x20 s pulses with 30 s breaks (Bandelin Sonoplus, TT13). Lysed cells were 

centrifuged for 45 min at 35,000 x g. The supernatant was filtered through a 0.8 µm 

filter to remove abundant actin filaments and loaded onto a 5 ml HisTrap FF crude 

column (GE Healthcare) at ~2 ml/min. Next, the column was washed with 350 ml 

lysis buffer (without protease inhibitor) and eluted with 25 ml lysis buffer containing 

300 mM imidazole on an ÄKTApurifier UPC10. The peak fraction were subjected to a 

buffer exchange to IEX buffer A (20 mM HEPES pH 7.2, 25 mM KCl, 5 mM MgCl2, 

5 % Glycerol) with ZebaTM Spin Desalting Columns, 7K MWCO (Thermo Scientific) 

and loaded onto a Mono Q 5/50 GL column (GE Healthcare). The protein was eluted 

with a gradient from 20 % to 80 % IEX B (as IEX A but 200 mM KCl) over 20 ml at 

0.75 ml/min on an ÄKTApurifier UPC10 (GE Healthcare). The elution of protein was 

monitored with UV absorption at 280 nm.  The peak fractions were pooled and 

concentrated with a 10 kDa cut-off centrifugal concentrator (Sartorius). 
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4.3 Protein concentration determination 

The concentration of proteins was determined with UV absorption at 280 nm at a 

BioPhotometer D30 (Eppendorf) using extinction coefficients calculated with the 

expasy ProtParam web tool (Table 4.4). For p97 wild type, B1, A2 and B2, the 

extinction coefficient includes a correction for the bound ADP in D1 that causes a 

peak shift towards 260 nm. All given protein concentrations in this study refer to 

monomer concentrations. 

Table 4.4 Extinction coefficients used in this study 

protein extinction coefficient ε (M-1cm-1) 

p97 wt/B1/A2/B2 38277 

p97 A1 35870 

ND1L 23837 

VPS4B 46410 

UBXD1 29910 

NSF 36900 

Ub-GST 49850 

PLAA 95800 

 
CHMP1B 106-199 does not contain phenylalanines, tryptophans or cysteines. 

Therefore, a molar extinction coefficient could not be calculated. For protein 

concentration determination, the BCA assay (Interchim) with Lysozyme as a standard 

was used according to the manufactures instructions. 

4.4 ATPase Assays 

4.4.1 Malachite Green 

The malachite Green assay was used for endpoint determination of the ATPase 

activity of wild type and mutant proteins and determination of IC50 values. 0.2 µM of 

ATPase were incubated with 2 mM ATP in reaction buffer (for p97 and NSF: 50 mM 

Hepes pH 7.4, 150 mM KCl, 2.5 mM MgCl2, 15 % glycerol, 1 mM DTT, 0.01 % Triton 

X-100; for VPS4B: 20 mM Tris-HCl pH 7.4, 100 M KOAc, 5 mM MgCl2) for 30 min (for 

p97 and NSF) or 10 min (for VPS4B) at 25 °C in 50 µl reaction volume. For 

determination of IC50 values, 1 µl of the compound was added to achieve the desired 

concentrations. The DMSO ratio was 2-3 %. The reaction was started by adding ATP 

and stopped by adding 100 µl BIOMOL Green reagent (Enzo Life Sciences). After 

color development, the absorption at 630 nm was measured with a SpectraMax Plus 
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384 (Molecular Devices) plate reader. A phosphate standard series was included on 

each ATPase reaction plate to quantitate the released phosphate. The data was 

analyzed with GraphPadPrism and fit to a dose-response curve with variable slope. 

4.4.2 NADH coupled ATPase assay 

For kinetic analysis, the NADH coupled ATPase assay was used to avoid product 

inhibition. The ATPase (0.25 µM p97 or 0.2 µM VP4B with 10 µM CHMP1B 106-199) 

was incubated with 4.8 µl Pyruvate Kinase/Lactic Dehydrogenase enzyme mix 

(~3.8/5.6 units) (Sigma-Aldrich), 6 mM phosphoenolpyruvate PEP and 1 mM 

nicotinamide adenine dinucleotide NADH. Furthermore, 2 µl of inhibitor or DMSO 

was added. The final volume of the ATPase mix was 40 µl in a 96 well plate. The 

ATP dilution series was prepared in 50 µl buffer. The same buffers as in for the 

malachite green assay were used. The plate was prewarmed to 37 °C and the 

reaction was started by adding 40 µl of the prepared ATP dilution to 40 µl ATPase 

mix. The decline in NADH absorbance at 340 nm was measured every 30 s for 

30 min with the SpectraMax Plus 384 (Molecular Devices) plate reader. The 

extinction coefficient of NADH was calculated by using the absorption of the 0 s time 

point of the wells without ATP. Specific activity of the ATP was calculated with the 

decay rate of NADH (mol/min) that equals the rate of hydrolysis of ATP (mol/min). 

The data was analyzed with GraphPadPrism and fit to the Hill equation. 

4.5 Anisotropy 

For anisotropy measurements, a Cary Eclipse Fluorescence Spectrophotometer 

(Agilent) was used. To determine the nucleotide binding affinity of p97, a twofold 

dilution series of p97 with 20 nM of ATP-Bodipy (life technologies) 50 mM Hepes pH 

7.4, 150 mM KCl, 2.5 mM MgCl2, 15 % glycerol, 1 mM DTT, 0.01 % Triton X-100 was 

prepared. In further experiments, 1 µM ADP and or 20 µM I8 were added. The 

fluorescence signal was measured five times over five seconds and the mean used 

for curve fitting. For calculations of anisotropy, a G-factor of 1.7297 for ATP-Bodipy 

was determined beforehand. The data was analyzed with GraphPadPrism and fit to 

the one site total binding model. The anisotropy measurements of the rhodamine 

probe were conducted essentially the same way but with 100 nM of the probe. In this 

case, the G-factor was 1.9457. 
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4.6 CD-Spectroscopy 

The influence of the multiple Alanine mutations in VPS4B was assessed with CD 

spectroscopy. The CD spectra of 0.2 g/l VPS4B wild type and mutants were 

measured in 50 mM KPi buffer pH 7.4 between 190 nm and 260 nm (J-710, Jasco). 

Ten single scans were cumulated into a spectrum. The spectra of mutants were 

normalized to the wild type spectrum. 

4.7 Analytical size exclusion chromatography 

To investigate the multimeric status of p97, p97 was incubated with buffer (20 mM 

HEPES pH 7.2, 150 mM KCl, 5% glycerol, 5 mM MgCl2, 0.01% Triton X-100) with 2.5 % 

DMSO or 20 µM I8, centrifuged for 10 min at 21,000 x g and loaded onto a Superose 

6 PC 3.2/30 column connected to an ÄKTApurifier UPC10 (GE Healthcare). The 

degassed and filtered running buffer was supplemented with either DMSO or I8. The 

flow rate was set to 0.04 ml/min. The elution of protein was monitored by absorption 

at 280 nm.  

4.8 Pull downs 

For GST pulldown assays, proteins were mixed in 50 µl pull down  buffer (20 mM 

Hepes pH 7.2, 150 mM KCl, 5% glycerol, 5 mM MgCl2, 2 mM ATP, 5 mM DTT, 0.01 

% Triton X-100). For blocking, 1 g/l Lysozyme was added to the buffer. As bait, 15 µg 

Ub-GST was used. The ubiquitin has a G76V mutation that cannot be cleaved by 

DUBs from the GST tag. To minimize precipitation, p97 was first incubated with 

PLAA before adding YOD1 and UBXD1 at last. Samples were cleared by 

centrifugation at 17,000×g for 2 min before added to 10 µl bead slurry (Glutathione 

Sepharose 4B, GE Healthcare) and incubated rotating for up to 90 min at room 

temperature. The beads were washed three times with 80 µl buffer and eluted in 30 

µl buffer containing 20 mM glutathione for 10 min at room temperature. 22 µl of 

eluates were analyzed by SDS-PAGE and stained with colloidal Coomassie.  

4.9 Limited proteolysis 

For limited proteolysis, 10 µM of p97, ND1L or VPS4B was mixed with 70 µM of 

inhibitor or DMSO on ice in 60 µl buffer (50 mM Hepes pH 7.4, 150 mM KCl, 2.5 mM 

MgCl2, 15 % glycerol, 1 mM DTT, 0.01 % Triton X-100). For ND1L, a second reaction 

contained 2 mM ATPγS. For VPS4B, a second reaction contained 100 µM CHMP1B 

106-199. To start the reaction, 7.5 ng/µl trypsin was added and incubated for up to 

two hours at 30 °C (p97, VPS4B) or 37 °C (ND1L). 10 µl Aliquots were taken at 
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different time points, supplemented with sample buffer and boiled for 5 min at 95 °C. 

Samples were analyzed by SDS-PAGE and stained with colloidal Coomassie. 

4.10 SDS-PAGE 

Protein samples from purification or pull downs were separated by size with standard 

SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) methods 

using a Tris/glycine/SDS running buffer (200 mM glycine, 25 mM Tris-HCl pH 8.8, 

0.1 % SDS) and the Mini-PROTEAN Tetra Cell  system (Bio-Rad). Samples were run 

at a constant current of 10 to 20 mA per gel. As markers, the broad range and SDS-

PAGE Molecular Weight Standards (Bio-Rad) and PageRuler™ Prestained Protein 

Ladder (ThermoFisher Scientific) were used. Samples were boiled in sample buffer 

at 95 °C for 5 min before loading onto the gel. The gels were stained with colloidal 

Coomassie according to Dyballa, Metzger 2009. 
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Abbreviations 

ADP adenosine 5′-diphosphate 

AIRAPL  arsenite-inducible RNA-associated protein-like protein 

AMSH  associated molecule with the SH3 domain of STAM 

ATP adenosine 5′-triphosphate 

ATPγS  adenosine-5’-(3-thio)-triphosphate 

CD circular dichroism  

CDC cell division cycle 

CHMP charged multivesicular body protein  

CHOP CCAAT/enhancer-binding protein homologous protein 

CMT  Charcot-Marie-Tooth disease 

cryo-EM cryo-electron microscopy 

Da dalton 

DBeQ  N2,N4-dibenzylquinazoline-2,4-diamine 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dNTP deoxynucleosid triphospate 

DOA1 degradation of alpha 1 

DTT dithiothreitol  

DUB deubiquitinase 

EAP45  ELL associated protein 

EDTA ethylenediaminetetraacetic acid 

EerI eeyarestatin I 

EGFR  epidermal growth factor receptor 

ER  endoplasmic reticulum 

ERAD  endoplasmic reticulum associated degradation 

ESCRT  endosomal sorting complex required for transport 

FAF1 FAS-associated factor 1 

FALS  familial amyotrophic lateral sclerosis 

FCS fetal calf serum 

FD  frontotemporal dementia 

GFP green fluorescent protein 

GST glutathione S-transferase 

gp78  glycoprotein 78  

HECT homologous to E6-AP carboxyl terminus 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) 

HIV human immunodeficiency virus 

Hrd1  HMG-coA Reductase Degradation 1 
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HRS  hepatocyte growth factor (HGF)-regulated Tyr-kinase substrate 

IBM  inclusion body myopathy 

IBMPFD inclusion body myopathy associated with Paget’s disease of the 
bone and frontotemporal dementia 

IC inhibitory concentration 

IEX ion exchange cromatography 

ILV intraluminal vesicle 

ISS intersubunit signaling motif  

IST1 increased salt tolerance 1 

IκBα nuclear factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor, alpha 

JAMM  JAB1/MPN/MOV34 

MIM MIT interaction motif 

MIT microtubule interacting and transport 

MSP1  multisystem proteinopathy 1 

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) 

MVB multivesicular body 

MVE  multivesicular endosome 

MWCO molecular weight cut off 

NADH nicotinamide adenine dinucleotide (reduced) 

NEM N-Ethylmaleimide 

NMR nuclear magnetic resonance 

NPL4  nuclear protein localization protein 4 

NSF N-ethylmaleimide-sensitive factor 

ODD oxygen-dependent degradation domain 

OTU  ovarian tumor proteases 

PAGE polyacrylamide gel electrophoresis 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PEP phosphoenolpyruvate  

PFU PLAA family ubiquitin binding 

PI3P phosphatidylinositol 3-phosphate  

PIM  PUB interacting motif 

PLAA phospholipase A2 activating protein 

PMSF phenylmethane sulfonyl fluoride 

PUB PNGase/UBA or UBX containing proteins 

PUL PLAP, Ufd3p, and Lub1p 

RBR RING between RING 

RING really interesting new gene 
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Rpn regulatory particle non-ATPase  

Rpt regulatory particle triple-A 

SDS sodium dodecyl sulfate 

SEC size exclusion chromatography 

Sec61 secretory 61 

STAM  signal transducing adaptor molecule 

TAR trans-activation response  

TB terrific broth  

TDP-43  TAR DNA-binding protein 43 

TSG101  tumor susceptibility gene 101 

Ub ubiquitin 

UBA  ubiquitin-associated  

UBA  ubiquitin-associated 

UbL ubiquitin-like  

UBX  ubiquitin regulatory X 

UBXD1 ubiquitin regulatory X domain 1 

UBX-L ubiquitin regulatory X-like 

UCH  ubiquitin C-terminal hydrolases 

UFD1 ubiquitin fusion degradation protein 1 

UIM  ubiquitin-interacting motif 

UPR unfolded protein response 

UPS ubiquitin-proteasome system 

USP  ubiquitin-specific protease 

UV ultra violet 

VAT VCP-like ATPase from Thermoplasma acidophilum 

VBM VCP-binding motif 

VCP valosin containing protein  

VIM  VCP-interacting motif 

VPS vacuolar protein sorting-associated protein  

VSL Vta1/SBP-1/Lip5 

YFP yellow fluorescent protein 

YOD1  ubiquitin thioesterase OTU1 

ZnF zinc finger 
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