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Summary 

The ATPase p97 (also known as VCP) is a member of family of AAA+ ATPases, a group 

of enzymes that form hexameric rings and unfold substrate proteins by ATP powered 

translocation through the central channel. The protein is highly conserved in metazoans, 

with homologues found in yeast (Cdc48) and flies (Ter94) and represents up to 1% of the 

total protein mass in the cell. Its main function is the extraction and subsequent unfolding 

of mostly ubiquitinated substrate proteins from membranes and protein complexes. In this 

capacity, p97 is an important factor in many cellular processes, including proteasomal 

degradation of misfolded proteins, clearance of cellular organelles via autophagy, cell 

cycle regulation and DNA repair. Substrate specificity is controlled by adapter proteins 

and cofactors that control substrate recruitment and p97 activity. Although up to 30 

different proteins that interact with p97 in this manner have been identified, the exact 

mechanism by which these adapters facilitate substrate processing by p97 is only 

sufficiently understood for the Ufd1-Npl4 pair, which is the major adapter for 

polyubiquitinated substrates. Recent discoveries had identified the SDS22-PP1-I3 (SPI) 

complex, which forms during biogenesis of the phosphatase PP1, as a new substrate, 

whose disassembly by p97 together with the adapter p37 was not dependent on 

ubiquitination.  

This thesis focused on the elucidation of the mechanism by which adapter proteins from 

the family of SEP domain containing proteins (p37, p47, UBXN2A, UBXN11) facilitate this 

process. We established a new in vitro fluorescence-unfolding assay that allowed us to 

determine that I3 is being unfolded by p97 during SPI complex disassembly. Further 

investigation on the function of p37 and the differences with the other three SEP domain 

proteins revealed that only UBXN2A was equally capable to support the unfolding 

reaction, while p97 remained inactive in the presence of p47 or UBXN11. Systematic 

exchange of protein domains between p37 and p47 showed that the inability of p47 to 

support unfolding was caused by a divergence in the sequence of a C-terminal linker 

region, which was found to be critical for binding of the SPI complex by p37. Furthermore, 

p47 impeded unfolding through inhibition of the ATPase activity of p97 by a “brake” motif 

in its N-terminal region.  
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Additional investigations into the N-terminal structure of p37 led to the identification of an 

amphipathic helix that was important for efficient unfolding. Using genetically encoded 

crosslinkers and mass spectrometry we could show that p37 recruits the SPI complex 

through a multivalent interface, which includes the N-terminal helix, the SEP domain and 

the C-terminal linker. This interaction involves binding of I3 by the N-terminus and the SEP 

domain of p37 close to the pore of p97, while the C-terminal linker of p37 binds to PP1 

and positions at a distance from the pore. This primes I3 as the unfolding substrate of p97 

and prevents unfolding of PP1. These results demonstrate the mechanism by which the 

SEP domain adapters direct unfolding of a non-ubiquitinated substrate of p97. 
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Zusammenfassung 

Die ATPase p97 (auch als VCP bekannt) ist ein Mitglied der Familie der AAA+ ATPasen, 

einer Gruppe von Enzymen welche ringförmige Hexamere bilden und Substratproteine 

durch von ATP Hydrolyse getriebene Translokation durch die zentrale Pore entfalten. Das 

Protein ist in Metazoen hochkonserviert, mit Homologen welche in Hefen (Cdc48) und 

Fliegen (Ter94) vorkommen und macht bis zu 1% der gesamten Proteinmasse in einer 

Zelle aus. Seine Hauptfunktion ist die Extraktion und darauffolgende Entfaltung von 

meistens ubiquitinierten Substratproteinen aus Membranen und Proteinkomplexen. In 

dieser Funktion spielt p97 eine bedeutende Rolle für viele Zelluläre Prozesse, darunter 

der Abbau von fehlgefalteten Proteinen durch das Proteasom, der Abbau von 

Zellorganellen durch Autophagie, die Regulation des Zellzyklus und die DNA-Reparatur. 

Substrate Spezifität wird durch Adapter Proteine und Kofaktoren vermittelt, welche die 

Substrate Rekrutierung und die Aktivität von p97 kontrollieren. Obwohl bis zu 30 

verschiedene Proteine, die mit p97 auf diese Weise interagieren, identifiziert worden sind, 

ist der genaue Mechanismus, durch den diese Adapter zur Prozessierung der Substrate 

durch p97 beitragen nur für das Adapterpaar Ufd1-Npl4 ausreichend verstanden. Ufd1-

Npl4 ist der hauptsächliche Adapter für die polyubiquitinierte Substrate. Neueste 

Entdeckungen haben den SDS22-PP1-I3 (SPI) Komplex, welcher sich während der 

Biogenese von PP1 formt, als ein Substrat identifiziert, das von p97 zusammen mit dem 

Adapter p37 auseinandergenommen wird. Dieser Vorgang ist unabhängig von 

Ubiquitinierung. 

Diese Arbeit behandelt die Aufklärung des Mechanismus durch den Adapterproteine aus 

der Familie der SEP-Domänen Adapter (p37, p47, UBXN2A, UBXN11) diesen Vorgang 

ermöglichen. Wir entwickelten einen neuen in vitro Fluoreszenz-Entfaltungsassay, durch 

den wir bestimmen konnten, dass I3 während des Auseinandernehmens des SPI-

Komplexes durch p97 entfaltet wird. Weitere Untersuchungen der Funktion von p37 and 

der Unterschiede zu den anderen drei SEP-Domänen Adaptern zeigten, dass nur 

UBXN2A ebenfalls in der Lage ist die Entfaltung zu ermöglichen, während p97 in 

Gegenwart von p47 oder UBXN11 inaktiv bleibt. Durch systematischen Austausch von 

Proteindomänen zwischen p37 und p47 konnten wir das Unvermögen von p47 die 

Entfaltung zu unterstützen auf den Unterschied in der Sequenz eines Linkers in der C-
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terminalen Region der Adapter zurückführen. Es zeigte sich, dass dieser Linker von 

entscheidender Bedeutung für die Bindung des SPI-Komplexes durch p37 ist. Weiterhin 

erschwert p47 die Entfaltung durch Inhibition der ATPase Aktivität von p97 mittels eines 

„Brems“ Motivs in der N-terminalen Region. 

Zusätzliche Untersuchungen der Struktur der N-terminalen Region von p37 führten zur 

Identifikation einer amphipathischen Helix, welche für die effiziente Entfaltung wichtig ist. 

Durch den Einsatz von genetisch kodierten Crosslinkern und Massenspektrometrie 

konnten wir zeigen, dass p37 den SPI-Komplex mittels einer multivalenten Oberfläche 

bindet, die aus der N-terminalen Helix, der SEP-Domäne und dem C-terminalen Linker 

besteht. Diese Interaktion involviert die Bindung von I3 durch den N-terminus und die 

SEP-Domäne von p37 in geringem Abstand zur zentralen Pore von p97, während der C-

terminale Linker PP1 bindet und auf Distanz zur Pore positioniert. Dies fördert die 

Entfaltung von I3 als dem Substrat von p97 und verhindert ungewolltes Entfalten von PP1. 

Diese Ergebnisse geben Aufschluss über den Mechanismus durch den die SEP-

Domänen Adapter die zur Entfaltung von nicht-ubiquitinierten Substraten von p97 

beitragen.  
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1 Introduction 

Disassembly of protein complexes is a fundamental cellular process that regulates protein 

function and homeostasis. This is facilitated by enzymes that use the energy generated 

by ATP hydrolysis to extract and unfold target proteins from complexes or membrane. 

One such enzyme is the AAA+ ATPase p97/VCP, which relies on adapter proteins and 

cofactors for substrate interaction and processing. This thesis examines the molecular 

function of members of the SEP domain adapter protein family in the p97-dependent 

disassembly of the SDS22-PP1-I3 complex. The following chapter will at first give a brief 

introduction into the general role of the AAA+ ATPase p97 in the cell. Next, the structure 

of p97 and its interaction with adapter proteins and cofactors will be discussed, with a 

focus on adapters that are directly involved in protein unfolding by p97. The final part of 

the introduction will introduce the SDS22-PP1-I3 complex and its connection to p97 and 

proteins from the family of SEP domain adapters. 

1.1 AAA+ ATPases  

AAA+ ATPases (ATPases associated with diverse cellular activities) are a class of 

enzymes, which unfold or remodel substrate proteins through force generated by ATP 

hydrolysis. These enzymes are found in bacteria, archaea and eukaryotes and fulfill 

important functions in a large number of cellular processes (Snider et al., 2008) (Puchades 

et al., 2019). All AAA+ ATPases share a number of common features. The proteins 

assemble into functional hexamers, where each protomer contains a regulatory N-terminal 

domain and at least one ATPase domain. This αβα nucleotide-binding domain contains a 

nucleotide-binding motif (Walker A, also known as P-loop) and a ATPs hydrolysis motif 

(Walker B) (Snider et al., 2008), which control ATPase activity. An additional feature are 

aromatic pore loop residues that face towards the interior of the hexamer and push 

substrates through the central channel. AAA+ ATPases can be divided into four 

subgroups with different characteristics. Type I ATPases contain only one ATPase domain 

per protomer. This group contains proteins like VPS4, which is involved in the disassembly 

of ESCRT III complexes (Monroe et al., 2017), ATAD1 (Msp1 in yeast), which extracts 

wrongly inserted proteins from membranes (Wang et al., 2020), or Spastin, which is 

involved in microtubule regulation (Lumb et al., 2012). Type II ATPases, which contain an 

additional ATPase domain, include member like the N-ethylmaleimide-sensitive-factor 
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(NSF) that disassembles SNARE protein complexes during membrane fusion (White et 

al., 2018), p97 (Cdc48 in yeast) which will be the focus of this thesis, the archaeal protein 

VAT, a homologue of p97 (Golbik et al., 1999), or the peroxisomal ATPase Pex1/Pex6 

(Gardner et al., 2018). Members of the type III AAA+ ATPases function as heat shock 

proteins, like the bacterial protein ClpB or its eukaryotic homologue Hsp104 (DeSantis 

and Shorter, 2012). Finally, type IV AAA+ ATPases couple the ATPase activity with 

proteasomal activity. This group includes proteins such as the mitochondrial protein Yme1 

(Puchades et al., 2017). A similar arrangement is also present in the 26S proteasome, 

where the 20S core particle contains the degradative proteases, while the 19S regulatory 

particle includes AAA+ ATPase domains that feed substrates into the core (Budenholzer 

et al., 2017). 

1.2 The p97 protein 

The AAA+ ATPase p97, which is also known as valosin containing protein (VCP), is a 

highly conserved protein, with homologues like Cdc48 in yeast, or TER94 (transition 

endoplasmic reticulum ATPase) in flies. Like other AAA+ ATPases, p97 functions as a 

molecular engine, powered by ATP hydrolysis, which applies force to substrates to extract 

them from protein complexes or membrane compartments and unfolds them in the 

process. Substrate recruitment is mediated by a number (~30) of different adapter proteins 

and cofactors proteins that control cellular localization, substrate binding and unfolding. 

The protein is important for several degradative and regulative processes in the cell, 

ranging from proteasomal degradation, autophagy, DNA repair and cell cycle regulation. 

Due to its role in protein homeostasis and DNA repair, p97 has been investigated as a 

potential drug target for cancer therapy.  Disease mutations in p97 result in a number of 

muscular and neurological defects that are subsumed under the name Multisystem 

proteinopathy 1 (MSP1).   

In the following section I will give an overview of the different functions of p97, starting 

with its role in degradative processes and then discussing its role in regulation.   

1.3 The role of p97 in degradative pathways 

The p97 protein plays a major role in processes that lead to the degradation misfolded 

proteins, stalled translation products or damaged organelles. The following paragraphs 

will give an overview of the role of p97 in the ubiquitin proteasome system (UPS), in ER-
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associated degradation (ERAD), maintenance of mitochondrial homeostasis, ribosomal 

quality control (RQC) and the endolysosomal system.  

1.3.1 The ubiquitin-proteasome system (UPS) 

 

Figure 1: The role of p97 in the ubiquitin-proteasome system (UPS). Substrate 
proteins (S) are modified with ubiquitin by the interaction of E1 (ubiquitin activating 
enzymes), E2 (ubiquitin conjugating enzymes) and E3 (ubiquitin ligases) enzymes. The 
polyubiquitinated substrate is recognized by p97 via an adapter protein and unfolded, 
which leads to dissociation from its binding partner (B). After unfolding is complete, the 
ubiquitin chain can be removed by an deubiquitinating enzyme (DUB), which leads to 
refolding of the substrate or the unfolded substrate is further degraded by the proteasome 
(Pr) (van den Boom and Meyer, 2017). 

The majority of known substrates of p97 are ubiquitinated. Ubiquitin is the small 8.5 kDa 

large protein ubiquitin, serving as a universal marker for protein degradation. Substrates 

destined for degradation are modified the formation of a covalent peptide bond between 

the carboxyl group on the C-terminus of ubiquitin and a lysine residue on the substrate. 

The ubiquitin can in turn itself be modified by another ubiquitin on one of its 7 lysine 

residues (K6, K11, K27, K29, K33, K48, K63) or the N-terminal amino group (M1), which 

leads to the formation of long ubiquitin chains on the target, which are characterized by 

the specific lysine connection. The formation of the covalent peptide bond is the result of 

three different enzymes called E1-ubiquitin activation enzyme, E2-ubiquitin conjugating 

enzyme and E3-ubiquitin ligase. At first, the E1 enzyme forms catalyzes the adenylation 
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of the ubiquitin C-terminus by hydrolyzing ATP apart into AMP and pyrophosphate, which 

renders the C-terminus susceptible to a nucleophilic attack by a cysteine residue on the 

E1 enzyme, leading to the formation of a covalent thioester bond between ubiquitin and 

the E1. Next, the ubiquitin is transferred from the E1 onto the cysteine of an E2-ubiquiting 

conjugating enzyme. The E2 enzyme in turn in forms a complex with an E3-ubiquitin 

ligase, which recruits the target protein and transfers the ubiquitin onto a lysine residue 

on the target protein. This hierarchical system consists of only one type of E1, several 

dozen different E2 who control the type of ubiquitin linkage and hundreds of different E3 

who are responsible for substrate selection (Komander and Rape, 2012). Chain specificity 

is the result of the interactions between E2, E3 and substrate that can be classified into 

three categories. In the case of RING-type E3 ligases, linkage specificity is controlled by 

the E2, while the E3 binds the E2 through its RING domain and serfs as substrate 

recruitment factor. HECT domain E3 ligases are charged by the E2 on a catalytic cysteine 

residue and then transfer this ubiquitin to the substrate, thereby controlling chain 

specificity. RBR (Ring-in-between-Ring) E3 ligases represent a hybrid between the other 

two cases, where the E3 binds an E2 via its RING domain, is charged with ubiquitin and 

then transfers the ubiquitin to the substrate (Komander and Rape, 2012). The resulting 

type of ubiquitin chain or mono-ubiquitination determines the fate of the substrate protein. 

While mixed or branched chains have been observed (Meyer and Rape, 2014), their 

function is not as well understood as that of pure linkage type chains. Mono-ubiquitination 

affects substrate localization, for example controlling the nuclear export of p53 (Li et al., 

2003) or sorting of cargo proteins into multivesicular bodies (Stringer and Piper, 2011). 

The K63 linkage has regulatory functions, for example in the activation of Nf-κB (Chen 

and Chen, 2013). Substrates bearing K48 chains are destined to be degraded by the 

proteasome (Ye and Rape, 2009). 

The 26S proteaseome is a large ~ 2.5 MDa multiprotein complex that is responsible for 

the degradation of the majority of proteins in eucaryotic cells (Budenholzer et al., 2017). 

It can be divided into the 20S degradative core particle (CP) that forms a barrel like 

structure and one or two 19S regulatory particles (RP) which can bind to either end of the 

core. The core particle consists of four stacked heptameric rings. The two adjacent inner 

rings are made up of seven β-subunits that are responsible for the proteolytic activity of 

the core (Kunjappu and Hochstrasser, 2014). These are flanked by two rings made up of 
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α-subunits that control acces to the central core (Groll et al., 2000). The regulatory particle 

can be further subdivided into a base and a lid. The base is stacked on top of the core 

particle and consist of three ubiquitin binding domains and a hexameric AAA+ ATPase 

complex that unfolds substrates and feeds them into the central chamber. Similar to other 

AAA+ ATPases, the proteasomal ATPase subunits (Rpt1-6) assume a staircase-

conformation when unfolding a substrate (Peña et al., 2018). The lid contains a total of 

nine different subunits that control proteasome activity (Lasker et al., 2012). Importantly, 

the Rpn11 metalloprotease functions as a deubiquitinating enzyme (DUB) that trims the 

ubiquitin chain before the substrate is degraded.  

 

Figure 2: Structure of the 26S proteasome unfolding a substrate based on cryo-
electron microscopy (Peña et al., 2018). Only one half of the entire proteasome complex 
is shown. A Overview of the core particle (in grey) and the regulatory particle (in color), 
consisting of the base (blue) including the ATPase domains, the lid (yellow/light brown) 
and the DUB Rpn11 (green). The complex is in the process of unfolding a ubiquitinated 
substrate (purple). One still folded ubiquitin (orange) is bound by Rpn11. B Zoom on the 
isopeptide linkage connecting the substrate and its ubiquitin chain, which is bound by 
Rpn11. C Staircase arrangement of the Rpt1-6 ATPase subunits around the substrate. D 
Zoom on the entry of the substrate into the α-ring of the core particle.  

Although the proteasome includes its own AAA+ ATPase, it is dependent on p97 to 

process a subset of its substrates, (van den Boom and Meyer, 2017). A primary reason 

for the necessity of p97 for proteasomal function is the need to extract substrates from 

complex structures that are not directly accessible by the proteasome. This includes the 

retrotranslocation of misfolded ER proteins during endoplasmic reticulum associated 

degradation (ERAD) (Olzmann et al., 2013), the extraction of aberrant translation products 
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from stalled ribosomes (Brandman and Hegde, 2016) or the removal of DNA binding 

proteins after successful DNA repair (van den Boom et al., 2016). In addition, unfolding 

by p97 generates unstructured tails which are required for substrate recognition by the 

proteasome. This was demonstrated by Beskow et al. in vivo and by Olszewski et al. in 

vitro using polyubiquitinated fluorescent reporter proteins (Beskow et al., 2009), 

(Olszewski et al., 2019). Permanent quenching of the substrate fluorescent caused by 

proteasomal degradation was dependent on either the activity of p97 or the addition of an 

unstructured region to the substrate sequence. 

 

1.3.2 ER-associated degradation (ERAD) 

One of the major and best studied functions of p97 is its role in maintaining ER 

homeostasis by contributing to the degradation of misfolded ER proteins. The lack of UPS 

components in the lumen of the ER necessitates the retrotranslocation into the cytosol for 

subsequent degradation by the proteasome. This process has been mostly studied in 

yeast, but most of the components have been found to also exist in higher eukaryotes 

(Wu and Rapoport, 2018). Depending on the type of ER substrate, the following steps can 

be classified as ERAD-L, ERAD-M or ERAD-C. ERAD-L describes the extraction of 

proteins that are misfolded inside the ER lumen. ERAD-M deals with ER membrane bound 

substrates that are misfolded inside the membrane. ERAD-C deals with substrates that 

stretch across the ER membrane and are misfolded at the cytosolic side. The degradation 

of ERAD-L substrates is described in the following paragraph. After being directly released 

into the ER from ribosomes during biosynthesis, most of these proteins are heavily 

glycosylated with mannose, glucose and N-acetyl glucosamine (Olzmann et al., 2013). 

Failure to fold, results in the binding of the misfolded protein by the lectin Os9 (Yos9 in 

yeast) and the chaperone BiP. This leads to association of the misfolded substrate a 

translocon complex at the ER membrane consisting of multiple proteins including, Derlin1, 

HERP and the E3 ligase complex Hrd1 (Christianson and Ye, 2014). Alternative E3 

ligases are gp78 in mammals  or Doa10 for ERAD-M and ERAD-C substrates in yeast 

(Schmidt et al., 2020). Once the misfolded substrate is ubiquitinated it needs to be 

removed from the ER membrane. The p97 (Cdc48 in yeast) protein is recruited to the ER 

membrane by several cofactors including UBXD8 (Suzuki et al., 2012) and VIMP (Ye et 
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al., 2005). The AAA+ ATPase then extracts the ubiquitinated substrate from the ER 

membrane into the cytosol with the help of the adapter proteins Ufd1-Npl4 (Ye et al., 

2003). This process is thought to involve translocation of the substrate through the p97 

pore and concomitant trimming of the substrate ubiquitination by a p97 bound 

deubiquitinating enzyme (DUB), based on data from in vitro experiments (Bodnar and 

Rapoport, 2017). Post extraction, the misfolded protein is bound by the BAG6 chaperone 

and reubiquitinated by the E3 ligase RNF126, followed by its final degradation by the 

proteasome (Hu et al., 2020).  

 

Figure 3: Schematic overview of key steps in endoplasmic reticulum associated 
degradation of misfolded glycoproteins in the ER lumen (ERAD-L) (Olzmann et al., 
2013). Substrates are first recognized by lectins and chaperones and recruited to the 
dislocon complex at the ER membrane. There, the substrate is ubiquitinated by E3 ligases 
and subsequently extracted from the ER by the AAA+ ATPase p97. The substrate is finally 
degraded by the 26S proteasome in the cytosol. 

 

1.3.3 Ribosomal quality control 

In addition to the clearance of misfolded proteins, p97 is also involved in the removal of 

stalled ribosomes. These defective complexes can arise through missing stop codons that 
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lead to stalling of the polypeptide chain, either because the mRNA sequence reaches its 

end or because of an accumulation of polylysine caused by translation of the poly-A tail 

that interacts with the negatively charged exit tunnel of the ribosome (Lu and Deutsch, 

2008). The stalling is detected by the GTPase Hbs1 and the endonuclease Pelota (Dom34 

in yeast) that recruit the ATPase ABCE1 (Rli1 in yeast), which leads to disassembly of the 

ribosome into it 40s and 60s subunits and the release of the mRNA (Brandman and 

Hegde, 2016). The exposed interior interface of the 60s ribosomal subunit is bound by 

NEMF (Rqc2 in yeast) that recruits the E3 ligase Listerin (Ltn1 in yeast), which 

ubiquitinates the stalled peptide (Bengtson and Joazeiro, 2010). The peptide chain is then 

extracted from the 60s ribosomal subunit by p97 together with the adapters Ufd1-Npl4 

(Verma et al., 2013). 

 

1.3.4 Role of p97 for mitochondrial homeostasis 

 

Figure 4: Role of p97 in mitochondrial homeostasis (Escobar-Henriques and Anton, 
2020). 

Mitochondria are vital for cellular survival, providing essential metabolic functions through 

oxidative phosphorylation and the citric acid cycle. In addition, they form storage hubs for 

signaling factors such as reactive oxygen species (ROS) and calcium ions.  Mitochondrial 

homeostasis is affected by p97 through several mechanisms. Misfolded mitochondrial 

proteins in the outer mitochondrial membrane (OMM) are ubiquitinated and extracted by 

p97-Ufd1-Npl4 in a process called mitochondria associated degradation (MAD) that 
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shares similarities to ERAD (Heo et al., 2010). In addition, p97 is involved in the regulation 

of mitochondrial fusion, which is controlled by mitofusin GTPases (Mfn1/Mfn2 in 

mammals, Fzo1 in yeast). In yeast, fusion activity of Fzo1 is regulated by the opposing 

activity of the two deubiquitinating enzymes (DUBs) Ubp2 and Ubp12, which are 

themselves targets of E3 ligases and thereby subject to p97 dependent degradation 

(Simões et al., 2018). Mitofusins are also direct targets of p97 during autophagic clearance 

of damaged mitochondria. Damage to the mitochondria causes membrane depolarization, 

which leads to ubiquitination of Mfn1 and Mfn2 by the E3 ligase Parkin that is activated by 

the kinase PINK1 (Escobar-Henriques and Anton, 2020). Extraction from the OMM by 

p97-Ufd1-Npl4 and subsequent degradation of the Mfn1 and Mfn2 is required for 

mitophagy to proceed (McLelland et al., 2018).  

 

1.3.5 Role of p97 in the endolysosomal system 

The endolysosomal system facilitates the uptake and transport of extracellular cargo, as 

well as degradation of cellular organelles through the autophagic machinery (Repnik et 

al., 2013). Molecules and particles are taken into the cell through vesicles called 

endosomes that fuse with lysosomes, which leads to degradation or release of their cargo. 

The p97 ATPase has been identified as a factor that functions in several parts of this 

system. One specific type of endocytosis, caveolae-mediated endocytosis, involves the 

internalization of cargo through lipid raft rich invaginations in the plasma membrane that 

are called caveolae, which contain the protein caveolin-1 (Pelkmans et al., 2004). Sorting 

of caveolin-1 into endosomes is dependent on ubiquitination, as well as p97 and its 

cofactor UBXD1 (Ritz et al., 2011), (Kirchner et al., 2013).   

In addition, p97 has been shown to play a role in the clearance of damaged lysosomes. 

Lysosomes that are damaged by exogenous chemicals, reactive oxygen species (ROS), 

protein aggregates or pathogens, can be repaired by the ESCRT machinery (Skowyra et 

al., 2018),(Radulovic et al., 2018). However, if the damage to the lysosomal membrane is 

too severe, the organelles can be resolved by the autophagic machinery of the cell, a 

process called lysophagy (Papadopoulos et al., 2017). The damaged lysosome is 

decorated with K63 and K48 ubiquitin chains, which leads to the recruitment of p97 

together with the adapters UBXD1 and PLAA and the deubiquitinase YOD1, the so called 
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ELDR-complex (Endolysosomal damage response). This complex removes K48 modified 

substrates from the damaged lysosomes, which is a necessary step before 

autophagosome formation and engulfment of the damaged lysosome.  

 

Figure 5: The ELDR-complex (endolysosomal damage response) consisting of p97, 
UBXD1, PLAA and YOD1 is crucial for the clearance of damaged lysosomes through 
lysophagy. Ruptures in the lyosomal membrane induced by chemicals or pathogens lead 
to ubiquitination of substrates on lysosomes with K48 and K63 chains. The ELDR-complex 
is recruited to the damaged lysosomes and removes K48 ubiquitinated substrates. If this 
removal is successful, the damaged lysosome is engulfed by a phagophore and cleared 
by autophagy. A defective ELDR-complex causes accumulation of damaged lysosomes. 
(Papadopoulos et al., 2017).  

 

1.3.6 Degradation of cytosolic proteins 

In addition to organelle specific degradation, p97 is also involved in the clearance of 

cytosolic targets. For example, unassembled soluble proteins that contain exposed 

hydrophobic residues are ubiquitinated by the E3 ligase HUWE1, which leads to the 

recruitment of p97 through Ufd1-Npl4 followed by proteasomal degradation (Xu et al., 

2016). Aggregation of cytosolic proteins, which can be caused by an overflow of the UPS 

or through proteins with polyglutamine tracts, is cleared through aggresome formation, 

which is dependent on p97 and HDAC6 (Ju et al., 2008). 
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1.4 Regulatory functions of p97 

In addition to its role in the clearance of damaged and misfolded substrates, p97 is also 

involved in the regulation of signaling pathways, by facilitating the unfolding and 

subsequent degradation of specific substrates. For example, activation of the Nf-κB 

pathway, a key regulator of inflammation and immune response, depends on the 

degradation of the IκBα, which binds Nf-κB in the cytosol and prevents its translocation to 

the nucleus. Upon ubiquitination by the E3 ligase SCFβTrcp, IκBα is unfolded by p97 and 

degraded by the proteasome, which allows Nf-κB to translocate to the nucleus and 

function as a transcription factor (Li et al., 2014). Another regulatory function of p97 is the 

turnover of constitutive repressor of elF2α phosphorylation (CReP), a regulator of the 

integrated stress response (Hülsmann et al., 2018). CReP (also PPP1R15B) is a 

regulatory subunit of the protein phosphatase γ (PP1C) that dephosphorylates elF2α 

under basal conditions and prevents activation of the ISR. Under specific stress conditions 

(UV light, arsenite) CReP is ubiquitinated by SCFβTrcp, unfolded by p97 and degraded by 

the proteasome, which leads to accumulation of phosphorylated elF2α and activation of 

the ISR (Hülsmann et al., 2018). Another substrate of p97 is the enzyme glutamine 

synthase, which is ubiquitinated by the E3 ligase CRL4CRBN (cereblon) in a glutamine 

dependent feedback mechanism (Nguyen et al., 2017). Glutamine synthase is then 

unfolded by p97 together with Ufd1-Npl4 and degraded by the proteasome.  

1.4.1 Role of p97 in regulation of chromatin associated processes 

Several proteins that are involved in cell cycle progression are also regulated by p97. DNA 

damage induces phosphorylation of Cdc25a by the Chk1 kinase, which causes 

ubiquitination of Cdc25a by SCFβTrcp. Unfolding by p97-Ufd1-Npl4 and degradation by the 

proteasome causes G2/M arrest of the cell cycle (Riemer et al., 2014). Another factor 

involved in regulation of mitosis that is a target of p97 is the kinase Aurora B, which 

together with surviving and INCENP regulates chromosome segregation and cytokinesis. 

At the end of mitosis, p97-Ufd1-Npl4 extracts ubiquitinated Aurora B from chromatin, 

which results in chromatin decondensation and nuclear envelope formation (Ramadan et 

al., 2007), (Dobrynin et al., 2011).  

Other regulatory functions of p97 include the extraction of DNA bound proteins that are 

involved in DNA replication or DNA repair. After replication termination, the CMG helicase 
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complex needs to be removed from chromatin. This process is initiated by the extraction 

of the MCM7 subunit by p97-Ufd1-Npl4, after K48 ubiquitination by the E3 ligase CRL2Lrr1 

(Dewar et al., 2017), (Moreno et al., 2014). Extraction of MCM7 by p97 is also found in 

the repair of interstrand crosslinks (ICLs) which block replication, in a process that unlike 

replication termination is dependent on BRCA1 (Fullbright et al., 2016), (Semlow et al., 

2016). A substrate of p97 during DNA double strand repair is the Ku70/Ku80 protein. Upon 

fragmentation of DNA strands by ionizing irradiation, the loose ends are bound by the 

Ku70/Ku80 heterodimer, which forms a double ring structure that wraps around the 

exposed ends of the DNA double strand break and locks the repair pathway into non-

homologous end joining (NHEJ) and precludes homologous recombination (HR). After 

strand repair the Ku70/Ku80 rings can no longer dissociate from the DNA by themselves 

and are ubiquitinated and removed by p97 together with Ufd1-Npl4 (van den Boom et al., 

2016). 

 

Figure 6: Removal of Ku70/80 from repaired DNA depends on p97. After a DNA 
double strand break (for example caused by UV light) the exposed ends are bound by the 
Ku70/80 heterodimer. p97 together with the adapter pair Ufd1-Npl4 removes 
polyubiquitinated Ku 70/80 from repaired DNA after DNA repair through non-homologous 
end joining (NHEJ) (adapted from van den Boom et al., 2016). 

 

1.4.2 Role of p97 in post-mitotic golgi reassembly 

At the beginning of mitosis, the golgi apparatus is broken down and reassembled after 

separation into two daughter cells. The reassembly of the golgi membrane has been 

shown to depend on the activity of p97 and several of its cofactors (Meyer, 2005). Both 
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the p47 and the p37 adapter are involved in this process, albeit with different functions. 

While the p97-p47 dependent mechanisms in golgi reassembly requires the activity of the 

p97 cofactor and deubiquitinating enzyme VCIP135, the p97-p37 mechanisms seems to 

function independent of ubiquitination (Meyer et al., 1998), (Zhang and Wang, 2015). The 

p97-p37 complex is also important for the reassembly of the ER (Uchiyama et al., 2006) 

  



26 
 

1.5 p97 associated multisystem proteinopathy 

Several mutations in the vcp gene have been shown to be connected to a number of 

different pathologies, which are collectively called IBMPFD/ALS, short for inclusion body 

myopathy, paget’s disease of the bone, frontotemporal dementia and amytrophic lateral 

sclerosis (Watts et al., 2004). The majority of the mutations responsible for these effects 

are located in close proximity to the linker that connects the N-domain with the D1 

domain(Meyer and Weihl, 2014). How these mutations lead to the aforementioned 

pathologies is not clearly understood. In vitro experiments with p97 disease mutants have 

shown higher ATPase activity for most of the disease mutants as well as slightly higher 

unfolding rates for some of them (Blythe et al., 2019). The increase in unfolding activity 

points to a gain of function as the cause of the disease, which is supported by the 

observation that p97 inhibitors alleviate disease symptoms in Drosophila, such as 

mitochondrial defects caused by dysregulation of mitofusins by hyperactive p97 (Zhang 

et al., 2017). However, it is unclear if the increase in unfolding rate is solely responsible 

for the disease phenotype. The in vitro experiments used homomeric hexamers, where 

every protomer carries the same mutation. While in vitro studies with mixed hexamers 

(resembling heterozygous patients) also showed an increase in the ATPase rate 

compared to fully wild type p97, the effect was significantly weaker than with fully mutated 

hexamers (Blythe et al., 2019). NMR studies have shown that disease mutant protomers 

have a higher propensity to have the N-domain in the up-conformation independent of the 

nucleotide state, compared to the wild type (Huang et al., 2019a). In addition, they showed 

that neighboring protomers influence each other’s N-domain state. Using methyl TROSY 

they could also show that the binding of the UBXD1 adapter to p97 is reduced in R95G 

protomers due to the change in N-domain conformation. Based on these findings, Huang 

et al. speculated that the disease mutants cause a dysregulation in the ability of adapters 

to bind to p97, where some adapters bind significantly tighter compared to p97 wild type, 

while the interaction with other adapters is significantly weakened. Thereby, the 

pathologies would be a result of perturbed adapter interactions. 

 



27 
 

1.6 p97 as a potential target for cancer treatment 

Cancer cells experience an upregulation in pathways regulating protein homeostasis in 

order to cope with the increase in unregulated protein synthesis. This presents a potential 

target for cancer therapy, because inhibition of said pathways, would affect cancer cells 

more strongly than healthy cells. An example of this strategy is the proteasome inhibitor 

bortezomib, which is used to treat multiple myeloma. Since p97 is an important part of the 

protein homeostasis system of the cell upstream of the proteasome, it represents an 

additional target for this strategy. Several p97 inhibitors haven been developed that 

impede its function. These inhibitors can be separated into those that directly inhibit the 

ATPase activity of the D2 domain, such as DBeQ and CB-5083, those that inhibit p97 via 

an allosteric mechanism, such as NMS-873, UPCDC30245 and MSC1094308. 

Additionally, there are covalent inhibitors like Eeyarestatin I and NMS-859. Out of these 

inhibitors, CB-5083 came furthest in clinical trials, but had to be abandoned due to severe 

offtarget effects (Tang et al., 2019). Recently, the anti-alcohol abuse medication disulfiram 

has come into focus as a cancer treatment (Skrott et al., 2017). This effect was traced 

back to a copper binding metabolite of disulfiram that shuttled copper ions preferably into 

cancer cells. Further studies showed that copper ions (Cu+2) bound to the zinc-finger 

domain of Npl4 and blocked interaction with p97, thereby severely compromising p97 

dependent protein homeostasis (Pan et al., 2021).  

1.7 Role of p97 in viral infections 

Studies have found evidence that p97 is important for replication of several viruses (Arita 

et al., 2012) (Lin et al., 2017),. (Carissimo et al., 2019). While inhibiton of p97 with a 

chemical inhibitor did not prevent viral entry, it appeared to compromise replication of the 

viral genome and membrane trafficking. In addition, p97 is known to be utilized by viruses 

to degrade MHC class I molecules through ERAD, before they can reach the cell 

membrane and trigger an immune response (Ye et al., 2001). The outbreak of the novel 

coronavirus SARS-CoV-2/COVID-19 has renewed interest in p97 as a factor in viral 

infections, since previous work on related coronaviruses had shown that p97 inhibition 

compromised maturation of virus-loaded endosomes (Wong et al., 2015). A recent study 

showed that the p97 inhibitor NMS-873 inhibited Sars-CoV-2 replication at low nanomolar 

concentration (Bojkova et al., 2020). 
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1.8 The structure of p97 

The p97 protomer has a length of 806 amino acids and contains three distinct domains. 

These are the N-, D1- and D2-domain from N- to C-terminus. The N-domain (aa 1-187) 

serves as the major interaction site for most adapters and interactors of p97. It can be 

further divided into two subdomains, one double Ψ β‐barrel (Nn, residues 21–106) and a 

four‐stranded β‐barrel (Nc, residues 107–187). The D1 domain is connected to the N-

domain though a short linker (188-207) (Xia et al., 2016), (Buchberger et al., 2015). Both 

ATPase domains (D1 and D2) contain a Walker A and Walker B motif for nucleotide 

binding and hydrolysis, as well as an asparagine and an arginine residue that assist in 

ATP hydrolysis (Buchberger et al., 2015). Depending on the type of nucleotide bound by 

the D1 domain, the N-domain is either oriented coplanar to the D1-domain (ADP bound 

state) or flipped upwards by about 38 Å compared to the D1-domain (ATP bound state) 

(Xia et al., 2016). A second small linker (459-480) connects the D1 and D2 ATPase 

domains. After the D2-domain follows an unstructured C-terminal tail (762-806) which is 

important for the interaction with a few other adapters that do not bind to the N-domain 

(Buchberger et al., 2015). The D2 domain is responsible for the majority of the ATPase 

activity of p97 and is thought to be the main driver of substrate unfolding, while the D1 

domain is important for hexamer formation (Xia et al., 2016).  

Substrate translocation by p97 involves engagement of target proteins by adapter proteins 

bound close to the N-domain, which guide the substrate into the central pore, were it is 

translocated and exits at the D2 domain (Twomey et al., 2019a). Contrary to related AAA+ 

ATPases like VAT, p97 lacks aromatic pore loop residues in the D1 domain. These pore 

loop residues are thought to be responsible for pushing the substrate downward through 

the pore of an AAA+ ATPase (Puchades et al., 2019). Concomitant removal of the N-

domains and mutation of the D1 to include aromatic pore loops lead to a mutant of p97 

(ΔND1YY) that was capable to unfold YFP-ssrA, a model substrate for VAT (Rothballer et 

al., 2007). This might be the result of the “activated” D1 domain nonspecifically engaging 

the substrate. In the native p97, the lack of pore loops in the D1 domain necessitates the 

function of an adapter protein or cofactor to facilitate substrate engagement. 
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Figure 7: Domain structure of p97. The p97 protomer consist of an N-terminal N-domain 
(blue), and two ATPase domains D1 (cyan) and D2 (green). These are connected by two 
linkers (N-D1 and D1-D2) and followed by an unstructured C-terminus. Six p97 protomers 
assemble into a helix, where the ATPase domains form a pore, while the N-domain 
position is either coplanar to the D1 domain (ADP) or flipped upwards (ATP) depending 
on the nucleotide bound in the D1 domain. Structures based on pdb 5ftk (ADP bound, 
visible residues: 21-763) and 5ftn (ATPγS bound, visible residues: 12-768) (Banerjee et 
al., 2016).  
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1.9 Interaction of p97 with adapters and cofactors 

The diversity of processes in which p97 is involved is a result of the large number of p97 

adapter proteins and cofactors which mediate the interaction with specific substrates. In 

total there are about 30 different proteins with known p97 interaction sites. Most of these 

proteins interact with the N-domain of p97, while a few also bind to the C-terminus. The 

main interaction motifs with the N-domain are the UBX-domain (ubiquitin regulatory x), 

the SHP box, the VIM and VBM, while interactions with the C-terminus are mediated 

through a PUB or PUL domain. The UBX-domain has a high structural similarity to 

ubiquitin and interacts with the N-domain of p97, by inserting into the hydrophobic cleft 

formed by the two parts of the N-domain. The VIM (vcp interacting motif) also interacts 

with p97 at this position. The second major interaction site for adapters of p97 on the N-

domain is with adapters that carry a SHP box. The SHP box is a short 14-15 amino acid 

long sequence which binds to a site of the Nc-domain of p97. Since both the UBX-domain 

and the VIM bind to the same region on the p97 N-domain, competing adapters cannot 

bind on the protomer. A smaller subset of adapters including PNGase and  PLAA bind to 

the C-terminal tail of p97 (Buchberger et al., 2015), (Xia et al., 2016).  

The p97 interacting proteins can be divided into adapter proteins that directly facilitate 

substrate binding by p97 and regulatory cofactors that assist indirectly substrate 

processing, for example by recruiting p97 to a specific cellular location (e.g. UBXD8 

recruits p97 to the ER membrane), functioning as a deubiquitinating enzyme (YOD1, 

VCIP135) or substrate processing factors such as PNGase (Zhao et al., 2007) or the yeast 

E4 enzyme Ufd2 (Rumpf and Jentsch, 2006), which adds further ubiquitin chains to the 

substrates. Only Ufd1-Npl4 and the SEP domain proteins p47 and p37 have been so far 

identified as genuine adapter proteins.  
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Figure 8: Binding sited of p97 adapter proteins on the p97 N domain. Left: 
orientation of the N-domain of p97 in the down conformation (PDB: 5FTK) with one N-
domain marked with a black box. Right: Binding sites of the UBX of FAF1 (PDB: 3QQ8, 
purple), UBXL of NPL4 (PDB: 2PJH, yellow), VIM of gp78 (PDB 3TIW, cyan), and SHP 
of Ufd1 (PDB: 5C1B, blue) bound to the N-domain of p97 (PDB: 5C1B, Nn in limegreen, 
Nc in green). 
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Figure 9: Binding sites of p97 adapters at the C-terminal tail of p97 (Xia et al., 2016). 
Left: interaction of the cofactor PNGase with the C-terminal peptide of p97. Right: 
interaction of the PUL domain of PLAA with the C-terminal peptide of p97. 

 

1.10 Specific adapter proteins of p97 

1.10.1 The Ufd1-Npl4 adapter and mechanism of ubiquitin substrate translocation 

 

Figure 10: Structure and interactions of the yeast Ufd1-Npl4 heterodimer. Ufd1-Npl4 
bind to each other via the interaction of the NMB domain in Ufd1 with the MPN domain in 
Npl4. The adapter pair binds to p97 via the UBX-L domain and the zinc-finger domain in 
the N-terminus of Npl4 and two SHP boxes in the C-terminus of Ufd1. K48 linked ubiquitin 
chains are recognized via the UT3 domain of Ufd1 and the C-terminal domain of Npl4. 

The best understood adapter of p97 is the heterodimer of Ufd1 and Npl4. This adapter 

pair is the major adapter for processes involving ubiquitinated substrates. Its main function 

is the recruitment of ubiquitinated substrates to p97. Npl4 contains an N-terminal UBXL 
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domain which binds to N-domain of p97. This is followed by a zinc-finger domain (zf-Npl4), 

a MNP-domain (Mpr1/Pad1 N-terminal) and a C-terminal domain (CTD). The metazoan 

Npl4 also includes a NZF domain at the C-terminus, which binds ubiquitin indiscriminate 

of the chain type. The yeast variant lacks this C-terminal NZF domain and specifically 

binds to K48 linked ubiquitin via its MPN-domain and CTD. Ufd1 consists of a UT3 domain 

in its N-terminal part responsible for binding of K48 linked Ub chains and a UT6 segment 

in its C-terminal part that includes two SHP boxes for binding two p97 (SHP1 and SHP2) 

and an NMB sequence which binds the MPN-domain of Npl4.  

As the major adapter protein for processing of ubiquitinated substrates by p97, several 

studies have investigated the role of Ufd1-Npl4 in the unfolding mechanisms of p97 

(Bodnar and Rapoport, 2017), (Blythe et al., 2017). These studies were successful in 

reconstituting p97-Ufd1-Npl4 mediated unfolding of a ubiquitin substrate in vitro by fusing 

a fluorescent reporter protein to an N-terminal ubiquitinated degron. This provided the loss 

of fluorescence upon unfolding by p97-Ufd1-Npl4 as a readout for unfolding activity. By 

combining this experimental strategy with a FtsH protease that was fused to the C-

terminus of Cdc48, the Rapoport group could show that unfolding of the ubiquitin substrate 

involved translocation through the central pore (Bodnar and Rapoport, 2017). In addition, 

they observed that a minimum of five ubiquitin modifications on the substrate were 

required to be recruited and unfolded by p97-Ufd1-Npl4. Furthermore, complete 

translocation and subsequent release required the trimming of the substrate ubiquitin 

chain by a DUB. 
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Figure 11: Cryo-electron microscopy-based structure of the slowly translocating 
Cdc48 mutant E588Q (Walker B in D2) together with Ufd1-Np4l in the process of 
unfolding a ubiquitin chain (yellow) (Twomey et al., 2019). Npl4 (orange) sits on top of 
the Cdc48 hexamer and guides an unfolded ubiquitin chain (yellow) into the central pore. 
The two proximate ubiquitins in the chain that are still folded (green) are bound to the 
backside of Npl4. The N-domains (white) of Cdc48 are positioned in the up conformation 
and with one of them bound by the UBXL domain of Npl4 (red). Only a small part of the 
UT6 region of Ufd1 (brown) was resolved in this structure, bound to Npl4 and in close 
proximity to the N-domain of one Cdc48 protomer. The D1 and D2 domains of the six 
Cdc48 protomers (A-F) are shown in different shades of blue/purple, with bound 
nucleotides in green. 

The first structure of Cdc48, the yeast homologue of p97, in the process of unfolding a 

ubiquitin substrate was published by Twomey at al. in 2019. They analyzed the structure 

of Cdc48 in complex with the yeast Ufd1-Npl4 adapter pair, unfolding a polyubiquitinated 

model substrate by cryo-EM (Twomey et al., 2019a). The resulting structure showed Npl4 

sitting on top of Cdc48 bound to the ubiquitin chain that was fed into the pore of p97. The 

structure included a two folded ubiquitins (Ub1 and Ub2) bound to backside of Npl4. In 

addition, the proximal ubiquitin (Ub1) was connected to an unfolded polypeptide chain, 

that stretched along Npl4 into the central pore of Cdc48, which was identified as unfolded 

ubiquitin. This unfolded chain consisted of two linear elements which were connected by 

a kink in the center of the Npl4 groove. Twomey et al. further investigated the importance 

of the interaction between Npl4 and the unfolded ubiquitin stretch, by systematically 

mutating residues in the Npl4 groove. The effect of these mutations ranged from a mild 

reduction in unfolding activity compared to wild type Npl4, to an almost complete 
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abrogation of unfolding, underscoring the importance of the Npl4 groove for substrate 

unfolding. 

The threading of the substrate through the pore of p97, is proposed to be function in a 

hand over mechanism, where the p97 protomers are oriented in a staircase conformation, 

where ATP hydrolysis in the D2-domain of the lowest protomer in the staircase causes 

the protomer to shift upwards and reassociate with the substrate at the top position after 

binding of ATP. This movement causes the aromatic pore loops to push the substrate in 

the central pore downwards, which results in substrate translocation.  

 

Figure 12: Translocation of ubiquitin-Eos model substrate by Cdc48 (Twomey et 
al., 2019). A Structure based on a ADP/BeF structure of Cdc48 in complex with (yeast) 
Ufd1-Npl4 and the Ub-Eos3.2 substrate. B Positioning of the pore loops of the six Cdc48 
protomers in D1 and D2 domain. C ATP hydrolysis causes the respective protomer to 
disengage from the substrate. The protomer then reattaches to the substrate at the top 
of the stair case after ADP is replaced by ATP, which results in a downward movement 
of the substrate relative to the p97 hexamer. 
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1.10.2 The SEP domain adapter family 

 

Figure 13: Domain architecture and function of the SEP domain adapter proteins. 
UBA = “ubiquitin-associated domain” (ubiquitin binding), Brake = inhibits the ATPase 
activity of p97 when bound by p47, SEP = “Shp1, eyc and p47” (potential substrate binding 
site), SHP = binding of p97, UBX = “ubiquitin regulatory X” (binding of p97), Spectrin = 
interaction with the cytoskeleton. 

The SEP domain adapter protein family share a similar arrangement of protein domains 

in the C-terminal half of the proteins. The characteristic SEP domain (the name is derived 

from the proteins Shp1 (homologue of p47 in yeast), eyc (homologue of p47 in flies) and 

p47, where this domain was first identified), is situated at the center of the protein, followed 

by a SHP-box and a UBX-domain for p97 binding, interspaced by short linker sequences 

(Dreveny et al., 2004). In humans there are four different SEP domain proteins p47, p37, 

UBXN2A and UBXN11. Other species harbor only one SEP domain protein, for example 

the yeast Shp1 (homologue of p47) or UBXN-2 in worms (homologue of p37). While all 

four human SEP domain proteins share similar domain arrangement in the C-terminal 

part, the N-terminal sequences show significant differences.  

The oligomeric state of the SEP domain adapters has been under debate, because both 

p37 and p47 run at higher apparent molecular sizes in gel filtration (Kondo et al., 1997), 

(Zhang et al., 2015). Crosslinking experiments with p47 pointed towards a the formation 

of trimers, which was dependent on the SEP domain (Yuan et al., 2004). Further studies 

by the group of Tsui-Fen Chou suggested a connection between the oligomerization state 

of p47 and the inhibitory effect of p47 on the p97 ATPase activity, where trimerization at 

higher concentrations of p47 reduces the inhibitory effect (Zhang et al., 2015). However, 

it is unclear if trimerization is also relevant for substrate processing by p97 since these 
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observations were based on the “idle” activity of p97 and not while p97 was actively 

unfolding a substate.  

The p47 (also called NSFL1C) adapter was the first identified adapter protein of p97 

(Kondo et al., 1997). In addition to the SEP-SHP-UBX domains it includes a ubiquitin 

binding UBA domain at the N-terminus that is connected to the SEP domain via a long 

unstructured linker. In contrast to Ufd1-Npl4, which mediates binding of polyubiquitinated 

substrates, the UBA domain of p47 preferably binds monoubiquitinated substrates (Meyer 

et al., 2002). The protein cooperates with p97 in membrane fusion and post mitotic ER 

and golgi stack reassembly (Kondo et al., 1997), by mediating the interaction between 

p97 and the SNARE complex protein syntaxin 5 (Rabouille et al., 1998). Surprisingly, p47 

was found to inhibit the ATPase activity of p97 by around 75% (Meyer et al., 1998). This 

inhibitory effect is caused by a “brake” motif in the linker between the UBA domain and 

the SEP domain of p47, between residues 69-92 (Zhang et al., 2015). Disassembly of the 

p97/p47/syntaxin 5 complex depends on the additional activity of the DUB VCIP135 

(Uchiyama et al., 2002). Other studies have implicated a role for p47 in dendritic 

arborization in neurons (Wang et al., 2018). The next most similar member of the SEP 

domain protein family in humans is the protein p37, which is slightly shorter than p47 (331 

vs 370 amino acids). In contrast to p47, the N-terminus of p37 does not contain an UBA 

domain for ubiquitin binding or a brake motif that inhibits ATPase activity. Instead, binding 

of p37 to p97 increases the ATPase activity of p97 (Zhang et al., 2015). Like p47, p37 has 

been found to function in the reassembly of the ER and golgi apparatus after mitosis. Of 

note, while the function of p47 in this process was dependent on the activity of the DUB 

VCIP135 (Wang et al., 2004), the function of p37, which lacks an UBA domain, was 

dependent on the presence, but not the activity of VCIP135, suggesting a potentially 

ubiquitin-independent role. Instead of syntaxin 5, the p97-p37 complex interacts with the 

SNARE GS15 (Uchiyama et al., 2006). In addition, both p47 and p37 have been 

connected to mitotic regulation, by limiting the recruitment of Aurora A kinase to 

centromers (Kress et al., 2013). Furthermore, p37 also contributes to correct spindle 

orientation, by limiting the association of the nuclear and mitotic apparatus (NuMA) with 

the cell cortex during metaphase. Cortical localization of NuMA depends on 

dephosphorylation by the PP1α-Repo-Man complex, whose activity is negatively 

regulated by p37 (Lee et al., 2018). The third and shortest of the human SEP domain 
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proteins is UBXN2A, with 259 amino acids and a very small N-terminus without any 

defined structure. UBXN2A was shown to prevent ERAD of nicotinic acetylcholine 

receptors (nAChRs) that include an α3 subunit, by blocking ubiquitination by the E3 ligas 

CHIP (Teng et al., 2015). This effect depends on binding of the α3 subunit by the SEP 

domain. Another function of UBXN2A is the binding of the anti-apoptotic chaperone 

Mortalin (mot-2), which prevents mot-2 association with p53 and induces apoptosis 

through nuclear translocation of p53 (Sane et al., 2014). The fourth of the human SEP 

domain proteins is UBXN11. The protein is significantly larger than the other three, with a 

total length of 520 amino acids. The defining feature is a spectrin domain in the N-

terminus, which is associated with cytoskeleton interactions (Djinovic-Carugo et al., 2002). 

UBXN11 in particular is involved in the disassembly of actin stress fibers (Katoh et al., 

2002).  

Despite these numerous functions of the SEP domain adapters, no exact molecular 

mechanism for the processing of a substrate by a p97-SEP domain adapter complex has 

been identified so far. Recently, our group identified the disassembly of the ternary 

SDS22-PP1-I3 (SPI) complex as a p97-SEP domain adapter dependent process (Weith 

et al., 2018). This has enabled us to investigate the role of these adapters more closely.  
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1.11 Protein Phosphatase 1 

Protein phosphatase 1 (PP1) is a serine/threonine phosphatase enzyme that together with 

Protein Phosphatase 2A (PP2A) is responsible for a more than 90% of the total 

phosphatase activity in eucaryotes (Bollen et al., 2010). The protein is highly conserved 

from yeast (Glc7 in S. cerevisiae) to higher eukaryotes. In humans, there are three 

different isoforms of PP1, PP1α (PP1CA), PP1β (PP1CB, also known as PP1δ), PP1γ 

(PP1CC) that mostly differ in the length of their C-termini (da Cruz e Silva et al., 1995) 

(Virshup and Shenolikar, 2009). Due to alternative splicing two variants of PP1γ, PP1γ1 

and PP1γ2 exist, although PP1γ2 is only expressed in the testis, while the other three can 

be found in all cell types (Chun et al., 1994). The three isoforms differ in their subcellular 

location, with all isoforms being present in the cytosol and the nucleus during interphase 

(Andreassen et al., 1998). Inside the nucleus, PP1α is found at the nuclear matrix, PP1β 

associates with both non-nucleolar chromatin and the nucleoli and PP1γ1 associates at 

the nucleoli (Lesage et al., 2005). At the center of the PP1 protein sits the active site, 

which consist of a β-α-β-α-β scaffold with two metal ions M1 and M2 (Goldberg et al., 

1995). In mammals, the M1 site is occupied by Fe+2 and the M2 site by Zn+2, while 

mammalian PP1 that has been expressed in bacteria contains Mn+2 at both sites (Bollen 

et al., 2010). The active site is surrounded by acidic residues, with the C-terminus of PP1 

in close proximity (Goldberg et al., 1995). PP1 forms holoenzyme complexes with at least 

200 interaction partners (PIPs, for PP1 interacting protein), which function as substrate 

specifiers for the multitude of different substrates (Heroes et al., 2013). While most PIPs 

bind to all isoforms of PP1, some are specific for a certain isoform (Heroes et al., 2013). 

The majority of these proteins interact with PP1 via a common RVxF motif on PIP side, 

which binds to a hydrophobic site on PP1 distant from the active site (Bollen et al., 2010). 

While the RVxF motif is found in most PIPs, it is also degenerate and allows the general 

sequence [K55R34][K28R26][V94I6]{FIMYDP}[F83W17] with the numbers in the subscript 

representing the percentage occurrence of that residue and the residues in curly brackets 

are excluded (Wakula et al., 2003), (Heroes et al., 2013). Additionally, there are around 

eight other protein interaction sites like the SILK, SpiDoC (spinophilin docking site for the 

C‐terminal groove), BiSTriP (bipartite docking site of SDS22 that interacts with the α4–6 

triangular region of PP1), MyPhoNE (myosin phosphatase N‐terminal element) and 

IDoHA (inhibitor‐2 docking site for the hydrophobic and acidic grooves) motif. These 
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motifs are responsible for the binding of  PIPs that specify and mediate subcellular location 

and substrate specification of the PP1 complex, but can also bind regulating factors, such 

as inhibitor-2 that binds to the IDoHA motif that overlaps the active site and inhibits 

phosphatase activity (Heroes et al., 2013). of While most PP1 holoenzyme complexes are 

dimeric and consist of PP1 and one PIP, there are also several trimeric complexes that 

include an inhibitor protein as the third member. The PIPs in trimeric PP1 complexes 

mostly bind to different interaction sites on PP1, although there are exception such as the 

PP1-spinophilin-inhibitor-2 complex, where both PIPs compete for the RVxF motif binding 

site (Heroes et al., 2013). Formation of these trimeric complexes can be, but is not 

necessarily, supported by additional interactions between the two PIPs, such as for the 

Mypt1/PP1/CPI‐17 complex (Eto et al., 2007).  

 

Figure 14: Overview of selected binding sites of PP1 interactors. The active site as 
well as the binding site for the SpiDoC, RVxF, iDoHA, SILK and MyPhoNE binding motifs 
are indicated. The Cartoon figures A-D showcase the shape of different PIPs 
superimposed on the PP1 binding sites. A inhibitor-2, B Mypt1, C spinophilin, D 
spinophilin and inhibitor-2 (Heroes et al., 2013). 
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PP1 was initially discovered for its involvement in glycogen metabolism by counteracting 

phosphorylase kinase activity (Brautigan, 2013). In addition, PP1 is also important for cell 

division, protein synthesis, actin and myosin organization, apoptosis and receptor 

signaling (Ceulemans and Bollen, 2004). During mitosis, PP1 is recruited to the 

kinetochore by KLN1 (Kinetochore null 1) where it counteracts the aurora B kinase, 

contributing to correct spindle orientation (Liu et al., 2010). In similar fashion, the PP1 and 

Aurora B balance phosphorylation of histone H3 during mitosis (Hsu et al., 2000). PP1 

affects various factors involved in protein synthesis, with the transcription factor CREB 

(cAMP response element-binding protein) and the translation initiation factor elF2α 

(eukaryotic initiation factor 2α) among them (Alberts et al., 1994), (Ernst et al., 1982). 

Regulation of cytoskeletal organization by PP1 is mediated two types of PIPs, Neurabins 

and Mypts (Ceulemans and Bollen, 2004). Neurabins primarily bind to PP1α and 

contribute to actin remodeling, while Mypts bind to PP1β and mediate myosin 

dephosphorylation. Furthermore, PP1 activity affects apoptosis through 

dephosphorylation of the pro-apoptotic factor Bad (Bcl-2-Antagonist-of-Cell-Death) by 

PP1, which is activated by Ras (Ayllón et al., 2000). In addition, PP1 is involved in synaptic 

signaling, for example through interaction with NMDA receptors (Hou et al., 2013). 

This study focused on a complex consisting of PP1γ and the interactors SDS22 

(suppressor 2 of the dis2‐mutant SH3) and I3 (inhibitor-3), called the SPI complex. From 

here on PP1γ will always be referred to as PP1, unless specified otherwise. 
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1.11.1 The SDS22-PP1-I3 complex 

The PIPs SDS22 (suppressor of Dis2 mutant 2, also known as PPP1R7) and I3 (inhibitor-3 

or Inh3, also known as PP1R11) form a trimeric complex with PP1 that is highly 

conserved, whose homologues in the yeast S. cerevisiae are Sds22 (SDS22), Glc7 (PP1) 

and Ypi1 (I3) (Pedelini et al., 2007). Unlike most other PIPs, SDS22 does not bind to PP1 

via the RVxF motif, but instead through 12 leucin rich repeats (LLRs) that form a curved 

superhelix that binds adjacent to the active site of PP1 (Choy et al., 2018). Binding of 

SDS22 to PP1 is further influenced by the metal-loading state of PP1, where SDS22 binds 

only to PP1 that lacks any metal ion, or has only one metal ion bound at the M2 site (Choy 

et al., 2019). I3 is a 126 amino acids long proteins that binds to PP1α and PP1γ, but not 

PP1β, through the RVxF motif 39KKVEW43 (Zhang et al., 2008), (Huang and Lee, 2008). 

In addition, residues 65-77 were found to be important for the inhibitory effect of I3 on PP1 

(Zhang et al., 2008). In contrast to SDS22, I3 seems to be highly unstructured when not 

bound to PP1, as evidenced by the fact that it runs higher than expected in SDS-gel 

electrophorese (above 20 kDa instead of around 14 kDa) and tends to aggregate when 

expressed on its own in bacteria or insect cells (results from our lab, data not shown).  

While both SDS22 and I3 inhibit the phosphatase activity of PP1 in vitro and in vivo, they 

are also crucial for the proper function of PP1 (Pedelini et al., 2007), (Lesage et al., 2007). 

The main role of the SDS22-PP1-I3 complex seems to be the regulation of cytokinesis 

during cell division (Eiteneuer et al., 2014; Pedelini et al., 2007). First evidence for this 

came from experiments with temperature sensitive yeast mutants, which showed that a 

mutation of Sds22, which weakened binding between Sds22 and Glc7 (PP1 in yeast) in 

vitro, lead to chromosome instability at higher temperatures that was connected to a 

reduction in the nuclear localization of Glc7 (Peggie et al., 2002). This negative effect on 

cell viability was rescued in strains that were also mutated in Ipl1 (Aurora B kinase in 

yeast), suggesting that the Sds22-dependent function of PP1 in the nucleus counteracted 

Ipl1 (Peggie et al., 2002). Similarly, I3 was shown to be important for centrosomal or 

nucleolar localization of PP1 in interphase HEK cells, which was dependent on a nuclear 

localization signal at the N-terminus of I3 and a basic cluster at the C-terminus that was 

responsible for recruitment to the nucleoli  (Huang et al., 2005). Further studies in yeast 

and human cells showed that depletion of SDS22 and I3 produced similar effects on the 

localization and function of PP1 suggesting a synergistic role for the regulation of PP1 
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activity (Pedelini et al., 2007), (Lesage et al., 2007), (Bharucha et al., 2008). The mitotic 

function of PP1 was traced to interaction with KLN1 at the kinetochore through the RvXF 

motif, which counteracts Aurora B activity at the centromere and is essential for proper 

chromosome biorientation (Eiteneuer et al., 2014). Depletion of I3 lead to association of 

SDS22 to PP1 at the kinetochore, which inhibited the phosphatase activity of 

PP1(Eiteneuer et al., 2014). The fact that binding of SDS22 and I3 to PP1 was required 

to reach its destination but did also inhibits PP1 activity suggested that SDS22 and I3 

function as chaperones for PP1.  

 

Figure 15: Structure of SDS22 bound to PP1 A The structure of SDS22 (residues 100-
300, pdb: 6mky) consist of 12 LRR repeats that form a curved superhelix with a distance 
of 36 Å between N- and C-terminus (Choy et al., 2018). B Structure of the SDS2256–360-
PP11–300 interaction site (pdb: 6OBN). SDS binds adjacent to the catalytic center of PP1 
and coveres surface area of 3084 Å2 (Choy et al., 2019). 
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1.11.2 The SDS22-PP1-I3 complex is a target of p97 

A connection between  PP1 and p97 was first established by the fact that mutation of a 

protein, which was later identified as the SEP domain protein Shp1 (Suppressor of high 

copy PP1), rescued the negative effect of PP1 (GLC7 in yeast) overexpression in S. 

cerevisiae (Zhang et al., 1995). A similar effect was observed with a yeast strain in which 

Shp1 could not bind Cdc48 due to mutations of the SHP box and UBX domain (Böhm and 

Buchberger, 2013). In addition, mutation or depletion of Cdc48, Sds22 or Ypi1 lead to 

aggregation of Glc7 in budding yeast and the Sds22-Glc7-Ypi1 complex was found to be 

associated with Shp1-p97QQ mutant, which is ATPase inactive (Cheng and Chen, 2015). 

Furthermore, a mass spectrometry screen for interaction partners of UBX domain-

containing adapter proteins of p97 showed association of human SEP domain proteins 

with the SDS22+PP1+I3 complex (Raman et al., 2015). 

Our group proceeded to investigate the role or p97 and the SEP domain adapter for the 

regulation of PP1 activity (Weith et al., 2018). The fact that SDS22 and I3 are both required 

for PP1 function, but also inhibit PP1 activity suggested a role of these two PIPs in PP1 

biogenesis. Co-immunoprecipitation of PP1, SDS22, I3 and NIPP1 (Nuclear inhibitor of 

protein phosphatase 1) from rabbit reticulocyte lysate that expressed radioactively labeled 

PP1 showed that SDS22 and I3 were associating with PP1 immediately after biosynthesis 

and were dissociating from PP1 over the course of two hours (Weith et al., 2018). In 

contrast, NIPP1 association was initially weak, but increased over the same time period. 

Dissociation of SDS22 was suppressed by knockdown of I3, suggesting that dissociation 

of SDS22 and I3 from PP1 is linked. The dissociation of SDS22 and I3 could be 

suppressed by the addition of the p97 inhibitor NMS-873, suggesting that p97 is involved 

in this process. This was supported by the fact that the components of the SPI complex 

could be co-immunoprecipitated with the substrate trapping p97E578Q mutant. 

Furthermore, treatment with NMS-873 suppressed phosphatase function of PP1 after 

isolation from cells and incubation with trypsin, suggesting that PP1 activation is 

dependent on p97 (Weith et al., 2018).  

Additional co-immunoprecipitation experiments from HEK cells revealed that the SEP 

domain adapters p37, p47 and UBXN2A interacted with the SPI complex, although the 

interaction with p47 was markedly weaker than with the other two. The fourth member of 
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the human SEP domain proteins, UBXN11 as well as the Ufd1-Np4 adapter did not 

interact with the SPI complex. Individual knockdown of p37 or UBXN2A or knockout of 

p47 did not abrogate the interaction between the SPI complex and p97. Instead, depletion 

of all three adapters was required to arrest the disassembly of freshly synthesized SPI 

complex in cells, suggesting that the three adapters work redundantly (Weith et al., 2018).  

In order to test if p97 and a SEP domain adapter were sufficient to disassemble the SPI 

complex without any other interacting factor, Jonas Seiler developed an in vitro 

disassembly assay with purified proteins (Weith et al., 2018). Incubation of p97 and p37 

with the SPI complex and NIPP1 showed that SDS22 and I3 dissociation and NIPP1 

association with PP1 was dependent on the addition of ATP. SPI complex disassembly 

worked at substoichiometric concentrations of p97 and preceded faster at higher enzyme 

concentrations. Strikingly, none of the involved proteins were ubiquitinated, in contrast to 

established processes that involved p97 and the Ufd1-Npl4 adapter. 

Utilizing a genetically encoded crosslinking strategy, Weith et al. identified the SEP 

domain of p37 as an interaction partner of I3, implicating I3 as the potential primary target 

of p97. In addition, I3 was shown to be essential for the interaction, as mutant I3 that could 

not bind to PP1 prevented binding between p97-p37 and SDS22-PP1 in vitro. Further 

evidence for I3 as the substrate came from experiments with genetically encoded 

crosslinkers at the entrance of the p97 pore and inside the D2 ring, which showed that I3 

was the only component of the SPI complex that could be trapped at the entrance of the 

pore, while additional crosslinks with the D2 domain depended on the presence of ATP.  

These results hinted at I3 as the primary target of p97 in this process (Weith et al., 2018). 
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Figure 16: Model for the disassembly of the SDS22-PP1-I3 complex by p97-p37. The 
adapter binds to the N-domain of p97 through the UBX domain (U) and SHP box and 
mediates recruitment of the SPI complex. I3 is recognized via the SEP domain and  then 
pulled into the central pore of p97, powered by ATP hydrolysis. This leads to the 
disassembly of the SPI complex and allows other PIPs like NIPP1 to bind to PP1 (Weith 
et al., 2018).  

1.12 Aims of this thesis 

Since most of the substrates of p97 are ubiquitinated, the majority of research on how p97 

adapters facilitate substrate processing has been focused on the function of the Ufd1-

Npl4 adapter proteins that control unfolding of ubiquitinated substrates. Our group had 

identified the disassembly of the SDS22+PP1+I3 (SPI) complex as a ubiquitin 

independent substrate of p97, a process which depended on adapter proteins from the 

SEP domain family, based on data from experiments with proteins that had been 

immunoprecipitated from cells. Preliminary data suggested that the I3 protein is the major 

target of p97 in this process. To verify the hypothesis that I3 was unfolded in this process, 

we planned to establish a new in vitro unfolding assay that allowed us to monitor the 

unfolding reaction in real time. For this purpose, a model substrate with a fluorescent 

reporter was to be developed, in order to track the unfolding reaction in real time. Once 

this assay was set up, we planned on comparing the effect of the different members of 

the SEP domain adapter family on SPI disassembly and potential unfolding of I3. 

Furthermore, we planned to investigate the mechanism how the SEP domain adapters 

are able to facilitate the unfolding of a nonubiquitinated substrate by p97, in particular with 

a focus to elucidate how the p97-SEP domain adapter complex is capable to specifically 

unfold the I3 protein, while sparing PP1 and SDS22 
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2 Results 

2.1 Establishment of a p97 unfolding assay for a ubiquitinated model substrate 

The activity of p97 has been studied mainly by measuring the rate of ATPase hydrolysis. 

This has given valuable insights into the effect of different mutations or adapters on p97. 

However, it is only an indirect measurement of the actual process of substrate unfolding. 

A more direct read out can be achieved by generating a substrate which is coupled to a 

fluorescent protein (e.g. GFP), which leads to a loss of fluorescence upon unfolding. This 

approach has been used by two different groups to investigate p97 or Cdc48 unfolding 

activity. One group (Blythe et al., 2017) generated a GFP protein with two N-terminal 

ubiquitin moieties, which were further ubiquitinated with an engineered gp78-ubc7 hybrid 

(E3-E2 combined) to obtain a polyubiquitinated substrate. This substrate was then bound 

and unfolded by the p97-Ufd1-Npl4 complex after the addition of ATP. A limited decay of 

fluorescence was observed, because the GFP protein was unfolded by p97 but rapidly 

refolded after being processed. This was overcome by the addition of a mutant GroEL 

D87K chaperone, which trapped the unfolded GFP and prevented refolding. This led to a 

significant loss of fluorescence over time. An alternative approach was pursued by Bodnar 

et al. (Bodnar and Rapoport, 2017), who developed an equivalent system for the yeast 

homologue of p97, Cdc48. Their reporter was based on the photoconvertible fluorescent 

protein mEos3.2, an engineered monomeric version of the Eos protein from L. hemprichii. 

Irradiation with UV light causes a break in the peptide chain and a shift from a green 

fluorescent to a red fluorescent form. The peptide backbone break in mEos3.2 prevented 

refolding after processing by Cdc48. The substrate consisted of one mEos3.2 with an N-

terminal peptide sequence that included a degron for the ubiquitin ligase Ubr1. After UV 

irradiation and ubiquitination, this substrate was unfolded by Cdc48 and Ufd1-Npl4.  

In a first approach, we aimed to set up a ubiquitin-dependent unfolding assay for 

comparison before concentrating on the analysis and further dissection of SPI 

disassembly as the main focus of the thesis. We decided to combine the advantages of 

the two published systems. We kindly received the plasmid DNA for their GFP substrate 

with two N-terminal ubiquitins and the gp78-ubc7 hybrid, as well as a small sample of 

purified substrate as a reference from the group of Raymond Deshaies. The substrate 

was adapted by replacing the GFP with an mEos3.2 sequence (Addgene Plasmid #54550, 



48 
 

(Zhang et al., 2012)). The construct was expressed and purified from BL21 and irradiated 

with a 365 nm UV lamp to induce the break in the peptide backbone. The effectiveness of 

the treatment was assessed by SDS gel electrophoresis and spectroscopic analysis 

(Figure 17). After 40 min of irradiation, bands appear in the SDS-PAGE at 19 and 27 kDa, 

representing the N-terminal (27kDa) and C-terminal (19 kDa) fragment. These bands 

increase in intensity with extended irradiation times (120 min and 160 min). The 

absorbance spectrum of the substrate showed a major peak at 510 nm before irradiation. 

After 40 min, a new peak appears around 580 nm, representing the converted species. 

The size of this peak increases with longer irradiation times. After more than 2 hours, 

around 40%of the total substrate had been transformed. Further irradiation did not 

significantly increase this result (data not shown).  

 

Figure 17: Design and photoconversion of the ubiquitin-Eos model substrate. 
A Cartoon-structure of the Ubiquitin-Eos substrate, based on the Ubiquitin-GFP substrate 
from Blythe et al. The protein carries a 6xHis-tag at the N-terminus for purification, 
followed by two ubiquitin moieties whose final glycine has been replace by valine. A break 
in the peptide backbone of mEos3.2 after His 62 was introduced by UV irradiation (365 
nm). B Coomassie stained SDS gel of unirradiated substrate (0 min) compared to three 
different UV-irradiation timepoints (40 min, 120 min, 160 min). Cleavage of the full-length 
substrate (FL) resulted in two fragments, visible in the SDS-gel at 27 kDa (N-terminal 
fragment) and 19 kDa (C-terminal fragment). C The absorbance spectra of the samples 
were recorded on a Nanodrop® spectrophotometer and showed the emergence of the 
photoconverted form at 570 nm.  

The substrate was then incubated over night with Ube1, gp78-ubc7 (E2+E3 hybrid), 

ubiquitin and ATP in order to add K48 linked ubiquitin chains. The resulting 

polyubiquitinated substrate was further purified by gel filtration (Figure 18). Fractions were 
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analyzed by SDS-PAGE and those containing medium to high levels of ubiquitination were 

pooled and concentrated.   

 

Figure 18: Purification of polyubiquitinated Ubn-Eos substrate via gel filtration. After 
ubiquitination overnight, the substrate was purified first with a NiNTA column (data not 
shown) to remove the ubiquitination enzymes and free ubiquitin chains. A Afterwards, it 
was further purified by size exclusion chromatography on a gel filtration column (HiLoad® 
16/600 Superdex® 200 pg, GE). B The resulting fractions (2 ml) were analyzed by SDS-
PAGE and fractions with high degree of ubiquitination (21-28) were pooled and 
concentrated. 

 

The purified substrate (25 nM), abbreviated as Ub-Eos from now on, was then incubated 

with p97 (75 nM) and the adapter heterodimer Ufd1-Npl4 (150 nM), and the decay of 

fluorescence after addition of ATP was monitored. The fluorescence of the unconverted 

(“green”) fraction of mEos3.2 did decrease slightly by about 10% and then reached a 

plateau, reflecting a balance between unfolding by p97 and refolding. The converted 

(“red”) fraction experienced an irreversible loss of fluorescence over time. The unfolding 

reaction was tested with p97 from two different sources. His-p97 was expressed and 
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purified from BL21 bacterial cells, while p97-His was expressed and purified from Sf9 

insect cells. Both were based on the human p97 sequence. The unfolding reaction 

proceeded faster with the p97 from insect cells than that from bacteria. This was true for 

both the green and the red form of the Ub-Eos substrate. 

 

Figure 19: Unfolding of the ubiquitinated model substrate by p97 and Ufd1-Npl4. 
Comparison of Ub-Eos unfolding by p97 from BL21 and Sf9. The Ub-Eos substrate 
(25 nM), p97 (75 nM) and Ufd1-Npl4 (250 nM) were mixed in a cuvette and incubated at 
37°C. After the addition of ATP (2 mM) or the same volume of water, the decay in 
fluorescence of the unconverted “green” (ex. 500 nm, em. 520 nm) and converted “red” 
(ex. 540 nm, em. 580 nm) substrate was monitored over 30 min. A The green uncleaved 
form of Eos can refold quickly after being unfolded by p97, leading to a steady state with 
only a small decrease in fluorescence. B The red photoconverted from of Eos can no 
longer refold after being processed by p97, leading to an irreversible loss of fluorescence. 
Unfolding by p97 expressed in insect cells (Sf9) is faster than by p97 expressed in bacteria 
(BL21). 

2.2 Establishment of a p97 unfolding assay for the SDS-PP1-I3 complex 

After the successful establishment of an assay for ubiquitin-dependent unfolding based 

on the decay of Eos fluorescence, we aimed to apply an equivalent approach to dissect 

the basis for SPI disassembly. Previous data had indicated that I3 may be directly targeted 

by the p97 complex during SPI disassembly. This was based on the observation that the 

SEP-domain of the p37 adapter directly interacted with I3 and that I3 could be crosslinked 

in the central channel of p97 (Weith et al., 2018). We therefore asked whether SPI 

disassembly could involve the unfolding of I3 during the process. To address this question, 

the mEos3.2 reporter was fused to the N-terminus of inhibitor-3. This would enable to 
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detect possible unfolding of I3 by monitoring the decay in mEo3.2 fluorescence, 

analogous to the ubiquitin substrate (Figure 20). 

 

 

Figure 20: Schematic describing the fluorescence unfolding assay for the 
SDS22PP1-mEos3.2-I3 substrate (SPEosI). An mEos3.2 was fused to the N-terminus 
of I3 and the whole SPEosI complex was expressed and purified from Sf9 cells. UV 
irradiation introduces a backbone break in mEos3.2 which prevents refolding of the 
fluorescent reporter after unfolding. The substrate is incubated with p97, p37 and ATP, 
which leads to unfolding of Eos-I3 and irreversible loss of fluorescence. The fluorescence 
of the red Eos form at 580 nm is measured and normalized to the initial value to plot the 
progress of the unfolding reaction. 

 

Since the SPI complex could not be co-expressed in bacteria (Weith et al., 2018), the 

SPEosI-complex (SDS22-PP1-His-mEos3.2-I3) was expressed in Sf9 insect cells using 

the baculovirus system. Cells were coinfected with a virus carrying His-mEos3.2-I3 and 

another virus that carried PP1 and SDS22. The complex was purified by His-tag affinity 

chromatography (NiNTA), followed by ion-exchange chromatography and finally size 

exclusion chromatography. The purified protein complex was then subjected to UV light 

(365 nm) to break the peptide backbone of mEos3.2.  
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Figure 21: Purification of SDS22-PP1-His-Eos-I3 (SPEosI) complex from Sf9 cells. 
The three complex components were co-expressed in Sf9 cells with the baculovirus 
system. The complex was first purified by NiNTA resin, followed by ionexchange 
chromatography. A The last step of purification was gel filtration on a S200 gel filtration 
column (HiLoad® 16/600 Superdex® 200 pg, GE). B Peak fractions were analyzed by 
SDS-PAGE and fractions with the complex proteins (fractions 24-29) were pooled and 
concentrated. 

The purified SPEosI substrate was tested as a substrate for p97 in an unfolding assay. 

After mixing the substrate (35 nM) with p97 (175 nM, from Sf9) and p37 (500 nM) and 

incubating for 5 min at 37°C, ATP was added and the decay in fluorescence of the “red” 

Eos form at 580 nm was monitored (Figure 22). The fluorescence decreased to about 

40% of the initial amount after 30 min. Doubling the concentration of p97 (350 nM) 

increased the loss of fluorescence to about 30%. A decrease by a factor of five to an 

equimolar ratio between p97 and substrate (35 nM) resulted in a decrease of fluorescence 

to about 70%. No unfolding was observed if the p37 adapter was replaced by the Ufd1-



53 
 

Npl4 adapter that promoted ubiquitin dependent unfolding. Similarly, unfolding did not 

occur when ATP was replaced by the non-hydrolysable ATPγS.  

 

Figure 22: p97 together with unfolds Eos-I3 during SPI disassembly. SPEosI 
substrate (35 nM), p37 (500 nM) or Ufd1-Npl4 (500 nM) and His-p97 (from Sf9, at 
indicated concentrations) were mixed in a cuvette at 37°C. ATP or ATPγS (2 mM) when 
indicated, were added and the fluorescence of the “red” Eos species (ex. 540 nm, em. 
580 nm) was monitored over 30 min. SPEosI is unfolded by p97 together with p37, but 
not with Ufd1-Npl4. The reaction rate increases with higher concentrations of p97 and 
does not proceed in the presence of the non-hydrolysable ATPγS. 

The fact that Eos fused to I3 lost fluorescence in an energy (ATP) and p97 concentration-

dependent manner provided strong evidence that Eos-I3 is unfolded during the course of 

the SPI disassembly reaction. Moreover, given that none of the components were 

ubiquitinated and no ubiquitin or conjugation machinery was included in the reaction, this 

finding demonstrates that the unfolding by p97 in this case occurs in a ubiquitin 

independent manner. 

2.2.1 Effect of p97 concentration on the unfolding rate 

In order to gauge the effect of p97 concentration on the unfolding rate, multiple unfolding 

experiments with a constant substrate (35 nM) and p37 (2 µM) concentrations, but with 

varying concentrations of p97 (10 nm to 1 µM) were measured. The initial rate of each 

unfolding reaction was determined by plotting the fluorescence intensity every 15 seconds 

over the first 4 minutes and calculating the slope. The amount of substrate fluorescence 

lost per minute was calculated from this slope and plotted against the ratio of p97 to 

substrate (Figure 23). Of note, if the concentration of p97 was lower than that of the 

SPEosI substrate, the decrease in fluorescence was barely noticeable (<5% over 40 



54 
 

minutes, data not shown). The initial unfolding rate increased with higher concentrations 

of p97 up to a ratio of around 10 p97 hexamers per substrate.  

 

 

Figure 23: Effect of p97 concentration on the initial unfolding rate. SPEosI substrate 
(35 nM), p37 (2 µM) and varying concentrations of His-p97 (10 – 1000 nM) were mixed 
and the fluorescence decay was monitored. The slope of the unfolding decay over the first 
4 minutes after addition of ATP was used to calculate the initial unfolding rate. The initial 
unfolding rates were plotted against the ratio between p97 and substrate. The maximal 
initial unfolding rate is reached at a ration of 10 p97 hexamers per one substrate molecule. 

2.2.2 Differential unfolding rate of p97 expressed in bacteria vs insect cells 

We previously noted that unfolding of the ubiquitinated substrate occurs at a higher rate 

with (human) p97 generated in Sf9 insect cells compared to p97 generated in bacteria 

(BL21) (Figure 19). To clarify whether this generally applies, we compared the two 

variants also in SPEosI unfolding. The concentration of the proteins was increased to 50 

nM SPEosI substrate, 400 nM His-p97 and 800 nM p37, because we reasoned that a 

potential difference between insect and bacterial p97 would be larger at higher 

concentrations. The comparison (Figure 24) showed a higher rate of unfolding with p97 

expressed in insect cells, similar to the effect on the ubiquitin substrate.  

A possible explanation for this phenomenon is that endogenous adapter proteins were 

copurified with the p97 from Sf9 cells and increased the unfolding efficiency. To exclude 

this possible interference, we tested if unfolding is mediated in the absence of any adapter 

(only substrate, p97 and ATP). However, no unfolding was observed (Figure 24). Instead 

the increase in unfolding rate could be a result of more efficient hexamer assembly in 

insect cells compared to bacteria. Another possible explanation could be posttranslational 
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modifications of His-p97 (human) when expressed in insect cells. Since the effects of 

different adapters were best visible with a high unfolding rate, all following experiments 

were conducted with His-p97 purified from insect cells (Sf9 or Hi5). 

 

Figure 24: Comparison of SPEosI unfolding by p97 purified from E.coli (BL21) and 
insect cells (Sf9). SPEosI (50 nM), p97 (400 nM) and p37 (800 nM) or equivalent volume 
of buffer were mixed in a cuvette at 37°C. After addition of ATP (2 mM) the fluorescence 
of the “red” Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. Similarly to the 
ubiquitin substrate, p97 expressed in insect cells (Sf9) is more efficient in unfolding the 
SPEosI substrate than p97 expressed in bacteria (BL21). The reaction does not proceed 
in the absence of p37, suggesting that the increase in unfolding rate is caused by 
copurified adapter proteins. 

 

2.3 Effect of different SEP domain adapters on the unfolding reaction 

In addition to p37, the human genome codes for three other p97 adapter proteins, p47 

UBXN2A and UBXN11 that contain a similar domain arrangement like p37 with a SEP, 

SHP and UBX-domain. Previous work by Jonas Seiler and Matthias Weith (Weith et al., 

2018) had shown, that p47 and UBXD4 are implicated in the disassembly of the SPI 

complex. To test the effect of these adapters in the fluorescence unfolding assay, a master 

mix containing the SPEosI substrate (35 nM) and p97 (175 nM) was prepared and divided 

into four equal parts. The adapters p37, p47 and UBXD5 were expressed as GST-fusion 

proteins in bacteria (BL21). In contrast, UBXN2A was not expressed in bacteria and was 

therefore generated as a GST-fusion protein protein in insect cells (Sf9). The tags where 

proteolytically removed and each of the four parts of the unfolding master mix was 

supplemented with one of the adapters. After addition of ATP, the fluorescence level was 

measured in four cuvettes in parallel. Both p37 and UBXN2A did result in a rapid decrease 

of substrate fluorescence, while the fluorescence level in the p47 and UBXN11 
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supplemented samples remained stable. This result mirrored the unpublished observation 

of an in vitro disassembly experiment by Jonas Seiler, in which p37 and UBXD4 enabled 

complex disassembly, but p47 did not (personal communication).  

 

Figure 25: Effect of different SEP domain adapters on p97 mediated unfolding of 
Eos-I3. While p37 and UBXD4 support unfolding of Eos-I3 by p97, p47 and UBXD5 do 
not. SPEosI substrate (35 nM), His-p97 (Sf9, 175 nM) and adapter (500 nM) were mixed 
in a cuvette and incubated at 37°C. After addition of ATP (2 mM) the fluorescence of the 
“red” Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. While UBXN2A can 
support unfolding at a comparable rate to p37, this is not the case for p47 and UBXN11. 

Since there was no direct connection between the SPI complex and UBXD5 in the 

literature, a master student in our lab, Alexander Kröning, tested the ability of UBXN11 to 

bind the SPI complex by pulldown experiments with purified proteins (data not shown, 

(Kracht et al., 2020)). Pulling on GST-UBXN11 compared to GST-p37 (positive control) or 

GST (negative control) in the presence of p97 and the SPI complex, showed no significant 

binding between UBXD5 and any component of the SPI complex.  

2.3.1 Effect of the p47 brake motif on the ATPase activity of p97 

The p47 adapter contains a sequence (amino acids 69-92, termed “brake motif” from here 

on) in its N-terminal domain that is unique to p47 and has been shown to inhibit the 

ATPase activity of p97 in vitro (Zhang et al., 2015). This effect was shown to be reversed 

at higher concentrations of p47. To assess the effect of a mutant lacking the brake motif 

on substrate unfolding, the p47Δbrake mutant was expressed as a GST-fusion protein in 

bacteria (BL21), and the GST-tag removed after successful purification. The effect of the 

brake on the ATPase activity of p97 was confirmed by a malachite green ATPase assay 

(Figure 26). Addition of p47wt reduced ATPase activity to about 25%, while addition of 

p47Δbrake only lowered activity to around 80%. However, neither the deletion of the brake 



57 
 

motif (p47Δbrake) nor a tenfold increase in the concentration of p47 led to unfolding of 

SPEosI by p97.  

 

Figure 26: Mutation of the brake motif reduces p97 inhibition but does not support 
unfolding. A Relative ATPase activity in vitro of p97 without an adapter, with p47wt or with 

p47Δbrake measured with the malachite green assay. Removal of the brake motif (69-92) in 

p47 removes the inhibitory effect of p47 on the ATPase activity of p97. B SPEosI substrate 
(35 nM), His-p97 (Sf9, 175 nM) and adapter (500 nM, 5 µM for p47x10) were mixed in a 
cuvette and incubated at 37°C. After addition of ATP (2 mM) the fluorescence of the “red” 
Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. Removal of the brake in p47 
does not alter its inability to support unfolding of Eos-I3 by p97. Similarly, a 10-fold 
increase of p47 does not enable unfolding. 

 

2.3.2 Effect of adapter concentration on the unfolding rate 

In the experiments shown so far, p37 was added in excess to avoid a possible limitation. 

For further detailed analysis, the effect of the adapter concentrations on the unfolding rate 

was investigated, by varying the concentration of p37 (or UBXN2A) and calculating the 

initial unfolding rate from the first four minutes. The concentration of p97 was held constant 

at 400 nM and the substrate at 35 nM. Unfolding reached maximum initial rate at 

approximately 5 nM of substrate molecules unfolded per minute (Figure 27). Interestingly, 

the maximum unfolding rate was reached at a ratio of roughly 1:1 molecule of p37 per 

molecule of p97. This is in contrast to previous data reporting  p37 (and p47) forming 

trimers in solution (Zhang et al., 2015), (Yuan et al., 2004). Analogous measurements 

were done with the UBXN2A adapter, in order to test if the kinetics of the unfolding 

reaction were similar. Since UBXN2A could not be successfully expressed in bacteria 

(BL21), it was expressed in insect cells (Sf9). Unfortunately the expression level and yields 

of UBXN2A was relatively low, which limited the concentration range for this experiment 
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to up to 275 nM of UBXN2A per 400 nM p97 (Figure 27, center panel), below the ratio of 

1:1. However, the results closely matched the initial unfolding rates with p37 in the same 

concentration range (Figure 27, right panel). 

 

Figure 27: Titration of p37 and UBXN2A adapter concentration. A Varying 
concentrations of p37 (12.5 nm – 1600 nM) were mixed with p97 (400 mM) and SPEosI 
(35 nM) and incubated in a cuvette at 37°C.  After addition of ATP (2 mM) the fluorescence 
of the “red” Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. B Varying 
concentrations of UBXN2A (2 nM – 275 nM) were mixed with p97 (400 mM) and SPEosI 
(35 nM) and incubated in a cuvette at 37°C.  After addition of ATP (2 mM) the fluorescence 
of the “red” Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. C Initial rates were 
calculated from the slopes over the first 4 minutes in A and B and plotted against the ratio 
of adapter to p97. The maximal initial unfolding rate is achieved at a ration of 1:1 between 
p37 and p97 hexamer. 

 

2.4 Detailed dissection of differences between p37 and p47 for I3 unfolding 
associated with SPI disassembly 

In order to identify which regions in p37 are critical for substrate unfolding, transplant 

mutants with the equivalent regions of p47 were generated and tested in the unfolding 

assay (Figure 28). We began by replacing the N-terminal part of p47, upstream of the 

SEP domain, with that of p37 (Figure 29 A). However, the resulting p47p37N mutant did 

not support unfolding of SPEosI by p97. The converse transplantation p37p47N still 

supported unfolding, but at a strongly reduced rate. This was likely caused by the inhibition 

of the p97 ATPase activity by the brake motif which was included in the N-terminal 

transplantation. Next, we exchanged the SEP domains between p37 and p47, generating 

p37p47SEP and p47p37SEP (Figure 29 B). While p37p47SEP did unfold slightly more slowly than 

p37wt, p47p37SEP like p47wt did not unfold the substrate. Since neither exchange of the N-

terminus nor of the SEP domain was successful in enabling the resulting p47 mutant to 

support unfolding of SPEosI by p97, we tested the effect of exchanging the C-terminus, 
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including SHP box, UBX domain and the linker inbetween (Figure 29 C). The exchange 

of the p47 C-terminus onto p37, p37p37C, did support unfolding, but with a strongly reduced 

rate. Interestingly, the converse arrangement, p47p37C, was able to unfold SPEosI, albeit 

slowly. While the effect was relatively minor, this was the first p47-based mutant that 

showed any activity in the unfolding assay. In order to narrow down the critical region, we 

continued our investigation by dividing the C-terminal region further. Since replacement 

of the C-terminal region of p37 with the equivalent region of p47 had significantly reduced 

the unfolding rate, we reasoned that if the UBX domain of p37 was critical for unfolding, 

then a p37p47UBX mutant would experience the same reduction in unfolding rate. However, 

the unfolding reaction proceeded even somewhat faster than with the p37wt (Figure 29 

D). This result suggested, that the linker region between the SHP box and the UBX domain 

was the critical component. Before we continued with the examination of this linker region, 

we also tested the effect of transplanting the SEP-SHP region from p47 to p37, because 

the SHP box had been the last remaining region which had not been exchanged between 

the two adapters. The generated p37p47SEP-SHP mutant did unfold only slightly slower than 

the p37wt suggesting that the differences between p37 and p47 in this region were not 

critical for I3 unfolding (Figure 29 D).  

 

Figure 28: Overview of adapter domain swapping between p37 and p47 and the 
effect on the relative unfolding rate of p97. Transplanted domains are identifed by 
color, blue for p37 and orange or p47. The relative unfolding activity was calculated based 
on the slopes over the first 4 minutes after addition of ATP and classified into four 
categories: ++ = full activity, + = reduced activity, +/- = strongly reduced activity, - = no 
unfolding.  
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Figure 29: Unfolding of SPEosI by p97 and the different p37/p47 transplantation 
mutants. SPEosI substrate (35 nM), His-p97 (Sf9, 175 nM) and adapter (500 nM) were 
mixed in a cuvette and incubated at 37°C. After addition of ATP (2 mM) the fluorescence 
of the “red” Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. Stepwise exchange 
of domains show that the C-terminal part of p37 (UBX-domain + Linker) is critical for 
unfolding. 

Next, we generated the p47p37Linker mutant and tested its ability to support SPEosI 

unfolding (Figure 30). The mutant did support a slow but steady unfolding, similar to the 

p47p37C mutant, establishing the importance of the linker region. As mentioned above, p47 

contains an inhibitory “brake” motif in its N-terminal region, which reduces the ATPase 

rate of p97. We hypothesized that the p47p37Linker mutant was fully capable of mediating 

the recruitment of the SPI complex and initiated unfolding by p97, but that the N-terminal 

brake slowed down unfolding. Therefore, an additional p47 mutant was created, which 

contained the transplanted linker sequence from p37, but lacked the brake motif. This 

p47p37Linker,Δbrake variant promoted unfolding at almost the same rate as p37wt (Figure 30). 

Together, these results identified the linker region in p37 as a critical component for SPI 

unfolding, while the equivalent linker in p47 did not facilitate the process. Transplantation 

of the p37 Linker and removal of the brake motif in p47 enabled this p47 mutant to support 

unfolding of SPEosI by p97. 
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Figure 30: The p37 Linker region between the SHP-box and the UBX-domain is 
critical for unfolding. Additionally, full activity requires deletion of the brake motif (Δ69-
92) in p47. SPEosI substrate (35 nM), His-p97 (Sf9, 175 nM) and adapter (500 nM) were 
mixed in a cuvette and incubated at 37°C. After addition of ATP (2 mM) the fluorescence 
of the “red” Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. Transplantation of 
the Linker between SHP box and UBX domain from p37 to p47 enables p47 to support 
unfolding of Eos-I3 by p97, albeit at a slow rate. Concomitant removal of the brake motif 
in p47 leads to an unfolding rate that is comparable to p37wt. 

2.4.1 Analysis of the SHP-UBX linker  

Having identified the importance of the linker region in p37 we continued by investigating 

if there were specific structural features in said linker, which were responsible for its 

importance. Since there are no structures of p37 bound to p97 in the pdb, Johannes van 

den Boom created a model to visualize the position of the linker, using YASARA. This 

homology model was assembled from three different sources. A homology model of the 

p37 UBX domain was build based on the UBX domain of Shp1 bound to p97 (pdb: 6OPC). 

Because this structure did not extend to the SHP box, the p37 SHP sequence was 

modeled after the SHP box of Ufd1 bound to the p97 N-domain (pdb: 5b6c). The modeled 

UBX-domain and SHP box were then aligned to structure of p97 in the down-conformation 

(pdb:5ftk) and connected with energy minimized loops. 

This model suggested that the linker consists of two parts (Figure 31). The N-terminal 

part stretches along the N-domain of p97, while the C-terminal part folds into an alpha-

helix that interacts with the UBX-domain of p47. Based on this model, two additional p47 

mutants were generated, where either the N-terminal part (Link1) or the C-terminal part 

(Link2) of the linker was transplanted from p37 onto p47. Unfolding was enabled by the 

Link1, but not the Link2 transplant (Figure 32). Conversely, mutating 5 amino acids in the 
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Link1 region of p37 significantly reduced the unfolding rate, underlining the critical 

importance of this region.  

 

Figure 31: Division of the Linker sequence into Link1 and Link2. A Comparison of 
the Linker sequence between SHP box and UBX domain in p37 and p47. The partition of 
the Linker into Link1 (green) and Link2 (purple) is marked. B Model of the C-terminal part 
of p37 bound to p97, based on composite structural data. SHP box (blue), Link1 (green), 
Link2 (purple) and UBX domain (red) are marked. 

 

Figure 32: Inserting the Linker1 sequence from p37 into p47 enables 
unfolding.  Conversely, mutation of this region in p37 to alanines significantly reduces 
unfolding activity. SPEosI substrate (35 nM), His-p97 (Sf9, 175 nM) and indicated adapter 
variants (500 nM) were mixed in a cuvette and incubated at 37°C. After addition of ATP 
(2 mM) the fluorescence of the “red” Eos (ex. 540 nm, em. 580 nm) was measured over 
40 min. A Transplantation of the Link1 sequence from p37 into p47 is sufficient to enable 
unfolding, while the Link2 sequence has no such effect. B Mutation six residues of the 
Link1 sequence in p37 lead to a reduction of the unfolding rate. 
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2.4.2 Binding of the SPI complex by p37 is dependent on the SHP-UBX linker 

The identification of the Linker as a critical element for successful unfolding raised the 

question which stage of the process was regulated by the Linker: substrate recruitment, 

commitment to the pore, or efficient translocation and unfolding. In order to probe for a 

substrate recruitment, a co-immunoprecipitation experiment was performed with different 

p47 variants containing p37 transplants. Purified SPI-complex, p97 and adapter (p47 or 

p37 wt and mutants) were mixed, PP1 immunoprecipitated  with a monoclonal antibody 

and bound proteins detected by Western blot (Figure 33). The results showed that p47wt 

did not bind to the SPI complex. However, transplantation of the Linker from p37 into p47 

stimulated binding. Within the Linker region, Link1 was the critical element, while 

transplantation of the Link2 sequence had no effect. Deletion of the brake motif had had 

no effect on binding. Conversely, mutation of 6 residues in the Link1 sequence of p37 led 

to reduced binding to the SPI complex, mirroring the effect in the unfolding assay. Thus, 

these findings demonstrate that the functional difference between p37 and p47 are caused 

by distinct linker regions that dictate the ability of the adapter to recruit the substrate SPI 

complex. 

 

Figure 33: The linker is crucial for binding of the SPI complex by p37. SPI complex 
(80 nM), p97 (350 nM) and adapter (500 nM) were mixed and PP1 was co-
immunoprecipitated with a monoclonal PP1 antibody (sc-515943) and Gammabind G 
sepharose beads. Input and IP were compared by Western blot. p47wt shows almost no 
binding towards the SPI complex, compared to p37wt. Transplantation of the whole Linker 
sequence or the Link1 sequence from p37 to p47 enables robust binding of the SPI. The 
presence or absence of the brake motif has no effect on the interaction between the SPI 
complex and the adapter. Mutation of the Link1 sequence in p37 reduces the binding to 
SPI. 

 



64 
 

2.5 Analysis of the importance of the N-terminal adapter region for SPI unfolding 

 

Figure 34: Comparison of the structures of p37, p47 and UBXD4. Schematic 
representation of the protein sequence with subdomains. The exact boundaries of the 
proteins domains as well as the position of the N-terminal truncations in p37 are shown. 

 

We continued with our investigation of the structural components of p37 by turning our 

focus to the N-terminal region. This was of particular interest, because the three adapters 

p37, p47 and UBXN2A are structurally similar in the C-terminal part of the protein, with a 

SEP-domain, SHP-box, Linker and UBX-domain, but divergent in the N-terminus (Figure 

34). Despite this apparent variability, both p37 and UBXN2A supported unfolding of 

SPEosI by p97 at a comparable rate. Furthermore, p47 also promoted unfolding once the 

linker was substituted and the brake motif deleted. This suggested that the N-terminus 

was either dispensable for unfolding or that the relevant elements were conserved in all 

three adapters. 

2.5.1 Effect of N-terminal truncations of p37 on the p97 unfolding rate 

We began our investigation of the N-terminus by sequential truncation of the N-terminal 

region of p37 and testing the variants in the unfolding assay. Three different truncation 

mutants were generated, p37Δ2-81, p37Δ2-107 and p37Δ2-129. The N-terminus of p37Δ2-81 had 

a similar length to the N-terminus of UBXN2A, which was fully capable to unfold the SPI 

complex. In the unfolding assay, this mutant did support unfolding of SPEosI, also at a 

slightly slower rate than p37wt (Figure 35). The next truncation mutant, p37Δ2-107, showed 

a significantly stronger abrogation of unfolding efficiency compared to p37wt and p37Δ2-81. 

The removal of the entire N-terminal region up to the SEP domain in the mutant p37Δ2-129 
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led to a complete loss of unfolding activity.  

 

Figure 35: Effect of N-terminal truncations of p37 on unfolding activity. A Schematic 
representation of the p37 protein sequence with subdomains. The positions of the N-
terminal truncations are marked by green arrows. B SPEosI substrate (35 nM), His-p97 
(Sf9, 175 nM) and p37 or p37 truncation variant (500 nM) were mixed in a cuvette and 
incubated at 37°C. After addition of ATP (2 mM) the fluorescence of the “red” Eos (ex. 
540 nm, em. 580 nm) was measured over 40 min. Removal of the first 81 residues of p37 
affects the unfolding rate only marginally. Further removal of the first 107 residues has a 
stronger effect and removal of the first 129 residues (almost the entire N-terminus) stops 
unfolding almost completely. 

2.5.2 Identification of a conserved N-terminal helix in p37 

Next, we aligned the sequences of p37, p47 and UBXN2A with the program ClustalW 

(https://embnet.vital-it.ch/software/ClustalW.html), to find potentially conserved regions. A 

short sequence of around 10 amino acids was identified to be conserved in the N-terminal 

regions, corresponding to residues 84-93 in p37, which was still present in the p37Δ2-81 

mutant, but was missing in p37Δ2-107. This region was then analyzed with the secondary 

structure prediction program Jpred (https://www.compbio.dundee.ac.uk/jpred/), to detect 

secondary structure elements. The result predicted that the conserved sequence formed 

an alpha helix. We reasoned that the helical arrangement of the amino acid side chains 

in this helix could have a potential significance for the adapter function and used an online 

tool to project a helical wheel plot of the sequence (Figure 36). The projection showed 

that negatively charged and polar amino acids clustered at one side of the helix, while 

aliphatic and aromatic amino acids clustered at the opposite side. This spatial division of 
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amino acids suggested that either the polar or the nonpolar residues could be important 

for adapter function.  

 

Figure 36: The N-termini of p37, p47 and UBXN2A contain a conserved α-helix. A 
Schematic representation of p37, p47 and UBXD4 with a detailed display of the putative 
helix sequence in the N-terminus. B Helical wheel plot of the helix sequence in p37, p47 
and UBXN2A. Amino acids are colored according to negative charged/polar (red), 
nonpolar (blue) or else (black). 

In order to test the hypothesis that the charge separation in this predicted helix was 

important for unfolding, three different mutants of p37 were generated. In the first variant 

(p37helix 3E3A), all three negatively charged glutamates in the helix were mutated to 

alanines, which did not carry a charge, but had a high propensity to maintain the helical 

structure. Conversely, in the second variant four of the nonpolar amino acids of the helix 

(IVLF) were replaced by alanines (p37helix IVLF4A). The third variant lacked the residues 

84-95 including the entire helix (p37Δhelix). The three mutants were expressed and purified 

from Bl21 and tested in the unfolding assay (Figure 37). 

Mutation of the three polar glutamates in the p37 helix to alanines did not affect the 

unfolding rate in any way compared to p37wt (Figure 37, A). However, mutation of the 

nonpolar residues (IVLF) in the p37 helix to alanines significantly reduced the unfolding 

rate. This effect was similar to the removal of the helix from p37 (p37Δhelix). Since the helix 

was conserved between the SEP domain adapters p37, p47 and UBXD4, we reasoned 

that mutation of the equivalent residues should have a similar effect on the unfolding 

activity. The “activated” form of p47 with the p37 Linker and without the brake motif 
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p47Δbrake+p37Linker, was used as a template to mutate hydrophobic residues in the helix 

region (LVLF4A). The resulting variant (p47Δbrake+helix LVLF4A + p37 Linker) was then tested 

with the unfolding assay. The mutant showed a significantly reduced unfolding activity, 

compared to the fully “activated” p47Δbrake+p37Linker, similarly to p37helix IVLF4A (Figure 37, 

B). This showed that the importance of the hydrophobic residues for substrate unfolding 

was conserved between p37 and p47.  

 

Figure 37: Effect of helix mutation on the unfolding of SPEosI by p97. SPEosI 
substrate (35 nM), His-p97 (Sf9, 175 nM) and adapter (500 nM) were mixed in a cuvette 
and incubated at 37°C. After addition of ATP (2 mM) the fluorescence of the “red” Eos 
(ex. 540 nm, em. 580 nm) was measured over 40 min. A Mutation of the polar glutamate 
residues in the helix of p37 did not affect the unfolding rate. However, mutation of the 
nonpolar IVLF residues reduced the unfolding rate to the same extent as complete 
removal of the entire helix. B Mutation of the nonpolar LVLF residues in the helix of p47 
that was also lacking the brake motif and carried the p37 Linker sequence led to a 
comparable reduction in the unfolding rate, showing that the function of the helix is 
conserved between p37 and p47. 

2.5.3 The N-terminal helix affects binding of the SPI complex 

After the importance of the helix had been established in the unfolding assay, we asked 

whether its role was in promoting recruitment of substrate or subsequent unfolding. To 

test a role in binding, a co-immunoprecipitation experiment was done with SPI complex, 

p97 and different p37 mutants, including N-terminal truncations, helix mutations and 

p37ΔSEP as a negative control for binding. SPI complex (80 nM), p97 (350 nM) and p37 

variant (500 nM) were mixed, PP1 was pulled down with a monoclonal antibody (Sc-

515943) and bound proteins were detected via western blot (Figure 38). Comparison of 

the amount of adapter and p97 pulled down with PP1 with the amount in the input, showed 

that the removal of the first 81 residues did only slightly affect the binding. A stronger 
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decrease in binding was observed upon removal of the first 107 residues. Mutation of the 

negatively charged glutamates in the N-terminal helix of p37 had no effect on binding to 

the SPI complex. The opposite effect was observed with p37helix IVLF4A which showed a 

significant decrease in binding of p37 and consequently p97 the SPI complex compared 

to p37wt. The p37ΔSEP was used as a negative control for binding, since Weith et al. had 

shown that the SEP domain was important for binding of I3 and did only show a very faint 

binding possibly due to nonspecific interactions. 

 

Figure 38: Co-immunoprecipitation analysis of PP1 show that the N-terminal 
truncations and the helix mutations affect the binding by p37. SPI complex (80 nM), 
p97 (350 nM) and p37 mutant (500 nM) were mixed and PP1 was co-immunoprecipitated 
with a monoclonal PP1 antibody (sc-515943) and Gammabind G sepharose beads. Input 
and IP were compared by Western-blot. Truncation of the N-terminus of p37 had a gradual 
effect on the ability of p37 to bind the SPI complex. Removal of the first 81 residues retains 
relative robust binding, while removal of the first 107 resides, which includes the helix, 
strongly abrogates binding to the SPI complex. Mutation of the nonpolar helix residues 
had a similar effect, while mutation of the polar glutamates did not reduce binding. The 
p37ΔSEP mutant was used as a negative control. 

2.5.4 The influence of N-terminal p37 mutations on substrate insertion 

The results of the immunoprecipitation binding experiment showed that the effect of 

mutations on the unfolding rate correlated strongly with the ability to bind the SPI complex. 

However, we speculated that the mutations might not only affect substrate recruitment, 

but also affect substrate processing by p97, specifically substrate insertion into the central 

pore of p97. In order to investigate this hypothesis, we utilized an engineered version of 

p97, which includes a sensor for insertion close to the entrance of the pore (replacing 

E314) that could crosslink to a substrate which was inserted into the pore (Figure 39, A). 
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This p97 mutant had been generated by Johannes van den Boom by mutating the chosen 

amino acid to a TAA codon and expressing this p97 mutant in a special strain of BL21, 

which carried a plasmid coding for a tRNA which leads to translation of TAA to the 

photocrosslinker amino acid p-benzoyl-L-phenylalanine (pBpA). This artificial amino acid 

crosslinks with other amino acids within a radius of 6 Å after irradiation with low 

wavelength UV-light (365 nm). The p97E314pBPA mutant thereby traps substrates at the 

height of the D1 pore, once substrates are successfully positioned at the opening of the 

pore. The p37 N-terminal truncation and helix mutants were incubated with p97E314pBPA in 

the presence of the nonhydrolysable ATP analogue ATPγS. After 30 min irradiation with 

365 nm, the samples were analyzed by western blot for potential crosslinks of I3 (Figure 

39, B). The results showed that insertion into the pore was unaffected by the removal of 

the first 81 residues, or by the mutation of the polar residues on the helix but was 

abrogated by removal of the first 107 amino acids including the helix or mutation of the 

nonpolar residues on the helix. These results mirrored those obtained in the PP1 co-IP 

experiment, suggesting that these mutations affected both substrate binding and pore 

insertion, and that these functions could not be separated by the mutations.  

 

Figure 39: Crosslining of I3 in the D1 pore of p97. A Cartoon structure of p97E314pBpa 
indicating the position of the sensor for insertion. B Crosslinking of I3 in the D1 pore of 
p97 with the p97E314pBpa mutant shows equivalent result to the co-IP experiments. SPI 
complex (430 nM), p97E314pBpa (350 nM) and p37 mutant (500 nM) were mixed together 
with ATPγS (2 mM) and incubated at 30°C for 10 min. Samples were then irradiated with 
UV-light (365 nm) for 30 min and analyzed by Western-blot. Crosslinks of I3 inside the D1 
pore were observed upon UV irradiation in the presence of p37wt, p37Δ2-81 and p37helixEEE-

3A. Loss of the helix (p37Δ2-107) or mutation of the nonpolar IVLF helix residues prevented 
crosslinking in the D1 pore., suggesting a negative effect on substrate insertion. 
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2.6 Analysis of the spatial orientation of the critical domains of p37 via 
crosslinks and mass spec 

 

Figure 40: Generation of p37pBpA crosslinker mutants. A Schematic overview of p37pBPA 

mutants and the position of the crosslinker amino acid in the protein sequence. B SPEosI 
substrate (35 nM), His-p97 (Sf9, 175 nM) and p37pBpa mutant (500 nM) were mixed in a 
cuvette and incubated at 37°C. After addition of ATP (2 mM) the fluorescence of the “red” 
Eos (ex. 540 nm, em. 580 nm) was measured over 40 min. Insertion of BPA crosslinking 
amino acid in select positions enables identification of binding partners and does affect 
unfolding rates only slightly. 

Unlike ubiquitinated substrates of p97, which have ubiquitin as a recognition signal, it is 

unclear how the SPI complex is recognized by p37 and p97 and how inhibitor-3 is selected 

as the target for unfolding. The previous experiments identified several important regions 

in the p37 adapter necessary for substrate binding and unfolding. We chose to utilize the 

pBpa-based photocrosslinking strategy, used above, to investigate substrate crosslinking 

into the p97 pore, to detect which subunits of the SPI complex were in proximity to certain 

parts of the p37 adapter. Previous work by Weith et al. had used p37F89pBpa and p37L182pBpa 

to probe for specific subunit interactions with the N-terminus (F89pBpa) respectively the 

SEP domain (L182pBpa). They had found a crosslink between SEP domain and inhibitor-

3, while the N-terminal position did not show any crosslinks to any subunit of the SPI 
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complex. Incidentally, the phenylalanine replaced by the pBpa photocrosslinker in the 

F89pBpa mutant was one of the critical residues in the p37 helix (IVLF), whose mutation 

did negatively affect binding and unfolding. This suggested that the lack of detectable 

crosslinks might by caused by the inability of the p37F89pBpa mutant to mediate binding of 

the SPI complex. Therefore, a new crosslinking mutant was created to probe for 

interactions with the N-terminal region of p37, in particular the putative helix. The glycine 

at position 82 upstream of the helix was chosen and replaced with TAA codon to 

incorporate the crosslinker. In addition, another p37 mutant was generated, which carried 

a photocrosslinker in the linker between the SHP box and the UBX domain (p37S234pBpa). 

Before performing crosslinking experiments with these mutants, all three available 

variants (82, 182, 234) were tested in the unfolding assay to confirm that the introduction 

of the pBpa did not prevent unfolding of the SPI complex by p97 (Figure 40). Both 

p37G82pBpa and p37L182pBpa caused a reduction of the unfolding rate compared to p37wt but 

did not abrogate unfolding. The p37S234pBpa variant harboring the crosslinker in the SHP 

box-UBX domain linker promoted unfolding with the same rate as p37wt. We proceeded 

with the crosslinking experiment, by mixing p97 (175 nM), SPI complex (215 nM) and p37 

pBpa mutant (250 nM) together with ATPγS and incubating for 10 min at 30°C before 30 

min of crosslinking (365 nm). Afterwards the samples were analyzed by western blot with 

antibodies against all individual components (Figure 41). We confirmed that the 

L182pBpa positioned in the SEP domain crosslinked with inhibitor-3 (Weith et al., 2018). 

In addition, the N-terminal position close to the putative helix (G82pBpa) also showed a 

crosslink with inhibitor-3. Finally, the linker position (S234pBpa) crosslinked with PP1. 

None of the three probes showed any crosslink with SDS22. Furthermore, both p37G82pBpa 

and p37S234pBpa showed multiple crosslinks with other p37 molecules, as well as crosslinks 

with p97. 
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Figure 41: Crosslinking of p37 BPA mutants with parts of the SPI complex and p97. 
SPI complex (215 nM), p97 (175 nM) and p37pBpa mutant (250 nM) were mixed together 
with ATPγS (2 mM) and incubated at 30°C for 5 min. Samples were then irradiated with 
UV-light (365 nm) for 30 min and analyzed by Western-blot. The results showed 
crosslinks with I3 from the helix (82) and SEP domain (182) crosslinker, as well as a 
crosslink between PP1 and the Linker (234). No crosslinks could be observed with SDS22. 
Multiple unidentified crosslinks were observed with between p37 and between p37 and 
p97. 

To further characterize which regions of inhibitor-3 or PP1 interacted with p37, 

crosslinking samples were analyzed by mass spectrometry in cooperation with the 

analytics core facility of the University Duisburg-Essen. The crosslinking samples were 

digested with trypsin and the resulting peptides were subjected to GC/MS analysis. No 

peptides could be identified for the p3782pBpa crosslinking, possibly due a low signal to 

noise ratio. Three peptides were identified in the crosslinking sample of p37182pBpa (Figure 

43). Two were crosslinks with other parts of p37, either internally or with other p37 

molecules. The third peptide was based on a crosslink to the N-terminal part of inhibitor-

3 (residues 32-39). Analysis of the p37234pBpa peptides revealed two crosslinks to two 

positions in PP1, one on the N-terminus (residues 7-20) and the other at the C-terminus 

(residues 315-139) (Figure 42). None of the mass spectrometry measurements identified 

a single crosslink towards SDS22, consistent with the result of the crosslinking western 

blots (Figure 41).  
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Figure 42: Crosslinking mass spec identified two peptides from PP1 that 
crosslinked to p37234pBpa. A Peptide 1 was identified to stretch between residues 7-20, 
while peptide 2 is situated at the C-terminus of PP1 (residues 315-319). The chevrons 
indicate the length of the identified peptide fragments. The connecting line does not 
denote the exact position of the crosslink. B Model of PP1γ (orange) with bound SDS22 
(green) and indication for I3 binding site (RVxF, blue) showing the putative positions of 
the crosslinked peptides 1 (red) and 2 (orange). 

 

 

Figure 43: Additionally identified peptides between p37182pBpa and I3, respectively 
other p37182pBpa molecules in crosslinking mass spec. The chevrons indicate the 
length of the identified peptide fragments. The connecting line does not denote the exact 
position of the crosslink. A Crosslink between p37182pBpa and I3 close to the N-terminus of 
I3 (residues 32-39). B and C crosslinks between p37182pBpa and other p37 molecules. 
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3 Discussion 

3.1 Disassembly of the SPI complex by p97 and p37 involves unfolding of I3 

The p97 protein is fundamentally dependent on adapter proteins to recruit and process 

substrates. Effort have therefore been made to understand how the different types of 

adapter proteins interact with p97 and its substrates. Recent advances have been focused 

on the function of the Ufd1-Npl4 adapter, which serves as the main adapter for 

ubiquitinated substrates (Blythe et al., 2017; Bodnar and Rapoport, 2017; Twomey et al., 

2019b). These studies showed that the Ufd1-Npl4 adapter guides an already partially 

unfolded ubiquitin chain into the central pore of p97 at the D1 domain, where it is 

translocated and released at the end of the D2 domain. In contrast, the function of the 

SEP domain adapter proteins, which include the most abundant p97 adapter p47, has 

been less well understood. While cellular functions for p47 and p37 in p97 dependent 

membrane fusion have been identified, further investigations were limited by a lack of 

known substrate. The discovery by our group that the SDS22-PP1-I3 (SPI) complex is a 

direct target of p97 and that its disassembly by p97 depends on SEP domain adapter 

proteins (Weith et al., 2018) enabled us to conduct a detailed investigation of SEP domain 

adapter function. A central question has been if disassembly of the complex occurs on the 

surface of p97 or if disassembly involves unfolding of one or more subunits.  

This study proved the latter model. We established a fluorescence based unfolding assay 

to study the fate of I3 during SPI complex disassembly, by fusing the Eos reporter protein 

to the N-terminus of I3. Incubation of the SPEosI substrate with recombinant p97 and p37 

resulted in rapid loss of fluorescence after addition of ATP. This demonstrated that SPI-

complex disassembly involves unfolding of I3. This result was consistent with the 

experiments from (Weith et al., 2018) which showed that I3, but not PP1 or SDS22 could 

be crosslinked in the pore (pBpA crosslinks in the D1 or D2 domain) of p97 upon 

incubation of SPI complex with p97pBpA D1 or D2 and p37. Importantly, crosslinks in the D2 

domain depended on the addition of ATP, which suggested that unfolding involved 

translocation of I3 through the central pore in a D1D2 direction, similar to the ubiquitin 

substrates. This mode of complex disassembly by substrate unfolding through one 

directional translocation appears to be a general feature of AAA+ ATPases. VPS4 

disassembles ESCRT-III polymers by “walking” along the peptide chain, with the six 
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subunits forming a spiral staircase (Monroe et al., 2017). Similar mechanisms have been 

found for the disassembly of SNAREs by NSF (White et al., 2018) and for substrate 

unfolding by the proteasome (Peña et al., 2018).  

An open question that remains is how unfolding of I3 causes the entire SPI complex to 

disassemble including SDS22. While we identified interaction sites between the p37 

adapter and I3 as well as PP1 in this study, no direct interaction with SDS22 could be 

found. It is possible that pulling of p97 on I3 causes SD22 to disassociate from PP1 

through an allosteric mechanism. Another interesting hypothesis which has been 

proposed is based on the fact that binding between PP1 and SDS22 depends on the metal 

loading state of PP1 (Choy et al., 2019). In this model, loading of a metal ion into the M1 

metal binding site of PP1 causes the dissociation of SDS22 from PP1. Whether this 

mechanism is involved in SPI complex disassembly by p97 needs to be studied further. 

 

3.2 SPI disassembly and I3 unfolding is ubiquitin-independent 

A large fraction of substrates of p97 are ubiquitinated and recognized by p97 adapter 

proteins through dedicated ubiquitin binding domains (UBA, UIM, NZF) which are present 

in the majority of p97 adapter proteins. Thereby, ubiquitin functions as a universal 

recruitment signal which enables processing by p97 without any specific binding sites on 

the substrate protein (Meyer et al., 2002). This recruitment strategy also enables 

regulation of p97 unfolding of these substrates by E3 ligases and DUBs. In the case of 

the Ufd1-Npl4 heterodimer, which is the major adapter protein for the recognition of K48-

linked ubiquitin chains, the Rapoport group showed that substrate binding required a chain 

length of at least five ubiquitins (Bodnar and Rapoport, 2017). In addition, they proposed 

that substrate release from p97 after unfolding requires trimming of the ubiquitin chains 

by a DUB. Further work from the same group on the structure of the  Cdc48-Ufd1-Npl4 

complex showed that the Npl4 adapter is crucial in guiding the already partially unfolded 

ubiquitin chain into the central pore of p97 (Twomey et al., 2019b).  

Prior studies on the SEP domain adapters suggested that SEP domain adapter-

dependent unfolding reactions are independent of substrate ubiquitination. The yeast S. 

cerevisiae contains only one SEP domain protein, Shp1 with a ubiquitin binding UBA 

domain at the N-terminus, while humans harbor four SEP domain proteins. Of these, only 
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p47, which is the closest homologue of Shp1, contains a UBA domain, while p37, UBXN2A 

and UBXN11 lack any ubiquitin binding domains or activity. Interestingly, the sole SEP 

domain protein of the nematode C. elegans, UBXN-2B, lacks the UBA-domain, suggesting 

that ubiquitination may be dispensable for the function of SEP domain adapter protein in 

higher organisms. This hypothesis has been supported by observations about the effect 

of p47 and p37 on p97-dependent postmitotic Golgi cisternae reassembly in vitro. While 

both p47 and p37 were able to support this reaction, p47 was (a) dependent on the 

presence of its UBA domain, was (b) inhibited by a mutant form of ubiquitin that prevented 

binding and was (c) further dependent on the activity of the deubiquitinating enzyme 

VCIP135 (Wang et al., 2004). In contrast, p37 showed no dependency on ubiquitination 

(Uchiyama et al., 2006). However, the lack of a clearly identified substrate precluded a 

conclusion about the exact role of ubiquitin (or lack thereof) in SEP domain adapter 

dependent function of p97.  

The discovery of the SPI-complex as a substrate whose processing by p97 was 

dependent on SEP domain adapters allowed us to further investigate this important 

question. Of note, SPI disassembly could be observed in cells lacking the only ubiquitin-

binding SEP domain adapter p47 (Weith et al., 2018). Of note, SPI disassembly could be 

observed in cells lacking the only ubiquitin-binding SEP domain adapter p47 (Weith et al., 

2018). Crucially, the fact that I3 unfolding associated with SPI disassembly is completely 

independent of ubiquitination could be conclusively demonstrated by the full reconstitution 

of the reaction from purified proteins that was achieved in this study (Weith et al., 2018), 

(Kracht et al., 2020). Of note, the proteins used in the reaction were purified to 

homogeneity. Moreover, the reaction lacked any ubiquitin or ubiquitination machinery. 

Lastly, there is no evidence that SPI components were ubiquitinated when purified from 

insect cells. Even possible traces of ubiquitination below the detection limit would not 

explain the quantitative unfolding of I3 in the reaction. Moreover, the reactions were 

efficient with the adapters p37 or UBXN2A that lacked ubiquitin-binding domains. Thus, a 

protein substrate can be targeted for p97-mediated unfolding in the absence of 

ubiquitination. While our data is conclusive with regard to the basic targeting and 

commitment activity within the reaction, they do not exclude that ubiquitination may be 

involved in regulating the process in the cell. The fact that all SEP domain adapters 

contain a ubiquitin-related UBX domain indicate the evolutionary decent from the ubiquitin 
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system. Another indication is that p47 in fact contains a UBA domain, even though it is 

not essential for the unfolding of SPI. Moreover, in analogy to the p97-Ufd1-Npl4 complex, 

p97-p37 or p97-UBXN2A complexes may associate with additional accessory factors 

such as FAF1 or FAF2/UBXD8 that contain ubiquitin-binding domains and may enhance 

recruitment of ubiquitinated substates. Of note, the following substrate commitment step 

would remain independent of ubiquitin and may even require the removal of ubiquitin by 

deubiquitinating enzymes as shown for p47 and VCP135 (Wang et al., 2004). Further 

work is required to explore the possible role of ubiquitination in unfolding reactions 

governed by SEP domain adapters.  

 

3.3 Substrate recognition by p37 is multivalent 

The lack of ubiquitin as a substrate recognition signal necessitates (a) that the adapter 

protein can recognize the substrate via specific binding site(s) and (b) that, since 

SPI-complex disassembly does involve unfolding of I3 but not PP1 or SDS22, the adapter 

has to control the orientation and processing of the complex to only unfold the intended 

substrate. This study demonstrates that the p37 adapter interacts with the SPI complex 

through a multivalent binding interface, where both the direct unfolding target I3 and its 

binding partner PP1 are recognized by different elements of the adapter. Previous work 

implicated the SEP domain in recognition of I3 (Weith et al., 2018). Deletion of the SEP 

domain abrogated the interaction with the SPI complex. Moreover, genetically encoded 

pBpA a position 182 in the SEP domain crosslinked with I3 suggesting that the SEP 

domain interacted directly with the I3 substrate prior to unfolding.  

This study extended the previous analysis. Firstly, we identified a region N-terminal of the 

SEP-domain in p37, whose deletion abrogated I3 unfolding. Bioinformatic analysis 

showed that this region was conserved in p47 and UBXN2A and predicted to adopt a helix 

with a conspicuous separation of polar and nonpolar amino acids to either side of the 

helix. Mutation of the nonpolar helix residues abrogated the unfolding rate to the same 

extend as complete removal of the entire helix. A comparable effect on unfolding was 

observed with the activated p47 mutant p47Δbrake + helix LVLF4A + p37Linker.The reduction in 

unfolding rate was also reflected in a reduction in binding of the SPI complex in co-

immunoprecipitation experiments, as well as a reduction substrate insertion in the D1 pore 
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monitored by pBpA crosslinks. Closer inspection of the binding site of the helix on the SPI 

complex with a pBpA mutant at position 82 revealed an interaction with I3. Of note, a 

recent study (Conicella et al., 2020) independently identified the same helical region as 

an intramolecular interaction partner of the SEP domain in p47, using NMR in the absence 

of substrate. This suggests that both regions bind I3 cooperatively. Second, we identified 

the linker between SHP box and UBX to be critical for SPI interaction by directly binding 

to the PP1 catalytic subunit. We first noted this fact by comparing the structural elements 

of p37 and p47 required for I3 unfolding: it was sufficient to transplant this Linker from p37 

to p47 to render p47 active in promoting I3 unfolding. This correlated with the ability of 

p47 to bind the SPI. Conversely, mutation of the Linker in p37 abrogated binding of SPI 

and unfolding of I3. Further analysis of the role of the linker using the pBpA approach 

revealed that the Linker bound to the PP1 subunit. Thus, the Linker dictates substate 

specificity for the SPI complex. It is important to note that mutation of either of the binding 

sites in p37 largely reduced interaction of the SPI complex suggesting that all sites bind 

cooperatively. This likely ensures that the individual subunits are only bound in the SPI 

complex, which prevents futile unfolding of free I3 which is supported also by the fact that 

I3 is neither bound nor unfolding. The two interaction sites in the p97-p37 complex have 

important implications for how the whole complex orientated and specifically the substrate 

is positioned for subsequent engagement in the p97 pore. The position of the C-terminal 

part of SEP domain adapters on p97 is know from crystal structures of p47 bound to p97 

N-domain. The tight association of the C-terminal SHP-box and UBX-domain of the 

adapter to the N-domain of p97 fixes the SHP-UBX linker which interacts with PP1 in close 

proximity to the N-domain. This suggest that PP1 is held a distance of the pore. Structures 

including the SEP domain and the N-terminus are not available. Therefore, the position of 

the N-terminal part of p37 on p97 is not known. However, data from crosslinking 

experiments by Johannes van den Boom suggest that the N-terminus of p37 is close to 

the central pore of the p97 hexamer (Kracht et al., 2020) (Figure 44). An pBpA inserted 

by amber codon suppression at position 278, right at the entrance of the pore of p97, 

crosslinked with the N-terminus of p37. This suggests that, when SPI is bound, the I3 

subunit is positioned close to the pore of p97. 
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Figure 44 Crosslinks between a pBpA at position 278 of p97, close to the entrance of the 
central pore and p37, show that the N-terminal part of p37 is close to the pore (data from 
Johannes van den Boom, (Kracht et al., 2020)).  

Based on these findings, we propose a model, in which the SPI complex is recognized via 

three binding sites on the p37 adapter that control its position relative to the pore of p97 

(Figure 45). The N-terminal helix together with the SEP domain bind I3 close to the 

opening of the D1 pore, which primes the I3 subunit to be unfolded. This could be further 

supported by the lack of additional p97 interaction sites in the N-terminal part of the 

adapter which might render the exact position of this region more flexible. The linker at 

the C-terminal end of the adapter between SHP box and UBX domain is comparably fixed 

in its location and binds PP1 at a safe distance to the pore, thereby preventing its 

unfolding. 

 

Figure 45 Model for the interaction between the SPI-complex, the p37 adapter and p97. 
The adapter binds to the N-domain of p97 through the SHP-box and the UBX-domain. 
The SEP domain and the N-terminal helix bind I3 and position it close to the pore of p97 
in order to be unfolded, while PP1 is bound by the linker between the SHP-box and UBX-
domain and kept safe from being unfolded (Kracht et al., 2020). 
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3.4 Stoichiometry of p97 and adapter in the unfolding reaction 

Since every protomer of the p97 hexamer contains binding sites for adapter proteins, it 

could be theoretically possible that up to six adapters bind to one hexamer. However, the 

number of adapters concurrently binding to p97 is unclear. When the association of p47 

with p97 was first discovered (Kondo et al., 1997), it was speculated that p47 forms a 

trimer when binding to p97, based on the apparent size during size exclusion 

chromatography. Yuan et al. hypothesized that p47 forms trimers in solution, based on 

crosslinking experiments (Yuan et al., 2004). Zhang et al. compared the effect of p47 and 

p37 on the ATPase activity of p97 and hypothesized that activation of p97 by these 

adapters depends on their trimerization (Zhang et al., 2015). In their model, p37 forms a 

trimer at low concentrations and thus is able to activate p97, while p47 is in a monomeric 

state at low concentrations, which instead inhibits the ATPase activity of p97 via its brake 

motif. At higher concentrations p47 supposedly forms a trimer, which alleviates the 

inhibition. Conicella et al. (Conicella et al., 2020) investigated the oligomerization state of 

p47 as well as its association with p97 ND1 in detail, using a multitude of biochemical 

methods including NMR, size exclusion chromatography and dynamic light scattering. 

Their data showed that p47 was a monomer in solution and that the apparent size in gel 

filtration chromatography did not correspond to a trimer. Additionally, they identified a 

second SHP-box in the N-terminus of p47, upstream of the SEP domain. Since only one 

SHP-box can bind to the respective binding site on a p97 protomer, they hypothesized 

that the UBX-domain and the C-terminal SHP-box bind to one p97 protomer and the N-

terminal SHP-box binds to a neighboring protomer, which limits the possible number of 

concurrently binding p47 proteins to a maximum of three.  

These studies focused on the conformation of p47 in solution and its binding to p97. We 

used the unfolding assay for a functional evaluation of the adapter to p97 ratio.  Systematic 

variation of the concentration of p37 or UBXN2A in the unfolding assay showed that the 

initial reaction rate was not improved beyond a ratio of adapter to p97 hexamer of 1:1. 

This result concurs with the observed ratio of one Ufd1-Npl4 heterodimer binding the p97 

hexamer and being sufficient to unfold a ubiquitinated substrate.  
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3.5 A function of the adapter in substrate insertion? 

The function of adapter proteins for the unfolding of p97 substrates is thought to consist 

of two steps, substrate recruitment and commitment. The former describes the binding of 

substrate molecules by the adapter proteins through substrate specific interaction sites 

(e.g. ubiquitin binding domains for ubiquitinated substrates). In contrast, commitment 

entails insertion of the substrate into the p97 pore which leads to unfolding. While 

substrate recruitment through adapter proteins is relatively well understood, the function 

of adapter proteins for commitment has remained elusive. Evidence obtained from cryo-

EM structures of the Cdc48-Ufd1-Npl4 complex unfolding a ubiquitin substrate showed 

that the Npl4 adapter seemed to partially unfold part of the bound ubiquitin chain before 

insertion into the p97 pore (Twomey et al., 2019b), implicating the adapter as important 

for commitment. It has been unclear, if similar the SEP domain adapters include a similar 

functionality. Based on evidence from Weith et al. and from this study we were able to 

identify the relevant adapter domains for substrate recruitment. Attempts to delineate a 

possible function of the adapter for substrate commitment from recruitment has so far 

been unsuccessful. Crosslinking of inhibitor-3 in the p97 pore with p97314pBpA showed that 

any observed reduction of crosslinks when using a p37 mutant was proportional to the 

reduction in substrate binding caused by this mutation. Although these experiments were 

not exhaustive, this finding could indicate that binding and insertion of the substrate are 

coupled. Recent structural analysis of adapter and substrate-bound p97 complexes 

(Cooney et al., 2019), (Twomey et al., 2019b) demonstrate that the p97 hexamer adopts 

a staircase configuration. This conformation arises from the position of the six protomers 

of the p97 hexamer which are arranged in a staircase. Hydrolysis of ATP in the D2 domain 

of the lowest protomer in the staircase causes this protomer to disengage from the 

substrate and reengage at the top of the staircase. This mechanism causes the poreloops 

in the D2 domain to push the substrate downwards relative to the hexamer. Since this 

conformation has not been observed in structures containing only p97 by itself, it is 

possible that this configuration is induced by the adapter and the substrate bound to the 

adapter. Moreover, it is conceivable that the staircase configuration facilitates the insertion 

of the substrate because it opens the pore and makes the pore loop more accessible at 

least of the upper protomer. In this case, it is interesting to know whether the adapter 

binds first to p97 and prepares p97 for substrate interaction. Alternatively, the adapter 
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could first form a complex with the substrate that then binds p97. Further structural 

analysis is required to understand how this binding then induces the staircase 

configuration. 

An interesting additional question in this context is which element of the substrate is 

inserted into the pore. Twoney and colleagues (2019) suggested that, in the case of the 

ubiquitinated substrate, the N-terminus of one ubiquitin moiety is inserted first. In analogy, 

one of the termini of I3 could be inserted first in the case of the SPI disassembly reaction. 

This could be a stochastic process once I3 is in proximity to the pore, or the terminus 

could be more actively guided by the amphipathic helix or the SEP domain of p37. 

Alternatively, I3 could be inserted through an internal loop in I3. In this case, p37 could 

even help detaching a I3 loop from the SPI complex and handing it over to the p97 pore. 

Of note, we detected a critical hydrophic stretch in the p37 helix. It is tempting to speculate 

that this stretch is involved in initial melting of the SPI structure. This is in analogy to the 

model for ubiquitin-dependent unfolding that suggested an initial melting of the ubiquitin 

moiety by the Ufd1-Npl4 adapter (Twomey et al., 2019b). Loop insertion requires the 

parallel translocation of two protein chains through the p97 channel. However, this ability 

is also required by the model for ubiquitin-dependent unfolding, once translocation of the 

ubiquitin peptide enconters an isopeptide bond in the ubiquitin chain. Further work is 

required to unravel the mechanism of substrate insertion. 

 

3.6 Comparison of SEP domain adapters 

As previously discussed, Shp1 is the sole SEP domain adapter in yeast. Its closest 

homologue in humans is p47, with which it shares the ubiquitin binding UBA domain at 

the N-terminus. Further homologues are p37 and UBXN2A, which have shorter N-termini 

compared to p47, and UBXN11, which differs significantly from the other three proteins. 

However, the latter has been connected to the disassembly of actin stress fibers (Katoh 

et al., 2002) and does not seem to be relevant for the regulation of the SPI complex (Weith 

et al., 2018).  Previous work in our lab by Weith et al. found that concomitant inhibition or 

knockout of p47, p37 and UBXN2A was required to completely suppress disassembly of 

newly synthesized SPI complex in HeLa cells (Weith et al., 2018). However, when the 

three adapter proteins were tested in the in vitro unfolding assay, only p37 or UBXN2A 
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were capable to support the unfolding reaction. In addition, p47 was not able to bind the 

SPI-complex in in vitro immunoprecipitation experiments. We identified the SHP-UBX 

linker in p37 as an essential element for the binding of the SPI complex. Transplantation 

of this linker to p47 enabled binding of the SPI complex and unfolding of I3, albeit at a 

lower rate than with p37. Concomitant removal of the brake motif resulted in an unfolding 

activity comparable to p37.The disparity between the lack of p47 activity in vitro and its 

apparent effect on SPI disassembly in vivo suggest that p47 might require some kind of 

“activation” by another factor, for example through a post translational modification. Of 

note, we used p47 generated in bacteria in this study that lack modifications found in 

eukaryotic cells. Therefore, p47 from eukaryotic sources might be able to support 

unfolding. Compared to p37 and UBXN2A, p47 is approximately 100x more abundant in 

human U2OS cells (Beck et al., 2011), but its knockout had the smallest effect on 

repressing SPI-complex disassembly in HeLa cells, compared to knockdown of p37 and 

UBXN2A (Weith et al., 2018). A potential explanation for this matter could be that p37 and 

UBXN2A are responsible for the basal turnover of the SPI complex, while p47 is activated 

depending on a specific signaling, stress or cell cycle stage, whereupon it can convert the 

majority of the SPI complexes in the cell. This would quickly generate a large number of 

functional PP1 holoenzyme complexes with a decisive effect on the global 

phosphorylation state of the cell.  

Alternatively, p47 could mainly target other substrate proteins. The difference in the linker 

region which is critical for p37 might stabilize the interaction with other targets. 

Additionally, the presence of the UBA domain at the N-terminus suggest that potential 

substrates might carry ubiquitination. If such substrates were to be found, it would be 

interesting to see if their binding mode also includes the same elements as in p37: Helix, 

SEP domain and the SHP-UBX linker, or if other regions are involved. Another possibility 

is that p47 does not primarily function as a substrate processing adapter, but instead as 

regulatory factor that controls the activity of p97. Depending on a specific signaling, the 

inhibition of the activity of p97 by p47 could be reversed.   

Also regarding the UBXN11 adapter, we could not find any connection to SPI disassembly 

in our study. Of note, while the adapter may have different substrates, it also shares 

common structural elements like the SEP domain, SHP box and UBX domain. It is 

conceivable that UBXN11 interact with its substrates in a similar mechanism.  
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3.7 Regulation of p97 by p47 

Our newly established unfolding assay enabled us to examine the effect that the “brake” 

motif had on the unfolding of the SPI complex by p97. It has been well established that 

unlike the Ufd1-Npl4 adapter, as well as the closely related p37, which increase the 

ATPase activity of p97 upon binding, incubation of p47 with p97 reduces the latter’s 

ATPase activity by 60-80% in in vitro experiments (Meyer et al., 1998). Work by the Chou 

group identified a region in the N-terminus of p47 stretching residues 69-92, which was 

not conserved in any of the other SEP domain proteins (Zhang et al., 2015). Deletion of 

this region removed the inhibitory effect on the in vitro ATPase activity. The authors 

speculated that this “brake” on the activity of p97 could be overcome by trimerization of 

p47 at higher concentrations. Since these observations were made on the effect of p47 

on the “idle” p97 ATPase activity, it was uncertain if this inhibition was also relevant when 

p97 was unfolding a substrate. Comparison between the ATPase rate of “idle” p97 and 

p97, which was unfolding a ubiquitin-substrate, had shown that the ATPase rate of “active” 

p97 was approximately four times higher than that of “idle” p97 (Blythe et al., 2017). 

Removal of the brake motif residues 69-92 in addition to the replacement of the SHP-UBX 

linker in the p47Δbrake+p37Linker mutant had a dramatic effect on the unfolding rate, showing 

that it was indeed affecting substrate unfolding.  

How exactly the brake motif causes the inhibition of p97 is so far unknown. Since the 

N-terminus of the SEP domain adapters is likely positioned in the vicinity of the D1 domain, 

it could potentially interfere with ATP hydrolysis there. Although ATPase activity in the D2 

domain is responsible for the lions share of the ATPase activity of the whole protein, 

interference with the D1 hydrolysis might allosterically affect the D2 as well. Alternatively, 

the brake could influence the movement of the N-domain relative to the D1 domain and 

favor the down- over the up-conformation. This would in turn affect the ATPase rate as 

mutations which favor the up-conformation over the down-conformation have been shown 

to increase the ATPase activity (Huang et al., 2019b), whereas the brake would have the 

opposite effect. 

Another unique feature of p47 among the human SEP domain proteins is the presence of 

the N-terminal UBA domain. While this domain does not seem to be important for SPI 

disassembly, it could be relevant for alternative ubiquitinated substrates as discussed 
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above. An interesting hypothesis is the idea that binding of a ubiquitinated substrate to 

the UBA domain might be able to overcome the inhibition by the brake motif. This would 

make the brake motif an additional substrate specifying element, which could only be 

activated by the correct substrate.  

 

3.8 Implications of our findings for the interpretation of p97 function and 
physiology 

Our findings uncover the molecular basis for an important aspect of PP1 regulation. PP1 

is a major phosphatase that interacts with hundreds of substrate specifiers to 

dephosphorylate a myriad of cellular substrates. After biosynthesis, the protein is bound 

by SDS22 and I3 and kept in an inactive state. Disassembly of the SPI complex by p97 is 

dependent on SEP domain adapter proteins. Accordingly, knockdown or knockout of SEP 

domain adapters causes a shift in the composition of PP1 complexes in the cell, as shown 

by the PP1 holoenzymes which were identified by a mass spec experiment in cells that 

lacked p37, p47 and UBXN2A (Weith et al., 2018). 

Furthermore, we identified a new unfolding mechanism of p97 which is ubiquitin-

independent and differs from the established model from Twoney et al., which describes 

the unfolding of ubiquitinated substrate by p97-Ufd1-Npl4. It is interesting to speculate if 

other p97 adapter proteins or cofactors that lack ubiquitin binding domains function in a 

similar way as the SEP domain adapters. An example for this would be UBXN10, which 

has been found to be important for ciliogenesis by linking p97 to the intraflagellar transport 

complex (IFT) (Raman et al., 2015). Of note, UBXN11 was also found to interact with parts 

of the IFT in affinity purification combined with sequential window acquisition of all 

theoretical spectra (AP-SWATH) mass spectrometry of interactors of the substrate 

trapping p97 E578Q mutant (Hülsmann et al., 2018). While no direct interaction between 

UBXN10 and UBXN11 has been observed, it is possible that these two p97 adapters that 

both lack ubiquitin-binding domains could function together with p97 on a common 

substrate.  

Most pathological mutations in p97 have been associated with an increase in the ATPase 

rate as well as a modest increase in the unfolding rate (Blythe et al., 2019). How exactly 

the increase in activity damages the cell is unclear. It has been hypothesized that the 
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increase in ATPase activity reflects an increased propensity for the N-domain to be in the 

up conformation (Huang et al., 2019b) which in turn could affect the binding of different 

adapter proteins and cofactors. In the context of SPI complex disassembly, a higher 

turnover rate would result in an increase in other PP1 holoenzyme complexes, which could 

disturb kinase-phosphatase balance in the cell. While we did not find evidence that p47 is 

involved in SPI complex turnover in this study, our discovery that the brake motif in p47 is 

inhibiting the unfolding rate of p97 offers an alternative explanation for the deleterious 

effect of the disease mutants. The increase in unfolding activity in a disease mutant of p97 

might be strong enough to partially overcome the inhibition by the brake motif, thereby 

circumventing the regulatory effect of the brake. Further research on the exact mechanism 

of the brake is required to test this hypothesis. A connection to MSP1 could make the 

brake motif a potential target for small molecules to treat p97 disease mutations. 
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4 Materials and Methods 

4.1 Materials 

Table 1: Buffers 

Buffer Components Used for 

1xPBS 137 mM NaCl 

2.7 mM KCl 

12 mM (H2PO4
-/HPO4

2-) 

pH 7.4 

Washing of insect cells 

after centrifugation 

Lysis buffer 50 mM HEPES pH 8.0 

150 mM KCl 

2 mM MgCl2 

5% Glycerol 

Lysis of bacterial cells 

Ion Exchange buffer Low 

Salt 

20 mM HEPES pH 7.4 

25 mM KCl 

2 mM MgCl2 

5% Glycerol 

Ion Exchange 

Ion Exchange buffer Mid 

Salt 

20 mM HEPES pH 7.4 

150 mM KCl 

2 mM MgCl2 

5% Glycerol 

Ion Exchange 

Ion Exchange buffer High 

Salt 

20 mM HEPES pH 7.4 

1 M KCl 

2 mM MgCl2 

5% Glycerol 

Ion Exchange 

Gel filtration buffer 50 mM HEPES pH 7.4 

150 mM KCl 

2 mM MgCl2 

5% Glycerol 

1 mM DTT 

Gel filtration of proteins on 

16/600 S75 and S200 

(GE) 

Ubiquitination buffer 50 mM HEPES pH 7.4 

150 mM KCl 

Ubiquitination of His-diUb-

mEos3.2 
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10 mM MgCl2 

Unfolding buffer 25 mM HEPES pH 7.4 

100 mM KCl 

5 mM MgCl2 

1 mM DTT 

Unfolding of proteins in 

the p97 unfolding assay 

6x Laemmli sample buffer 0.35 M Tris, pH 6.8 

30 % Glycerol (v/v) 

10 % SDS (w/v) 

9.3 % DTT 

0.02 % Bromophenol blue 

Preparation of samples 

for SDS-PAGE 

SDS-running buffer 190 mM Glycine 

25 mM Tris 

0.1 % SDS (w/v) 

Set pH to 8.8 

SDS-PAGE 

Western-transfer buffer 192 mM Glycine 

25 mM Tris 

0.004 % SDS 

20 % Methanol 

Western-blot transfer 

TE-buffer 10 mM Tris 

100 mM Na2EDTA 

pH 8.0 

Insect cell transfection 

TAE buffer 40 mM Tris 

1 mM Na2EDTA 

20 mM acetic acid 

pH 8.0 

Agarose gel 

electrophoresis 
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Table 2: Plasmids 

Plasmid Antibiotic 

Resistance 

Used for Proteins 

pFL Ampicillin Expression in Sf9 

cells 

SPI, SPEosI, 

UBXN2A 

pGEX6P1 Ampicillin Expression in BL21 

(DE3) 

p37 and p47 

pET15b Ampicillin Expression in BL21 

(DE3) 

p97-His, p97pBpA-

SBP-His 

pET23 Ampicillin Expression in BL21 

(DE3) 

Ubiquitin 

pET28a Kanamycin Expression in BL21 

(DE3) 

His-diUb-mEos3.2, 

His-Ube1, His-gp78-

ubc7 

pET41b+ Kanamycin Expression in BL21 

(DE3) 

 

pEVOL-pBpf Chloramphenicol Expression of pBpA 

constructs 

Coexpressed with 

p37 and p97 pBpA 

constructs 

 

 

Table 3: Cells and Bacterial Strains 

Strain Source Identifier Used for 

XL1-blue Agilent  200249 
 

Cloning 

Escherichia coli BL21 

(DE3)  

New England Biolabs  C2527I Expression of 

proteins 

DH10EMBACy (Trowitzsch et al., 

2010) 

 Bacmid generation 

Sf9 Invitrogen 11496015 Expression of 

proteins 
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Table 4: Proteins 

Protein Vector Expression 

Strain 

Species Source 

His-diUb-mEos3.2 pET28a BL21 (DE3) human/  

L. hemprichii 

This study 

Ubwt untagged pET23 BL21 (DE3) mouse Database 

His-mUbe1 pET28a BL21 (DE3) mouse Addgene 

plasmid # 

32534, 

(Carvalho et 

al., 2012) 

His-gp78-ubc7 pET28a BL21 (DE3) human (Blythe et al., 

2017) 

p97-His pET15b BL21 (DE3) human Database 

Ufd1-His pET41b+ BL21 (DE3) human Database 

Npl4 pET41b+ BL21 (DE3) human Database 

His-p97 pFL Sf9 human (Weith et al., 

2018) 

p97314pBpA -SBP-His  pET15b BL21 (DE3) human Johannes van 

den Boom 

p97278pBpA -SBP-His  pET15b BL21 (DE3) human Johannes van 

den Boom 

GST-p37 pGEX6P1 BL21 (DE3) human This study 

GST-p47 pGEX6P1 BL21 (DE3) human (Meyer et al., 

2000) 

GST-UBXN2A pFL Sf9 human Jonas Seiler 

His-I3 pFL Sf9 human (Weith et al., 

2018) 

His-mEos3.2-I3 pFL Sf9 human/  

L. hemprichii 

This study 



91 
 

SDS22 + PP1 γ pFL Sf9 human (Weith et al., 

2018) 

GST-p37Δ2-81 pGEX6P1 BL21 (DE3) human Jonas Seiler 

GST-p37Δ2-107 pGEX6P1 BL21 (DE3) mouse Jonas Seiler 

GST-p37Δ2-129 pGEX6P1 BL21 (DE3) mouse Jonas Seiler 

GST-p37ΔSEP pGEX6P1 BL21 (DE3) mouse Jonas Seiler 

GST-p37p47SEP pGEX6P1 BL21 (DE3) mouse/human This study 

GST-p47p37SEP pGEX6P1 BL21 (DE3) human/mouse This study 

GST-p37p47N pGEX6P1 BL21 (DE3) human/mouse This study 

GST-p47p37N pGEX6P1 BL21 (DE3) human/mouse This study 

GST-p37p47C pGEX6P1 BL21 (DE3) human/mouse This study 

GST-p47p37C pGEX6P1 BL21 (DE3) human/mouse This study 

GST-p47p37Linker pGEX6P1 BL21 (DE3) human/mouse This study 

GST-p47Δ69-92 pGEX6P1 BL21 (DE3) human Jonas Seiler 

GST-p47Δbrake+p37Linker pGEX6P1 BL21 (DE3) human/mouse This study 

GST-p47p37Link1 pGEX6P1 BL21 (DE3) human This study 

GST-p47p37Link2 pGEX6P1 BL21 (DE3) human This study 

GST-p37p47SEP-SHP pGEX6P1 BL21 (DE3) mouse This study 

GST-p37p47UBX pGEX6P1 BL21 (DE3) mouse This study 

GST-p37helix 3E→3A pGEX6P1 BL21 (DE3) mouse This study 

GST-p37helix IVLF→4A pGEX6P1 BL21 (DE3) human This study 

GST-p3782pBpA pGEX6P1 BL21 (DE3) human This study 

GST-p37182pBpA pGEX6P1 BL21 (DE3) mouse (Weith et al., 

2018) 

GST-p37234pBpA pGEX6P1 BL21 (DE3) human This study 

GST-p37Link1→Ala pGEX6P1 BL21 (DE3) human This study 

GST-

p47Δbrake+LVLF→4A+p37Linker 

pGEX6P1 BL21 (DE3) human/mouse This study 
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Table 5: Antibodies 

Antibody Source Identifier Used for 

Rabbit polyclonal anti-

p97 

(Meyer et al., 

2000) 

HME8 Western-Blot, primary 

1:2000 

Goat polyclonal anti-

SDS22 

Santa Cruz E-20, Cat. no. 

sc-162164 

Western-Blot, primary 

1:1000 

Goat polyclonal anti-

PP1γ 

Santa Cruz C-19, Cat. 

no. sc-6108 

Western-Blot, primary 

1:1000 

Mouse monoclonal anti-

PP1γ 

Santa Cruz E-4, Cat. Mp. 

Sc-515943 

Immunoprecipitation 

Rabbit polyclonal anti-

p37 

(Kress et al., 

2013) 

208880 Western-Blot, primary 

1:1000 

Rabbit polyclonal anti-

Inhibitor-3 

(Eiteneuer et 

al., 2014) 

SA7263 Western-Blot, primary 

1:1000 

Rabbit polyclonal anti-

p47 

(Meyer et al., 

2002) 

HME22 Western-Blot, primary 

1:2000 

Goat polyclonal anti-

mouse 

BioRad 170-6516 Western-Blot, secondary 

1:10000 

Goat polyclonal anti-

rabbit 

BioRad 170-6515 Western-Blot, secondary 

1:10000 

Mouse polyclonal anti-

goat 

Santa Cruz sc-2354 Western-Blot, secondary 

1:1000 
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Table 6: Media 

Name Components Used for Source 

Luria Bertani (LB) 

medium 

For 1 L: 

10 g Peptone 

10 g NaCl 

5 g yeast extract 

Set pH to 7.0 with 

NaOH 

Autoclave 

Multiplication of 

plasmids in 

XL1Blue 

Made in the lab 

Terrific Broth (TB) 

medium 

For 1 L:  

12 g Tryptone 

24 g yeast extract 

4 ml glycerol 

Ad ddH2O to 900 ml 

Autoclave 

Add 100 ml 10x 

Phosphate buffer 

Expression 

cultures for 

BL21(DE3) 

Made in the lab 

10x Phosphate 

buffer 

For 1 L: 

23.1 g KH2PO4 

125.4 g K2HPO4 

Ad ddH2O to 1 L 

Autoclave 

Added to TB 

medium 

Made in the lab 

Spodopan  Expression 

cultures for Sf9 

PAN-Biotech, 

P04-850500 

 

Table 7: Reagents and chemicals 

Reagent Supplier Identifier 

ATP Sigma-Aldrich A7699-5G 

ATPγS Sigma-Aldrich A1388-25MG 

Dithiothreitol (DTT) Applichem A1101.0025 

β-Mercaptoethanole Sigma-Aldrich M6250-100ML 
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Yeast extract Diagonal A1552.1000 

Tryptone Diagonal A1553.1000 

Peptone Sigma-Aldrich 70178-500G 

Na2EDTA Diagonal A2937.0500 

DTT Applichem A1101.0025 

Glycerol (87 %) Diagonal A0970.1000 

BSA Applichem A1391.0500 

BSA (fatty acid-free) Carl-Roth 0052.3 

Nonfat dried milk powder Applichem A0830.0500 

HEPES Diagonal A1069.1000 

NaCl Applichem A2942.5000 

KCl Carl-Roth 6781.1 

NaH2PO4 x H2O Diagonal A4229.0500 

Na2HPO4 x 2 H2O Diagonal A3905.1000 

KH2PO4 Diagonal 141509.1211 

K2HPO4 Diagonal 141512.1211 

MgCl2 x 6 H2O Carl-Roth 6781.1 

Triton X-100 Applichem A1388.0500 

Tween-20 Diagonal A4974.1000 

Aluminumsulfate-18-hydrate Fluka 11044.1000 

Tris Applichem A1086.5000 

Glycine Applichem A1067.5000 

SDS Applichem A1112.0500 

Ammonium acetate Applichem 131114.1210 

Acetic acid Fisher Scientific A/0400/PB17 

NaOH VWR 28244.295 

Guanidine hydrochloride Applichem A1106.1000 

IPTG Applichem A1008.0025 

L-glutathione reduced Applichem A2084.0025 

Imidazole Sigma-Aldrich 56750-1KG 

Coomassie Brilliant Blue G-250 Applichem A3480.0025 
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Ethanol (99.8 %) Fisher Scientific E/0650DF/17 

Methanol Fisher Scientific M/4056/17 

Perchloric acid Carl-Roth 9216.1 

Bromophenol blue Riedel-de Haën 32788 

PMSF Diagonal A0999.0005 

p-benzoyl-L-phenylalanine (pBpa) Bachem F2800 

GammaBind G Sepharose beads  GE Healthcare 17-0885-01 

FuGene HD Transfection Reagent Promega E2311 

Biomol® Green Reagent Enzo Life Science BML-AK111-0250 

PageRuler™ Prestained Protein 

Ladder, 10 to 180 kDa 

Thermo Fisher 

Scientific 

26617 

O'GeneRuler 1 kb DNA Ladder, 

Ready-to-Use- 250-10,000 bp 

Thermo Fisher 

Scientific 

11551615 

 

Table 8: Protein purification columns 

Column Used for Supplier Identifier 

HisTrap FF Crude 5 

ml 

Purification of His-

tagged proteins 

VWR 17-5286-01 

GSTrap FF 5 ml Purification of GST-

tagged proteins 

VWR 17-5131-01 

HiTrap™ Q HP Anion-Exchange 

chromatography 

VWR 17-1154-01 

HiTrap™ SP HP Cation-Exchange 

chromatography 

VWR 17-1151-01 

HiLoad® 16/600 

Superdex® 75 pg 

Gel filtration GE-Healthcare 28989333 

HiLoad® 16/600 

Superdex® 200 pg 

Gel filtration GE-Healthcare 28989335 
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Table 9: Laboratory appliances 

Name Company Used for 

Cary Eclipse Fluorescence 

Spectrophotometer 

Varian Fluorescence unfolding assay 

Spectra Max Plus Molecular Devices ATPase assay 

Äkta purifier GE Healthcare Protein Purification 

Äkta pure GE Healthcare Protein Purification 

INTAS ECL Chemostar INTAS Western-blot analysis 

E-Box VILBER Agarose gel documentation 

Nanodrop Thermo Fisher Determination of Eos 

photoconversion efficiency 

Thermocycler nexus GSX1 Eppendorf PCR 

Biophotometer D30 Eppendorf Determination of DNA and 

protein concentrations 

Fresco 17 centrifuge Heraeus Benchtop centrifuge for 

immunoprecipitation  

Megafuge 40R Heraeus Protein concentration through 

centrifugation 

Sorvall RC 6+ Centrifuge Thermo Scientific Cell harvest and 

ultracentrifugation 

SS-34 fixed angle rotor Thermo Scientific Ultracentrifugation with Sorvall 

RC 6+ 

F9S-4x 1000y fixed angle rotor Thermo Fisher Cell harvest with Sorvall RC 6+ 

Sonoplus Bandelin Cell lysis 

New BrunswickTM  Innova®44 Eppendorf Shaker for growth of bacterial 

cultures 

MaxQ 4000 Thermo Scientific Shaker for growth of insect cell 

cultures 

CL-1000 Ultraviolet Crosslinker UVP/analytic jena Crosslinking or proteins with 

pBpA 

UVP Blak-RayTM B-100AP UVP/analytic jena Photoconversion of mEos3.2 
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ECL Chemostar imager INTAS Western-blot 

  

Table 10: Cloning Reagents from New England Biolabs (NEB) 

Reagent Identifier 

Phusion® High Fidelity DNA Polymerase M0530 S 

Phusion® HF Buffer 5x B0518S 

DpnI R0176 L 

T4 Polynucleotide Kinase M0201 S 

T4 DNA Ligase M0202 L 

T4 DNA Ligase buffer 10x B0202S 

Taq DNA Ligase M0208 L 

Deoxynucleotide (dNTP) Solution Mix N0447L 

BamHI-HF R3136L 

EcoRI-HF R3101L 

XhoI R0146S 

CutSmart® buffer 10x B7204S 

 

Table 11: Kits 

Name Used for Company Identifier 

NucleoSpin Plasmid Preparation of plasmid 

DNA from bacterial 

cultures 

Macherey-Nagel 740588.50 

NucleoSpin Gel and PCR 

Clean‐up  

Extraction of DNA from 

agarose gel 

Macherey-Nagel 740609.50 

SuperSignal™ West Pico 

PLUS Chemiluminescent 

Substrate 

Western-blot detection Thermo Scientific 34579 

Amersham ECL Prime 

Western Blotting 

Detection Reagent 

Western-blot detection GE Healthcare RPN2236 
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Table 12: Proteases 

Name Cleavage 

Site 

Used Ratio Source Identifier 

Thrombin, Bovine LVPR*GS 10 u / 1 mg of 

substrate 

Merck-

Millipore 

605157 

Razor(TM) TEV 

Protease 

ENLYFQ*S 1 µg protease 

/ 100 µg 

substrate 

Biomol BM-13002-

1000 

GST-PreScission LEVLFQ*GP 4 µg protease 

/ 1000 µg 

substrate 

Prepared in 

the lab 

Plasmid from 

AG Bayer 

 

Table 13: Filters, concentrators and cuvettes 

Name Company Identfier 

Sterilfilter Filtropur S 0.2 Sarstedt 83.1826.001 

Rotilabo Spritzenfilter, unsteril, Porengröße 0,8 µm Carl Roth P820.1 

MEMBRA-CEL dialysis tubing, MWCO 3500 Serva 44310.01 

Vivaspin Turbo 15, 5 kDa MWCO Sartorius VS15T12 

Vivaspin Turbo 15, 10 kDa MWCO Sartorius VS15T02 

Vivaspin Turbo 15, 100 kDa MWCO Sartorius VS15T42 

Ultra-Micro Cell 105.250-QS LP 10x2 mm, VOL 
100µl, CH 15 mm 

Hellma Analytics 105-251-15-
40 
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4.2 Methods 

4.2.1 Molecular Cloning 

Expression constructs for protein purification were generated by using either Gibson 

Assembly for insertion or replacement of larger DNA sequences, by site directed 

mutagenesis to mutate single bases or small DNA sequences or by cloning with restriction 

enzymes. All strategies involved DNA amplification via polymerase chain reaction (PCR). 

4.2.1.1 PCR-Protocol 

Table 14 Pipetting scheme for PCR 

Component Volume [µl] 

ddH2O 32.5 

Phusion® HF buffer (x5) 10 

dNTP mix (10 mM) 1 

Template DNA (10 ng/µl) 1 

Forward primer (10 µM) 2.5 

Reverse primer (10 µM) 2.5 

Phusion® HF polymerase 0.5 

 

Table 15 Thermocycle steps for PCR 

Step Temperature [°C] Time 

(1) Initial denaturation 98 2 min 

(2) Denaturation 98 30sec 

(3) Annealing Depending on construct 30 sec 

(4) Elongation 72 5 min 

Repeat steps 2-4 for 30 times 

(5) Final Elongation 72 10 min 

(6) Hold 10 ∞ 
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4.2.1.2 Gibson-assembly 

For the insertion of larger DNA sequences into a construct via Gibson-assembly (Gibson 

et al., 2009), both the vector backbone and the insert were amplified via PCR to generate 

two linear fragments, “vector” and “insert”. The primers used for the reaction included 

overhangs that were complementary between vector and insert. These primers were 

designed with the NEBuilder tool (https://nebuilder.neb.com/#!/). After the PCR was 

complete, the original templates were degraded by addition of 1 µl DpnI. The PCR 

products were then separated via agarose gel electrophoresis (1% agarose, 1xTAE 

buffer, 100 V, 1 h). DNA fragments were visualized by ethidium bromide and UV light and 

bands of the correct length were cut out with a scalpel. The DNA was extracted with the 

NucleoSpin Gel and PCR Clean‐up kit (Macherey-Nagel). DNA concentration was 

determined from the absorbance at 260 nm with a spectrophotometer (Eppendorf) and 

the vector and insert fragments were ligated using a Gibson Assembly mixture: 

Table 16 Gibson-assembly pipetting scheme 

Component Volume [µl] 

Vector fragment Equal to 50 ng 

Insert fragment Three times the molar ratio of the vector 

Gibson Assembly mix 15 

ddH2O Add to 20 

 

The Gibson-assembly mix contains T5 exonuclease, Phusion® DNA polymerase and Taq 

ligase in Gibon-assembly buffer (500 mM Tris pH 7.3, 50 mM MgCl2, 1 mM dNTPs, 50 

mM DTT, 5 mM NAD, 25% PEG 8000). The T5 exonuclease creates single stranded 

overhangs that allow the annealing of vector and insert, the polymerase fills in the gaps 

and the ligase covalently fuses the DNA fragments to create one single plasmid. The 

reaction was incubated at 50°C for 1 h. Afterwards, 5 µl were transformed into XL1Blue 

by heat shock. 

 

 

 

https://nebuilder.neb.com/#!/
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Table 17 Construct cloned by Gibson-assembly 

Construct Templates Primer Primer sequence 

pFL 

His-

mEos3.2-

I3 

pFL  

 

pFL 

Eos-Inh3_vf 

TGCCTGACAATGCCAGACGAGGTGGCG 

GTGGCAGCATGGCCGAGGCAGGGGCT 

pFL 

Eos-Inh3_vr 

TCTGGCTTAATCGCACTCATGGATCCC 

ATGGCGCCCTG 

gBlock  

mEos-I3 

(IDT) 

pFL 

Eos-Inh3_if 

TTCAGGGCGCCATGGGATCCATGAGT 

GCGATTAAGCCAG 

pFL 

Eos-Inh3_ir 

GGCCATGCTGCCACCGCCACCTCGTC 

TGGCATTGTCAGG 

pGEX6P1  

GST-

p37p47SEP 

pGEX6P1 

p37 mouse 

GST-p37+p47 

SEP_vf 

ATCGGGACGAGGACTTTGTGAAACCCA 

GGTTGCGATTC 

GST-p37+p47 

SEP_vr 

AATACTACATGAACATCTTGGAGCTGA 

TTTTCCCCATAG 

pGEX6P1 

p47 

GST-p37+p47 

SEP_if 

TCTATGGGGAAAATCAGCTCCAAGATG 

TTCATGTAGTATTGAAACTC 

GST-p37+p47 

SEP_ir 

TTGAATCGCAACCTGGGTTTCACAAAG 

TCCTCGTCCCG 

pGEX6P1  

GST-

p47p37SEP 

pGEX6P1 

p47 

p47-w/o SEP for ATCAAGACCAAGAGTACATAAAGCCCA 

AAGGAGCCTTC 

p47-w/o SEP rev AGTAAAACCTGAACATCTTGGCTGGAA 

TGCTGCCTCTTTTC 

pGEX6P1 

p37 mouse 

p37 SEP for AAAAGAGGCAGCATTCCAGCCAAGATG 

TTCAGGTTTTACTG 

p37 SEP rev TTGAAGGCTCCTTTGGGCTTTATGTACT 

CTTGGTCTTGATGATC 

pGEX6P1 

GST-

p37p47N 

pGEX6P1 

p37 mouse 

p37_backbone_f

wd 

AAAAGAGGCAGCATTCCAGCCAAGATG 

TTCAGGTTTTACTGAAGCTGTG 

p37_backbone_r

ev 

TCCTGTCGCTCCGCCGCCATGGATCCC 

AGGGGCCCCTG 

pGEX6P1 

p47 

p47_N_fwd TCCAGGGGCCCCTGGGATCCATGGCG 

GCGGAGCGACAG 

p47_N_rev AGTAAAACCTGAACATCTTGGCTGGAA 

TGCTGCCTCTTTTCTCC 

pGEX6P1 

GST-

p47p37N 

pGEX6P1 

p47 

p47-w/o N for TCTATGGGGAAAATCAGCTCCAAGATG 

TTCATGTAGTATTGAAACTCTGGAAG 

p47-w/o N rev GCACGGCCACCCTCCGCCATGGATCC 

CAGGGGCCCCTG 

pGEX6P1 

p37 mouse 

p37 N for TCCAGGGGCCCCTGGGATCCATGGCG 

GAGGGTGGCCGT 

p37 N rev AATACTACATGAACATCTTGGAGCTGAT 

TTTCCCCATAGATATACTCTGATCG 
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pGEX6P1 

GST-

p37p47C 

pGEX6P1 

p37 mouse 

p37_p47C_vf TCATCGTGCAGCGGTTAACATAGGGAT 

CCCCGGAATTC 

p37_p47C_vr CTCAACACCTGGGGGGCAGTGCTTCC 

AAGTTTTTGCCC 

pGEX6P1 

p47 

p37_p47C_if AAGGGCAAAAACTTGGAAGCACTGCCC 

CCCAGGTGTTG 

p37_p47C_ir GGGAATTCCGGGGATCCCTATGTTAAC 

CGCTGCACGATG 

pGEX6P1 

GST-

p47p37C 

pGEX6P1 

p47 

p47_p37C_vf TGATACTCCAACAGCTAAAATAACCGG 

AATTCCCGGGTC 

p47_p37C_vr CTGACGATTTCAGGTGTAAGGCTGCCC 

AGTTTCTGACC 

pGEX6P1 

p37 mouse 

p47_p37C_if AGGGTCAGAAACTGGGCAGCCTTACAC 

CTGAAATCGTCAG 

p47_p37C_ir CGACCCGGGAATTCCGGTTATTTTAGC 

TGTTGGAGTATCAC 

pGEX6P1 

GST-

p37p47SEP-

SHP 

pGEX6P1 

p37 mouse 

p37+p47SEP_S

HP_vf 

AGGGTCAGAAACTGGGCAGCCTTACACC 

TGAAATCGTCAG 

p37+p47SEP_S

HP_vr 

TTCAATACTACATGAACATCTTGGAGCTG 

ATTTTCCCC 

pGEX6P1 

p47 

p37+p47SEP_S

HP_if 

ATGGGGAAAATCAGCTCCAAGATGTTCA 

TGTAGTATTGAAACTCTGG 

p37+p47SEP_S

HP_ir 

CTGACGATTTCAGGTGTAAGGCTGCCCA 

GTTTCTGACC 

pGEX6P1 

GST-

p37p47UBX 

pGEX6P1 

p37 mouse 

p37+p47UBX_vf TCATCGTGCAGCGGTTAACATAGGGATC 

CCCGGAATTC 

p37+p47UBX_vr TTTGTGGTAGGCTCTGATTCATCAATAA 

GAACAGCTGCATTC 

pGEX6P1 

p47 

p37+p47UBX_if ATGCAGCTGTTCTTATTGATGAATCAGA 

GCCTACCACAAAC 

p37+p47UBX_ir GGGAATTCCGGGGATCCCTATGTTAAC 

CGCTGCACGATG 

pGEX6P1 

GST-

p47p37Linker 

pGEX6P1 

p47 

p47+p37Linker_

vf 

ATGCAGCTGTTCTTATTGATGAATCAGA 

GCCTACCACAAAC 

p47+p37Linker_

vr 

CTGACGATTTCAGGTGTAAGGCTGCCCA 

GTTTCTGACC 

pGEX6P1 

p37 mouse 

p47+p37Linker_i

f 

AGGGTCAGAAACTGGGCAGCCTTACAC 

CTGAAATCGTC 

p47+p37Linker_i

r 

TTTGTGGTAGGCTCTGATTCATCAATAA 

GAACAGCTGC 
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4.2.1.3 Site directed mutagenesis 

Mutations and smaller insertions were introduced into constructs by site directed 

mutagenesis. Primers including the desired mutations were designed with the 

NEBaseChanger tool (https://nebasechanger.neb.com/). The template DNA was 

amplified via PCR and the reaction mixture was purified with the NucleoSpin Gel and PCR 

Clean‐up kit (Macherey-Nagel) afterwards, resulting in 15 µl DNA in ddH2O. The mutated 

plasmid was then ligated with a KLD reaction: 

Table 18: Site directed mutagenesis pipetting scheme 

Component Volume [µl] 

ddH2O 4 

Mutated plasmid DNA 2 

T4 Ligase buffer (x10) 1 

T4 Ligase 1 

T4 Polynucleotide kinase 1 

DpnI 1 

The non-mutated template DNA is degraded by DpnI, the T4 Polynucleotide kinase 

phosphorylates DNA ends and T4 Ligase fuses these ends together to generate a new 

plasmid. The reaction was incubated at room temperature for 1 h, before 5 µl were 

transformed into XL1Blue by heat shock. 

 

Table 19: Constructs cloned by site directed mutagenesis 

Construct Template Primer Primer sequence 

GST-p47Δbrake+p37Linker GST-p47 p47 _delta 69-92_for CCAGAGGCACAGCTCCTAGTAGGTTTTA

TGCTG 

p47_delta 69-92_rev GAGCCCCCAGCATAAAACCTACTAGGAG

CTGT 

GST-p47p37Link1 GST-p47 p47_p37Link1_for AGCACCCCTAGCAGCCCGCAACAGGCA

GAAAATGAAGC 

p47_p37Link1_rev CACGATTTCAGGCGTCAGGCTGCCCAGT

TTCTGACC 

GST-p47p37Link2 GST-p47 p47_p37Link2_for GAATGCGGTAGTCTTGATTGATGAATCA

GAGCCTACCACAAAC 

p47_p37Link2_rev AAAATGGACTTATCTTCCTCTTCGGCTGG

AGAGCTGGTACT 

https://nebasechanger.neb.com/
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GST-p37helix 3E→3A GST-p37 

(mouse) 

p37_helix_E-A_for GAATGCACTTTTCAAAGCGGCAAGGGCA

CATGGAGCTGTCCC 

p37_helix_E-A_rev CATGTGCCCTTGCCGCTTTGAAAAGTGC

ATTCACAATTTTCCC 

GST-p37helix IVLF→4A GST-p37 

(human) 

p37_helix_IVLF_for GTCCGTCCGTCTACCGGCAAAGCCGC 

TAATGAAGCGGCCAAAGAAGCTCGCGAA

CACGG 

p37_helix_IVLF_rev CCGTGTTCGCGAGCTTCTTTGGCCGCTT

CATTAGCGGCTTTGCCGGTAGACGGACG

GAC 

GST-

p47Δbrake+LVLF→4A+p37Lin

ker 

GST-

p47Δbrake+p3

7Linker 

p47 LVLF->4A_for CCAACGAGGCGGCGGATGATGCCGCGA

AAGGTGCCAAAGAGCATGG 

p47 LVLF->4A_rev GCACCTTTCGCGGCATCATCCGCCGCCT

CGTTGGGACTTTTCTTCC 

GST-p3782pBpA GST-p37 

(human) 

p37h_G82TAG_for GTCTACCTAGAAAATCGTTAATGAACTGT

TCAAAGAAGCTCGCG 

p37h_G82TAG_rev GATTTTCTAGGTAGACGGACGGACGATG

TTAAG 

GST-p37234pBpA GST-p37 

(human) 

p37_S234TAG_for CCCCTTAGAGCCCGGAAGAGGAAGATAA

GTCC 

p37_S234TAG_rev GGGCTCTAAGGGGTGCTCACGATTTCAG

GCG 

 

4.2.1.4 Cloning with restriction enzymes 

Inserts were amplified from template DNA with PCR primers that included restriction sites. 

The PCR product was purified with the PCR clean-up kit (Macherey-Nagel) (elution in 15 

µl ddH2O) and digested with restriction enzymes. The vector was also digested with the 

same enzymes. 

Table 20: Restriction digest pipetting scheme 

Component Volume [µl] 

ddH2O ad to 50 µl 

DNA 1 µg vector, or 15 µl PCR product 

CutSmart® buffer 10x 1 

Restriciton enzyme 1 1 

Restriction enzyme 2 1 

After 1 hour at 37°C, the samples were purified again with the PCR clean-up kit 

(Macherey-Nagel) (elution in 15 µl ddH2O). The vector and the insert fragment were then 



105 
 

ligated together using T4 ligase over night at 4°C. The ligated plasmid was transformed 

into XL1-blue on the next day. 

Table 21: Ligation pipetting scheme 

Component Volume [µl] 

ddH2O ad to 20 µl 

Vector 50 ng 

Insert 3x molar excess of vector DNA 

T4 DNA Ligase 1 

T4 DNA Ligase buffer 10x 2 

 

The pET28a His-diUb-mEos3.2 construct was generated via cloning with restriction 

enzymes. The vector pET28a His-diUB-GFP was received as a gift from Emily Blythe and 

Raymond Deshaies (Blythe et al., 2017). The GFP was removed by digestion with BamHI-

HF and XhoI and replaced with mEos3.2 that had been PCR amplified from mEos3.2-C1 

(addgene plasmid #54550, (Zhang et al., 2012). 

The pGEX6P1 GST-p37 (human) construct was generated from a gBlock (IDT) with the 

DNA sequence for human p37 (Gene ID: 137886) that was codon optimized for 

expression in E. coli. The insert was amplified via PCR with primers carrying BamHI and 

EcoRI restriction sites and ligated into pGEX6P1. 
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Table 22: Constructs cloned by restriction digestion 

Construct Templates Primer/Restriction 

enzymes 

Primer sequence 

pET28a His-

diUb-mEos3.2 

pET28a His-

diUb-GFP 

BamHI-HF Vector was not amplified 

XhoI Vector was not amplified 

mEos3.2-C1 BamHI-mEos for CACACAGGATCCACCGGTCGC 

CACCATGAGTGCGATTAAGC 

XhoI-mEos rev CCAACCCTCGAGTGCGGCCGC 

TTTATCGTCTGGCATTGTC 

pGEX6P1 GST-

p37 human 

pGEX6P1 BamHI-HF Vector was not amplified 

EcoRI-HF Vector was not amplified 

gBlock p37 

human (IDT) 

p37_ BamHI_f CTATTGCTGGATCCATGGCGGA 

GGGCGG 

p37 _EcoRI_r TGCAGAACGAATTCTTATTTCAG 

TTGTTGCAGCAGCAC 

 

4.2.1.5 Transformation 

Plasmids were transformed into XL1Blue or Bl21(DE3) by heat shock. An aliquot of 

chemically competent E. coli (50 – 100 µl) was thawed on ice for 20 min. Roughly 50 ng 

of plasmid DNA were added, and the mixture was incubated on ice for further 20 min. 

Then, the bacteria were incubated in a 42°C hot water bath for 30 seconds and then 

incubated on ice gain for 2 minutes. The bacteria were supplemented with 500 µl of LB 

medium and incubated at 37°C with constant shaking (600 – 800 rpm) for 1 hour. 

Afterwards, the mixture was centrifuged for 2 minutes with 4000xg and 500 µl of the 

supernatant were removed. The bacterial pellet was resuspended in the remaining liquid 

and spread on a LB agar plate with a drigalski spatula. The plates were supplemented 

with the antibiotic corresponding to the resistance cassette of the plasmid. 

4.2.1.6 Sequencing 

The DNA sequences of cloning products were verified vie Sanger sequencing by the 

companies GATC (now Eurofins) or Microsynth. 
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4.2.2 Protein expression 

4.2.2.1 Protein expression in E. coli (BL21 DE3) 

Protein constructs in bacterial expression vectors (pGEX6P1, pET 15b, pET 23, pET 28a, 

pET 41b) were recombinantly expressed in BL21 (DE3). A starter culture in 100 ml LB 

medium with antibiotic was grown over night at 37°C and 130 rpm shaking. The next 

morning, this starter culture was used to inoculate 2 – 4 x 1 L TB-media with antibiotics. 

The cultures were grown to an OD600 of 0.6 at 37°C and 130 rpm and expression was 

induced by addition of IPTG to 0.5 M. After growth over night at 18°C and 130 rpm, 

bacteria were harvested by centrifugation at 4000xg for 15 min. The supernatant was 

removed and the bacteria were resuspended in 20 ml of Lysis buffer per 1 L of bacterial 

culture, before storage at -80°C. 

An exception from this protocol was the expression of Ufd1-His and Npl4, which were not 

grown over night, but for 5 hours at 37°C and 130 rpm before harvesting. 

Protein constructs that included an internal amber (TAG) stop codon designed for 

incorporation of the pBpA crosslinking amino acid were expressed in BL21 (DE3), which 

was additionally co-transformed with the pEVOL-pBpf plasmid (Addgene plasmid #31190) 

(Chin et al., 2002). This plasmid encodes for an aminoacyl-tRNA synthetase/tRNA pair 

that enables the incorporation of the pBpA (p-benzoyl-l-phenylalanine) crosslinker instead 

of the TAA Stop-codon. The bacterial cultures were grown at 37°C and 130 rpm until an 

OD600 of 0.6 was reached. Expression of was induced by addition of IPTG to 0.5 mM, 

arabinose to 0.2 % and p-benzoyl-L-phenylalanine (pBpA) to 1 mM. After growth over 

night at 18°C and 130 rpm, bacteria were harvested by centrifugation at 4000xg for 15 

min. The supernatant was removed and the bacteria were resuspended in 20 ml of lysis 

buffer per 1 L of bacterial culture, before storage at -80°C. 

4.2.2.2 Protein expression in Sf9 insect cells 

His-p97, GST-UBXN2A and complexes of His-I3+PP1γ+SDS22 or His-mEos3.2-

I3+PP1γ+SDS22 were expressed in insect cells (Sf9) using a baculovirus system. 

(Trowitzsch et al., 2010).  

In order to create a bacmid for transfection of the insect cells, the constructs were cloned 

into the pFL vector, which includes two potential multiple cloning sites. While His-p97, 
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GST-UBXN2A, His-I3 and His-mEos3.2-I3 were inserted individually, SDS22 and PP1 

were inserted on the same bicistronic vector (SDS22+PP1). The pFL constructs were 

transformed into DH5αEmbacY, which incorporated the constructs into the bacmid via 

Tn7 transposition. An aliquot of 50 µl DH5αEmbacY was thawed on ice and 2 µg of pFL 

vector were added. After incubation on ice for 1 h, the bacteria were heat shocked by 

incubation in a 42°C warm water bath for 40 seconds.  LB-medium (800 µl) were added 

and the mixture was shaked with 110 rpm for 6 h. Afterwards, the mixture was centrifuged 

for 2 minutes with 4000xg and 500 µl of the supernatant were removed. The bacterial 

pellet was resuspended in the remaining liquid and spread on a LB agar plate with a 

drigalski spatula. The plates were supplemented with 50ug/ml kanamycin, 10ug/ml 

tetracycline, 7ug/ml gentamycin, 40ug/ml IPTG and 100ug/ml X-Gal. The DH5αEmbacY 

contain a lacZ gene in the bacmid that encodes for the β-galactoisdase enzyme. 

Expression of this enzyme is controlled by a promoter that can be activated by addition of 

IPTG. The enzyme transforms the colorless X-Gal (5-bromo-4-chloro-indoxyl) into the 

blue 5,5’-dibromo-4,4’-dichloro-indigo. Successful integration of the pFL constructs results 

in the disruption of a lacZ reporter, which enables selection via blue/white screening. 

Colorless colonies were picked from plates after 2 days at 37°C and transferred onto a 

second plate. Those that did not turn blue after this second incubation at 37°C were picked 

to inoculate 5 ml of LB medium with antibiotics (kanamycin, tetracycline, gentamycin) and 

grown over night at 37°C and 150 rpm. On the next day, the bacteria were lysed with the 

NucleoSpin Plasmid kit (Macherey-Nagel) and the bacmid DNA was precipitated in 

isopropanol at -20°C over two days. The bacmid was washed with ethanol and then dried 

before reconstitution in 40 µl of TE-buffer.  

Sf9 cells were grown in Spodopan (PAN-Biotech) at 27°C and 120 rpm. Cells were 

transfected with bacmid DNA using the FuGene HD transfection reagent. A mixture of 

20 µl bacmid, 200 µl Spodopan and 5 µl FuGene HD transfection reagent were incubated 

at room temperature for 20 minutes and then added to 2 ml of Sf9 cells with a density of 

500,000 cell/ml. Cells were grown for four days and then used to infect a 10 ml culture of 

Sf9 with a cell density of 1x106 cells/ml. Successful transfection resulted in expression of 

a YFP reporter from the bacmid. Transfected cells were grown over four further days and 

the cell supernatant was used to infect a fresh culture of 50 ml with a cell density of 1x106 

cells/ml. This was repeated after four more days, before the final 50 ml supernatant was 
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used to infect 1 L of culture with a cell density of 1x106 cells/ml. For the expression of the 

SPI complex, the final culture was co-infected with supernatant from His-I3 (or His-

mEos3.2-I3) and SDS22+PP1. After four days of growth, cells were harvested by 

centrifugation (3500 rpm, 15 min), resuspended in 100 ml of ice cold PBS, centrifuged 

again (1000xg, 15 min) and stored at -80°C. 

4.2.3 Protein purification 

4.2.3.1 Purification of p97-His, His-p97, p97314pBpA -SBP-His and p97278pBpA -

SBP-His 

The bacterial cell pellets that had been resuspended in lysis-buffer (50 mM HEPES pH 

8.0, 150 mM KCl, 2 mM MgCl2, 5% glycerol) before storage were thawed and 

supplemented with imidazole (pH 8.0) to 20 mM.  Lysozyme (1 g/L) and PMSF (1 mM) 

were added and the mixture was slowly stirred at 4°C for 30 min. Cells were lysed by 

sonication (Bandelin Sonoplus, MS 73 tip, 3 pulses at 60%), followed by centrifugation at 

20,000 x g for 1 h at 4°C. The supernatant was filtered through a 0.8 µm membrane and 

loaded onto a His-Trap column (GE Healthcare) using a peristaltic pump (P-1, GE 

Healthcare) with a flow of 5 ml/min. The column was subsequently washed with 300 ml of 

lysis buffer + 20 mM imidazole. Afterwards, the column was transferred to an Äkta purifier 

or Äkta pure system. The column was connected with a QHP anion-exchange column 

(GE Healthcare) and washed with 30 ml of Mid-Salt ion exchange buffer (20 mM HEPES 

pH 7.4, 150 mM KCl, 2 mM MgCl2, 5% Glycerol). Bound protein was then eluted from the 

His-Trap column into the QHP column with Mid-Salt buffer containing 300 mM imidazole. 

The His-Trap column was disconnected and the QHP column was washed with 25 ml of 

Mid-Salt buffer. Bound protein was then eluted from the QHP column by a salt gradient 

over 30 ml between Mid-Salt buffer (containing 25 Mm KCl) and High-Salt buffer (1 M KCl) 

in fractions of 2 ml. The elution was monitored by the absorbance at 280 nM with the Äkta 

UNICORNTM software (GE Healthcare). Peak fractions were analyzed by SDS-PAGE and 

those containing the protein were pooled and concentrated with a concentrator (Vivaspin 

Turbo 100 kDa MWCO, Sartorius). The protein was washed in the concentrator with Gel 

filtration buffer (50 mM HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 5% Glycerol, 1 mM 

DTT), aliquoted (20 – 50 µl and flash frozen in liquid nitrogen before storage at -80°C.  
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The purification of His-p97 from Sf9 differed in the initial steps. The cell pellets were 

thawed and resuspended in 100 ml lysis buffer + 20 mM imidazole. PMSF (1 mM) was 

added and the cells were lysed by sonication (Bandelin Sonoplus, MS 73 tip, 3 pulses at 

60%), followed by centrifugation at 20,000 x g for 1 h at 4°C. The supernatant was filtered 

successively through a 0.8 µm and a 0.2 membrane before being loaded onto a His-Trap 

column. 

4.2.3.2 Purification of His-I3+PP1γ+SDS22, His-mEos3.2-I3+PP1γ+SDS22 

Cell pellets were thawed and resuspended in 100 ml of lysis buffer + 20 mM imidazole. 

PMSF (1 mM) was added and the cells were lysed by sonication (Bandelin Sonoplus, MS 

73 tip, 3 pulses at 60%), followed by centrifugation at 20,000 x g for 1 h at 4°C. The 

supernatant was filtered successively through a 0.8 µm and a 0.2 membrane before being 

loaded onto a His-Trap column. The column was subsequently washed with 300 ml of 

Low-Salt buffer (20 mM HEPES pH 7.4, 25 mM KCl, 2 mM MgCl2, 5% Glycerol) + 20 mM 

imidazole and transferred to an Äkta purifier or Äkta pure system. Bound protein was then 

eluted into 2 ml fractions with 25 ml of Low-Salt buffer + 300 mM imidazole. Peak fractions 

were analyzed by SDS-PAGE and those containing the protein complex were pooled and 

loaded onto a QHP ion-exchange column. Bound protein was eluted from the QHP column 

by a salt gradient over 30 ml between Low-Salt buffer (25 mM KCl) and High-Salt buffer 

(1 M KCl). Peak fractions were analyzed by SDS-PAGE and fractions with the protein 

complex were pooled and further purified by size exclusion chromatography (16/600 

Superdex 200 pg, GE Healthcare) with a flow rate of 1 ml/min in Gel-filtration buffer 

(50 mM HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 5 % glycerol, 1 mM DTT). Fractions 

containing the protein complex were pooled, concentrated (Vivaspin Turbo 100 kDa 

MWCO, Sartorius), aliquoted and stored at -80°C.   

4.2.3.3 Purification of His-diUb-mEos3.2 

Cell pellets (in lysis buffer + 20 mM imidazole) were thawed and supplemented with 

lysozyme (1g/L) and PMSF (1 mM). After stirring at 4°C for 30 min, the cells were lysed 

by sonication (Bandelin Sonoplus, MS 73 tip, 3 pulses at 60%), followed by centrifugation 

at 20,000 x g for 1 h at 4°C. The supernatant was filtered through a 0.8 µm membrane 

and loaded onto a His-Trap column (GE Healthcare) using a peristaltic pump (P-1, GE 

Healthcare) with a flow of 5 ml/min. The column was subsequently washed with 300 ml 
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lysis buffer + 20 mM imidazole and transferred to an Äkta purifier or Äkta pure system. 

Bound protein was then eluted into 2 ml fractions with 25 ml of lysis buffer + 300 mM 

imidazole. Peak fractions were pooled and further purified by size exclusion 

chromatography (16/600 Superdex 200 pg, GE Healthcare) with a flow rate of 1 ml/min in 

Gel-filtration buffer (50 mM HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 5 % glycerol, 1 mM 

DTT). Fractions containing the protein were pooled, concentrated (Vivaspin Turbo 100 

kDa MWCO, Sartorius), aliquoted and stored at -80°C.   

4.2.3.4 Purification of Ufd1-His and Npl4 

The Ufd1-Npl4 adapter pair was co-purified. The pellets of Ufd1-His and Npl4 (both in 

lysis buffer + 20 mM imidazole) were thawed and mixed together before the addition of 

lysozyme (1 g/L) and PMSF (1 mM). After stirring at 4°C for 30 min, the cells were lysed 

by sonication (Bandelin Sonoplus, MS 73 tip, 3 pulses at 60%), followed by centrifugation 

at 20,000 x g for 1 h at 4°C. The supernatant was filtered through a 0.8 µm membrane 

and loaded onto a His-Trap column (GE Healthcare) using a peristaltic pump (P-1, GE 

Healthcare) with a flow of 5 ml/min. The column was subsequently washed with 300 ml of 

Low-Salt buffer (20 mM HEPES pH 7.4, 25 mM KCl, 2 mM MgCl2, 5% Glycerol) + 20 mM 

imidazole and transferred to an Äkta purifier or Äkta pure system. The column was 

connected with a QHP anion-exchange column (GE Healthcare) and washed with 30 ml 

of Low-Salt ion exchange buffer (20 mM HEPES pH 7.4, 25 mM KCl, 2 mM MgCl2, 5% 

Glycerol). Bound protein was then eluted from the His-Trap column into the QHP column 

with Mid-Salt buffer containing 300 mM imidazole. The His-Trap column was disconnected 

and the QHP column was washed with 25 ml of Low-Salt buffer. Bound protein was then 

eluted from the QHP column by a salt gradient over 50 ml between Low-Salt buffer (25 

mM KCl) and High-Salt buffer (1 M KCl). Peak fractions were pooled and further purified 

by size exclusion chromatography (16/600 Superdex 200 pg, GE Healthcare) with a flow 

rate of 1 ml/min in Gel-filtration buffer (50 mM HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 

5 % glycerol, 1 mM DTT). Fractions containing the protein complex were pooled, 

concentrated (Vivaspin Turbo 100 kDa MWCO, Sartorius), aliquoted and stored at -80°C. 

4.2.3.5 Purification of His-mUbe1 and His-gp78-ubc7 

Cell pellets (in lysis buffer + 20 mM imidazole) were thawed and supplemented with 

lysozyme (1g/L) and PMSF (1 mM). After stirring at 4°C for 30 min, the cells were lysed 
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by sonication (Bandelin Sonoplus, MS 73 tip, 3 pulses at 60%), followed by centrifugation 

at 20,000 x g for 1 h at 4°C. The supernatant was filtered through a 0.8 µm membrane 

and loaded onto a His-Trap column (GE Healthcare) using a peristaltic pump (P-1, GE 

Healthcare) with a flow of 5 ml/min. The column was subsequently washed with 300 ml of 

Low-Salt buffer (20 mM HEPES pH 7.4, 25 mM KCl, 2 mM MgCl2, 5% Glycerol) + 20 mM 

imidazole and transferred to an Äkta purifier or Äkta pure system. The column was 

connected with a QHP anion-exchange column (GE Healthcare) and washed with 30 ml 

of Low-Salt ion exchange buffer (20 mM HEPES pH 7.4, 25 mM KCl, 2 mM MgCl2, 5% 

Glycerol). Bound protein was then eluted from the His-Trap column into the QHP column 

with Mid-Salt buffer containing 300 mM imidazole. The His-Trap column was disconnected 

and the QHP column was washed with 25 ml of Low-Salt buffer. Bound protein was then 

eluted from the QHP column by a salt gradient over 50 ml between Low-Salt buffer (25 

mM KCl) and High-Salt buffer (1 M KCl). Peak fractions were pooled and the His-tag was 

removed by digestion with thrombin (His-Ube1) or TEV (His-gp78-ubc7) at 4°C over night. 

The protein was run over a His-trap column to remove the cleaved tag and the flowthrough 

was collected and further purified by size exclusion chromatography (Superdex 75 for 

gp78-ubc7 or Superdex 200 for mUbe1) with a flow rate of 1 ml/min in Gel-filtration buffer 

(50 mM HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 5 % glycerol, 1 mM DTT). Fractions 

containing the protein were pooled, concentrated (Vivaspin Turbo 100 kDa MWCO, 

Sartorius), aliquoted and stored at -80°C. 

4.2.3.6 Purification of untagged ubiquitin 

Cell pellets (in lysis buffer) were thawed and supplemented with lysozyme (1g/L) and 

PMSF (1 mM). After stirring at 4°C for 30 min, the cells were lysed by sonication (Bandelin 

Sonoplus, MS 73 tip, 3 pulses at 60%), followed by centrifugation at 20,000 x g for 1 h at 

4°C. The supernatant was supplemented with 2.5 ml of diluted perchloric acid (70 % 

Perchloric acid in 40 ml of 5 mM Tris pH 7.5, 100 mM KCl) per of 50 ml supernatant. The 

mixture was incubated on ice for 10 minutes and centrifuged again with 20,000 x g for 1 h 

at 4°C. The supernatant then dialyzed with 5 L of 25 mM ammonium acetate pH 4.5 using 

MEMBRA-CEL® dialysis tubing (MWCO 3500, SERVA) at 4°C over night. On the next 

day, the dialyzed supernatant was loaded on a SP HP Cation-exchange column. The 

column was washed with 50 ml of 25 mM ammonium acetate pH 4.5 and transferred to 
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an Äkta purifier or Äkta pure system. Bound protein was eluted with a gradient between 

25 mM ammonium acetate pH 4.5 and 250 mM ammonium acetate 200 mM NaCl pH 7.6 

over 30 ml. Fractions containing the protein were pooled, concentrated (Vivaspin Turbo 5 

kDa MWCO, Sartorius), buffer exchanged to 5% glycerol in H2O, aliquoted and stored at 

-80°C.  

4.2.3.7 Purification of GST-tagged proteins (p37, p47, UBXN2A) 

Cell pellets (in lysis buffer) were thawed and supplemented with lysozyme (1g/L) and 

PMSF (1 mM). After stirring at 4°C for 30 min, the cells were lysed by sonication (Bandelin 

Sonoplus, MS 73 tip, 3 pulses at 60%), followed by centrifugation at 20,000 x g for 1 h at 

4°C. The supernatant was filtered through a 0.8 µm membrane and loaded onto a GSTrap 

column (GE Healthcare) using a peristaltic pump (P-1, GE Healthcare) with a flow of 

5 ml/min. The column was subsequently washed with 50 ml of lysis buffer and transferred 

to an Äkta purifier or Äkta pure system. Bound protein was eluted from the GSTrap column 

with 25 ml of lysis-buffer + 20 mM glutathione. Peak fractions were pooled and buffer 

exchanged (Vivaspin Turbo 10 kDa MWCO, Sartorius) to Gel-filtration buffer (50 mM 

HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 1 mM DTT, 5% glycerol). The GST-tag was 

cleaved by digestion with GST-PreScission protease at 4°C over night. The protein was 

passed through a GSTrap column connected to a gel filtration column (16/600 Superdex 

75 pg, GE Healthcare) to remove the protease and the cleaved tag with a flow rate of 1 

ml/min in Gel-filtration buffer (50 mM HEPES pH 7.4, 150 mM KCl, 2 mM MgCl2, 5 % 

glycerol, 1 mM DTT). Fractions containing the protein were pooled, concentrated 

(Vivaspin Turbo 10 kDa MWCO, Sartorius), aliquoted and stored at -80°C. 

4.2.4 Determination of protein concentration 

Protein concentrations were determined based on the absorbance at 280 nm and 

extinction coefficients that were calculated based on the amino acid sequence 

(https://web.expasy.org/protparam/). For mEos3.2 containing proteins the concentration 

https://web.expasy.org/protparam/
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was determined via the absorbance at 506 nm (green, not converted Eos) or 573 nm (red, 

converted Eos). 

4.2.5 Photoconversion of Eos 

His-diUb-mEos3.2 and SDS22+PP1+His-mEos3.2-I3 were irradiated with a 365 nm 

longwave UV lamp (UVP Blak-RayTM B-100AP) to induce a backbone break in the peptide 

chain. The protein was pipetted on a plastic cover slip and placed on ice. The UV lamp 

was positioned above and the sample was irradiated for four 30 minute intervals with 30 

minute brakes between each irradiation step, resulting in 2 hours of total irradiation. 

Afterwards, the absorbance spectrum of the protein sample was measured (NanoDrop 

2000c, Thermo Scientific). The efficiency of photoconversion was calculated based on the 

ratio between the absorbance at 508 nm/extinction coefficient at 506 nm and the 

absorbance at 573 nm/extinction coefficient at 573 nm. 

4.2.6 Ubiquitination 

The (irradiated) diUb-Eos substrate was enzymatically modified with ubiquitin chains to 

serve as a substrate for p97-Ufd1-Npl4 based on established procedure (Blythe et al., 

2017). The reaction was prepared for a total volume of 10 ml with 10 µM His-diUb-

mEos3.2 substrate, 2 µM mUbe1 (E1 enzyme), 20 µM gp78-ubc7 (E2-E3 fusion), 400 µM 

ubiquitin and 10 mM ATP in ubiquitination buffer (50 mM HEPES pH 7.4, 150 mM KCl, 

10 mM MgCl2). The reaction mixture was incubated at 37°C over night (~14-16 h) and 

then loaded on a 5 ml His-trap column to separate the His-tagged substrate from the 

remaining enzymes and free ubiquitin chains. The substrate was subsequently eluted 

from the His-trap column with a buffer containing 300 mM imidazole and further purified 

by gel filtration on a 16/600 Superdex200 pg column (GE). Peak fractions were analyzed 

by SDS-PAGE and fractions containing highly ubiquitinated substrate were pooled.  

4.2.7 ATPase assay 

The ATPase activity of p97 in the presence or absence of p47 was determined with a 

malachite green assay. Triplicates of His-p97 (30 nM) and p47 (150 nM) were prepared 

in 40 µl of unfolding buffer (25 mM HEPES pH 7.4, 100 mM KCL, 5 mM MgCl2, 1 mM 

DTT) and pipetted in a 96 well plate. The plate was incubated at 37°C for 10 minutes and 

10 µl of 1 mM ATP were added per well. After 10 more minutes at 37°C, 50 µl of 
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Biomol®Green reagent (EnzoLifescience) were added and the plate was incubated at 

room temperature for 30 minutes before measurement of the absorbance at 600 nm. The 

amount of hydrolyzed ATP was calculated based on the absorbance in relation to a 

phosphate standard curve. Significance was calculated by ordinary one-way ANOVA with 

GraphPad Prism 8. 

 

4.2.8 Fluorescence-based unfolding assay 

Unfolding of the SPEosI (SDS22+PP1+His-mEos3.2-I3) substrate by p97 was determined 

through the decrease in I3 linked mEos3.2 fluorescence. Measurements were done on a 

Cary Eclipse Fluorescence Spectrophotometer (Varian) using Ultra-micro cell type 

105.250-QS cuvettes (Hellma Analytics) with excitation at 540 nm and recorded emission 

at 580 nm. The standard reaction contained 35 nM SPEosI, 175 nM His-p97 and 500 nM 

adapter protein in 59.4 µl of unfolding buffer (25 mM HEPES pH7.4, 100 mM KCl, 5 mM 

MgCl2, 1 mM DTT). The mixture was incubated at 37°C for 5 minutes, before the addition 

of 0.6 µl of 200 mM ATP (2 mM final concentration). The fluorescence decay was 

measured every 15 seconds over 40 min.  

The effect of adapter and p97 concentration on the initial unfolding rate was determined 

by titration experiments. In the adapter titration experiments, the concentration of p97 was 

kept constant at 400 µM, while in p97 titration experiments, the concentration of p37 was 

increased to 2 µM. The slope of the decay over between the fourth and the 13th 

measurement point (first three minutes) was used to calculate the Initial rates were plotted 

against the p97:adapter ratio with GraphPad Prism 8. 

4.2.9 Immunoprecipitation 

Immunoprecipitation experiments with SPI complex, p37/p47 and p97 were done by 

mixing His-p97 (350 nM), adapter protein (500 nM) and SDS22-PP1-I3 (80 nM) in 24.5 µl 

of 50 mM HEPES pH7.4, 150 mM KCl, 2 mM MgCl2, 1 mM DTT, 0.1% BSA and 5% 

glycerol, together with 0.5 µl of mouse-monoclonal anti-PP1γ antibody (Santa Cruz). After 

incubation on ice for 10 min, the mixture was diluted to 400 µl with buffer containing 1% 

Triton X-100. An input control of 25 µl was taken and the remainder was added to 20 µl of 

GammaBind G Sepharose beads. Samples were slowly rotated for 1 h at 4°C and then 
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centrifuged for 2 min with 1,000xg. The beads were washed three times with 300 µl buffer 

with 1% Triton X-100. Bound proteins were eluted by the addition of 30 µl of 6xLaemmli 

buffer followed by boiling at 95°C for 5 min. Elution and input fractions were loaded on an 

SDS-gel and subsequently analyzed by Western-blot. 

4.2.10 SDS-PAGE and Western-blot 

Samples from protein purification and immunoprecipitation experiments were analyzed by 

SDS-PAGE. Samples were supplemented with 6x SDS-sample buffer and boiled at 95°C 

for 5 min before being loaded into the bags of the SDS-gel. Gels were cast using the Mini-

PROTEAN® Tetra Cell system (Bio-Rad). Proteins were separated by size trough a 

constant current of 20 mA in SDS-running buffer (190 mM glycine, 25 mM Tris, 0.1 % 

SDS). Protein purification gels were subsequently stained with colloidal coomassie for 1 

hour before destaining with water. Immunoprecipitation samples were further analyzed by 

Western-blot. Proteins were transferred to a nitrocellulose membrane in a Mini Trans-Blot 

chamber (BioRad), with a constant current of 300 mA in Western transfer buffer (192 mM 

Glycine, 25 mM Tris, 0.04 % SDS, 20 % methanol) at 4°C over night (14-16 hours). After 

the transfer was complete, the membrane was stained with Ponceau-S to verifiy that 

proteins had been transferred uniformly. Afterwards, the membrane was incubated at 

room temperature for 1 hour in 5 % milk powder dissolved in PBS-T (1xPBS + 0.1 % 

Tween-20). The membrane was washed 3 x 5 minutes with PBS-T and incubated with the 

primary antibody diluted in PBS-T + 3 % BSA. After 2 hours at room temperature or 

overnight at 4°C the primary antibody was removed and the membrane was washed three 

times for five minutes with PBS-T. The membrane was incubated with the secondary 

antibody diluted in PBS-T + 3% BSA for 1 hour. After the secondary antibody had been 

removed, the membrane was washed again three times for five minutes with PBS-T. The 

membrane was treated with SuperSignal™ West Pico PLUS Chemiluminescent Substrate 

(Thermo Scientific) or Amersham™ ECL Prime Western Blotting Detection Reagent (GE 

Healthcare) and bands were visualized with a ECL Chemostar (INTAS) imager. 

4.2.11 Generation of the p97-p37 model 

Since there is no existing structure of p37 bound to p97, the model of the C-terminus of 

p37 (SHP-UBX) bound to p97 was generated from three pdb structures of other proteins 

with similar domains using the program YASARA (http://www.yasara.org). The UBX 

http://www.yasara.org/
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domain was built as a homology model of the UBX domain of Shp1 bound to Cdc48 (pdb: 

6opc, (Cooney et al., 2019)). The SHP box was modeled after the SHP of Ufd1 bound to 

the N-domain of p97 (pdb: 5b6c, (Le et al., 2016). The structure of p97 in the up-

conformation was selected as the third component (pdb:5ftn, Banerjee et al., 2016a). The 

SHP box and the UBX domain were then planted on p97 and three residues that were 

missing between the model of the SHP box and the UBX domain were inserted. Finally, 

the entire structure was energy minimized. 

4.2.12 Crosslinking 

Crosslinking of proteins carrying a pBpA residue with was done by mixing of p97, adapter 

protein, SDS22+PP1+I3 (SPI) and ATPγS in gel filtration buffer (50 mM HEPES pH 7.4, 

150 mM KCl, 2 mM MgCl2, 5 % glycerol, 1 mM DTT). The samples were incubated at 

30°C for 10 minutes and then pipetted in drops on a parafilm that was placed on an 

aluminum block on ice. The block was placed in a CL-1000 UV crosslinker (Analytik Jena, 

365 nm) and irradiated for 30 min. Afterwards, the samples were transferred back into 

eppendorf tubes, supplemented with 6x SDS-sample buffer, boiled for 5 minutes at 95°C 

and loaded on an SDS-gel. Crosslinks between the pBpA carrying protein and interaction 

partners were detected by Western-blot. 

For the p37pBpA mutants (82, 182, 234) His-p97 (175 nM), p37pBpA (250 nM) and SPI 

(215 nM) were used. In addition the buffer was supplemented BSA to 0.1 mg/ml. 

For crosslinking with the p97314pBpA or p97278pBpA mutants, p97pBpA-SBP-His (350 nM), 

adapter protein (500 nM) and SPI (430 nM) were used. 

4.2.13 Mass spectrometry 

Crosslinking products between p37pBpA and the SPI complex and p97 were analyzed by 

LC-MS/MS at the Analytics Core Facility Essen (ACE). Samples were prepared as 

described for crosslinking experiments, but not supplemented with SDS-sample buffer. 

Proteins were digested with LysC and trypsin before peptide analysis through LC-MS/MS. 

Detected peptide fragments were identified with StavroX (v3.6.6.). A detailed description 

of the experimental procedure can be found in the supplementary material of (Kracht et 

al., 2020). 
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Abbreviations 

AAA    ATPases associated with diverse cellular activities 

ADP    adenosine 5‘-diphosphate 

ALS    amyotrophic lateral sclerosis 

ATP    adenosine 5‘-triphosphate 

ATPase   adenosine 5‘-triphosphatase 

ATPγS   adenosine-5'-(γ-thio)-triphosphate 

Cdc48    Cell division control protein 48 

ClpB    Caseinolytic peptidase B 

DNA    deoxyribonucleic acid 

DTT    dithiothreitol  

DUB    deubiquitinating enzyme 

EDTA    ethylenediaminetetraacetic acid 

ER    Endoplasmic Reticulum 

ERAD    ER-associated degradation 

FAF1    FAS-associated factor 1 

GFP    green fluorescent protein 

GST    Glutathione S-transferase 

HeLa    Henrietta Lacks human cervical carcinoma cell line 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

IBMPFD inclusion body myopathy associated with Paget’s disease of 

the bone and frontotemporal dementia 

IFT    intraflagellar transport complex 
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IP    immunoprecipitation 

Ipl1    Increase in Ploidy 1 

I3    inhibitor-3 

KNL1    kinetochore null protein 1 

MSP1    Multisystem proteinopathy 1 

MWCO   molecular weight cut-off 

Mypt1    myosin phosphatase-targeting subunit 1 

Nf-ƙB    Nuclear factor kappa B 

NIPP1    Nuclear Inhibitor of PP1 

Npl4    nuclear protein localization protein 4 

NSF    N-ethylmaleimide sensitive fusion protein 

NuMA    nuclear mitotic apparatus protein 

PAGE    polyacrylamide gel electrophoresis 

pBpA    p-benzoyl-L-phenylalanine 

PCR    polymerase chain reaction 

PIP    PP1 interacting protein 

PNGase Peptide-N(4)-(N-acetyl-beta-glucosaminyl) asparagine 

amidase 

PP1    Proteine phosphatase 1 

PUB    peptide N-glycosidase / ubiquitin-associated 

PUL    PLAA, Ufd3 and Lub1 

RING    Really Interesting New Gene 

RQC    ribosomal quality control 

SCF    Skp1, cullin and F box 
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SDS    sodium dodecyl sulfate 

SDS22   suppressor of Dis2 mutant 2 

SEP    Shp1, eyes closed and p47 

Shp1    suppressor of high-copy PP1 

SNARE   soluble NSF attachment protein receptor 

SPI    SDS22 + PP1 + I3 

TE    Tris EDTA 

Tris    Tris(hydroxymethyl)-aminomethan 

Ub    ubiquitin 

UBA    ubiquitin-associated 

UBX    ubiquitin-regulatory X 

Ufd1    ubiquitin fusion degradation protein 1 

UPS    ubiquitin-proteasome system 

VAT    vesicle amine transport 1 

VCP    valosin containing protein 

VIM    VCP-interacting motif 

VPS4    Vacuolar protein sorting-associated protein 4 

YFP    yellow fluorescent protein 

Ypi1    Yeast phosphatase inhibitor 1 
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