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SUMMARY

Summary

Protein-phosphatase-1 (PP1) catalyzes a major fraction of all dephosphorylation
reactions in eukaryotic cells, regulating numerous cellular pathways. To achieve
substrate specificity, PP1 interacts with a myriad of interaction partners, which have
inhibiting, substrate targeting and substrate specifying properties. During PP1
biogenesis, two of these interaction partners, SDS22 and Inhibitor-3 (13), bind to PP1.
The three proteins form a ternary complex (SPI complex), in which PP1 is inactive. The
SP| complex was shown to be recognized by the AAA-ATPase p97, together with its
adapter protein p37. Upon recognition, I3 is translocated through the p97 pore,
resulting in 13 unfolding and dissociation from PP1. SDS22 also dissociates from PP1
during this process, though the mechanism of dissociation is unknown. Further, the
process of SPI disassembly by p97 is uniquely ubiquitin-independent, in contrast to
other known p97-dependent pathways. The role of SPI and its individual components
in cells is controversial. Both SDS22 and I3 have demonstrated involvement in PP1
inhibition and stability, yet they are also shown to be crucial for PP1 functions during
mitosis. This study aimed to elucidate molecular details of the SPI disassembly
reaction and explore how SPI formation and p97-mediated SPI disassembly contribute

to PP1 regulation beyond PP1 biogenesis.

High resolution FRET-based assays were established to determined kinetic
parameters of the SPI disassembly reaction catalyzed by p97. To overcome FRET
detection limits, the parameters were determined through the association of the PP1
interacting protein NIPP1 to PP1 after SPI disassembly. Kinetic parameters at 37 °C
were Km = 342 *+ 1.37 nM and kcat = 2.70 *+ 1.25 min', demonstrating that the reaction
achieved half its maximal velocity at a concentration of 342 nM SPI, with approximately
2.7 SPI molecules per p97 molecule being catalyzed per minute at 37 °C. The values
reveal that SPI as a substrate of p97 is efficiently disassembled, displaying even more

effective targeting than poly-ubiquitinated substrates, based on published data.

FRET assays monitoring the dissociation and association of SDS22 and 13 to PP1
revealed that both proteins dissociate simultaneously, while NIPP1 binds with a delay.
The delayed binding of NIPP1 reveals that SDS22 is not displaced by a third PP1
interacting protein. Instead, experiments performed with a complex of SDS22 and PP1,
lacking 13, demonstrated that 13 was essential for SDS22 dissociation and also aided

in the association of SDS22 to PP1. These results indicate direct involvement of 13 in

IX



SUMMARY

the SDS22-PP1 interaction, possibly with a role in PP1 metal ion exchange. Further,
SDS22 was also necessary for efficient I3 disassembly, suggesting a role in SPI

targeting to p97 and p37.

This study establishes that SPI disassembly releases active PP1. This was shown
through dephosphorylation assays with purified components. Both, a synthetic (OMFP)
and an endogenous PP1 substrate (elF2a) were effectively dephosphorylated
following SPI disassembly, and dependent on p97 activity. Activity could only be
observed under conditions where re-association of SDS22 and |13 was prevented. To
show SPI reassembly directly, p97 was inhibited with CB-5083 at the end of the SPI
disassembly reaction. Under p97 inhibition, constant SPI disassembly ceases, which
resulted in re-binding of SDS22 and I3 to PP1, as shown by FRET. Demonstrating SPI
reassembly indicates a post-biogenesis relevance for the formation of the SPI

complex.

Re-association of SDS22 and I3 caused the displacement of other regulatory PP1
subunits. Even in the absence of p97 and p37, SDS22 and 13 displaced NIPP1 from
PP1 in a cooperative manner. While NIPP1 could be displaced by SDS22 and 13, SPI
disassembly and NIPP1 binding to PP1 was strictly dependent on p97 activity. This
was highlighted by the observation that SPI was stable in the presence of high
concentrations of NIPP1 over long time periods. These results indicate that PP1
availability for holophosphatase formation and activity is governed by alternating
binding of SDS22 and I3, and p97-mediated SPI disassembly. The purpose of PP1
regulation by p97 and SPI could be to prevent PP1 from existing free in the cell, as the
PP1 catalytic domain is highly indiscriminate towards substrates, which would cause
signaling problems in the cell. Another hypothesis is that the ability of SDS22 and I3 to
take apart PP1 holoenzymes contributes to exchange of PP1 holoenzyme subunits.
Together with p97-mediated SPI disassembly, this would maintain of a pool of free
PP1, available for holoenzyme formation, as well as regulate dynamic PP1 subunit
exchange. This study contributed insights into the convergence of two major,
evolutionarily conserved cellular regulators, PP1 and p97. Future studies may build
upon the concepts presented here to elucidate precisely how these mechanisms

contribute to cellular health and disease.



ZUSAMMENFASSUNG

Zusammenfassung
Protein-Phosphatase-1 (PP1) katalysiert einen Groliteil aller Dephosphorylierungs-

reaktionen in eukaryontischen Zellen und reguliert zahlreiche zellulare Prozesse. Um
Substratspezifitat zu erreichen, interagiert PP1 mit einer Vielzahl von
Interaktionspartnern, die hemmende und substratspezifizierende Eigenschaften
haben. Wahrend der PP1-Biogenese binden zwei dieser Interaktionspartner, SDS22
und Inhibitor-3 (I13), an PP1. Die drei Proteine bilden einen ternaren Komplex (SPI-
Komplex), in dem PP1 inaktiv ist. Es wurde gezeigt, dass der SPI-Komplex von der
AAA-ATPase p97 zusammen mit ihrem Adapterprotein p37 erkannt wird. Nach der
Erkennung wird I3 unter Energieaufwand durch die p97-Pore gezogen, was zur
Entfaltung von 13 und zu seiner Dissoziation von PP1 flihrt. Wahrend dieses Prozesses
dissoziiert auch SDS22 von PP1, obwohl der Mechanismus der Dissoziation
unbekannt ist. Daruber hinaus ist der Prozess der SPI-Disassemblierung durch p97
Ubiquitin-unabhangig, im Gegensatz zu anderen bekannten p97-abhangigen Wegen.
Die Rolle von SPI und seiner einzelnen Komponenten in Zellen ist umstritten. Sowohl
SDS22 als auch I3 haben gezeigt, dass sie an der Hemmung und Stabilitat von PP1
beteiligt sind, aber auch, dass sie fur die Funktionen von PP1 wahrend der Mitose
entscheidend sind. Ziel dieser Studie war es, die molekularen Details der SPI-
Disassemblierungsreaktion aufzuklaren und zu untersuchen, wie die SPI-Bildung und
die durch p97 vermittelte SPI-Disassemblierung zur PP1-Regulierung Uber die PP1-

Biogenese hinaus beitragen.

Hochauflosende FRET-basierte Assays wurden entwickelt, um die kinetischen
Parameter der von p97 katalysierten SPI-Disassemblierungsreaktion zu bestimmen.
Um die FRET-Detektionsgrenzen zu uberwinden, wurden die Parameter durch die
Assoziation des mit PP1 interagierenden Proteins NIPP1 mit PP1 nach der SPI-
Disassemblierung bestimmt. Die kinetischen Parameter bei 37 °C waren Km = 342 *+
1,37 nM und keat = 2,70 *+ 1,25 min™', was zeigt, dass die Reaktion die Halfte ihrer
maximalen Geschwindigkeit bei einer Konzentration von 342 nM SPI erreicht, wobei
bei 37 °C etwa 2,7 SPI-Molekule pro p97-Molekul pro Minute katalysiert werden. Die
Werte zeigen, dass SPI als p97-Substrat effizient auseinander gebaut wird, sogar noch

effektiver als poly-ubiquitinierte Substrate, wie aus veroffentlichten Daten hervorgeht.

FRET-Assays zur Uberpriifung der Dissoziation und Assoziation von SDS22 und 13

mit PP1 ergaben, dass beide Proteine gleichzeitig dissoziieren, wahrend NIPP1 mit

Xl
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einer Verzoégerung bindet. Die verzdgerte Bindung von NIPP1 zeigt, dass SDS22 nicht
durch ein drittes mit PP1 interagierendes Protein verdrangt wird. Stattdessen zeigten
Experimente mit einem Komplex aus SDS22 und PP1 ohne I3, dass I3 fur die
Dissoziation von SDS22 unerlasslich ist und auch die Assoziation von SDS22 mit PP1
unterstitzt. Diese Ergebnisse deuten auf eine direkte Beteiligung von I3 an der
Interaktion zwischen SDS22 und PP1 hin, mdglicherweise mit einer Rolle beim
Metallionenaustausch von PP1. Daruber hinaus war SDS22 auch fur eine effiziente
Dissoziation von 13 notwendig, was auf eine Rolle bei der Bindung von SPI an p97 und
p37 hindeutet.

Diese Studie belegt, dass die Disassemblierung von SPI aktives PP1 freisetzt. Dies
wurde durch Dephosphorylierungsversuche mit gereinigten Komponenten
nachgewiesen. Sowohl ein synthetisches (OMFP) als auch ein endogenes PP1-
Substrat (elF2a) wurden nach der Disassemblierung von SPI effektiv dephosphoryliert,
und zwar in Abhangigkeit von der Aktivitat von p97. PP1 Aktivitat konnte nur unter
Bedingungen beobachtet werden, bei denen die Re-assoziation von SDS22 und I3
verhindert wurde. Um die SPI-Re-assemblierung direkt zu zeigen, wurde p97 am Ende
der SPI-Disassemblierung mit CB-5083 gehemmt. Durch die Hemmung von p97 wird
die konstante SPI-Disassemblierung gestoppt, was zu einer erneuten Bindung von
SDS22 und 13 an PP1 fuhrt, wie durch FRET gezeigt wurde. Der Nachweis der SPI-
Reassemblierung weist auf eine Bedeutung fur die Bildung des SPI-Komplexes hin,

die Uber die PP1-Biogenese hinausgeht.

Die erneute Assoziation von SDS22 und 13 verursachte die Verdrangung anderer
regulatorischer PP1-Untereinheiten. Selbst in Abwesenheit von p97 und p37
verdrangten SDS22 und 13 NIPP1 von PP1, auf kooperative Weise. Wahrend NIPP1
durch SDS22 und 13 verdrangt werden konnte, waren die Disassemblierung von SPI
und die Bindung von NIPP1 an PP1 streng von der Aktivitat von p97 abhangig. Dies
wurde durch die Beobachtung belegt, dass SPI in Gegenwart hoher Konzentrationen
von NIPP1 dUber lange Zeitraume stabil war. Diese Ergebnisse deuten darauf hin, dass
die Aktivitat und Verfugbarkeit von PP1 fur Holoenzymbildung durch die alternierende
Bindung von SDS22 und 13 und die durch p97 vermittelten Disassemblierung von SPI
bestimmt wird. Der Zweck der PP1-Regulierung durch p97 und SPI kdnnte darin
bestehen, zu verhindern, dass PP1 frei in der Zelle existiert, da die katalytische
Domane von PP1 weitestgehend unspezifisch Substrate dephosphoryliert, was zu

Signalisierungsproblemen in der Zelle fihren wirde. Eine andere Hypothese ist, dass

Xl
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die Fahigkeit von SDS22 und 13, PP1-Holoenzyme zu zerlegen, zum Austausch von
PP1-Holoenzym-Untereinheiten beitragt. Zusammen mit der p97-vermittelten SPI-
Disassemblierung wurde dies ein Reservoir von freiem PP1 aufrechterhalten, das fur
die Holoenzymbildung zur Verfigung steht, und den dynamischen Austausch von
PP1-Untereinheiten regulieren. Diese Studie hat Einblicke in die Konvergenz von zwei
wichtigen, evolutionar konservierten zellularen Regulatoren, PP1 und p97, geliefert.
Kanftige Studien kdnnten auf den hier vorgestellten Konzepten aufbauen, um genau

zu klaren, wie diese Mechanismen zu zellularer Gesundheit und Krankheit beitragen.
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INTRODUCTION

1. Introduction

1.1 Protein-phosphatase-1

The function of a protein derives from its three-dimensional structure, which is
determined by its linear sequence of amino acids. A variety of physical forces and
interactions among the amino acid chain determines how the protein will fold into its
native conformation and three-dimensional structure. The resulting shape of the
protein is essential for protein functions. An important example of protein function is
the enzymatic catalysis of specific biochemical reactions in the cell, accelerating the
reactions by lowering the required activation energy. These chemical processes
include reactions essential for metabolism, energy production, and other principal
cellular function. For these processes to proceed efficiently in cells, they undergo tight
regulation through multiple mechanisms like transcriptional control, binding to

interaction partners, or post-translational modification.

Post-translational modification is a process by which proteins are covalently modified
after their synthesis from amino acids during translation. These covalent modifications
include attachment of small chemical groups, carbohydrates, lipids, or other proteins
like ubiquitin or SUMO (small ubiquitin-like modifier). These modifications serve a
spectrum of functions, including the regulation of protein activity and interactions,
ensuring proper protein folding and intercellular trafficking, and anchoring proteins to
membrane structures (Bononi et al., 2011; Moremen et al., 2012; Resh, 2012). Protein
phosphorylation, the covalent attachment of a phosphate group to the amino acid
residues serine, threonine, or tyrosine, is one of the most common post-translational
modifications and regulatory mechanisms in eukaryotic cells. Through mass
spectrometry and computational analysis, phosphorylation was predicted to occur on
90 % of the expressed human proteome (Sharma et al., 2014). The attachment of a
phosphate group adds an additional negative charge to the respective protein, which
alters the protein’s biophysical properties. The consequences of these alterations are
conformational changes, which influence protein activity, subcellular localization, and

protein-protein interactions (Cohen, 2002).

Protein phosphorylation is a reversable modification catalyzed by protein kinases and
phosphatases. At least 518 human genes have been identified to code for protein

kinases, which catalyze the transfer of the ATPy-phosphate to their target proteins
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(Manning et al., 2002). Counteracting these reactions are 189 known phosphatases,
catalyzing the cleavage of the phosphate group and restoring the protein to its
dephosphorylated form (Chen et al., 2017). PPPs are serine/threonine phosphatases
comprising PP1-7 and their respective isoforms. The discrepancy between the larger
number of kinases compared to phosphatases is compensated by the family of
phosphoprotein phosphatases (PPPs), which form holoenzymes with non-catalytic,
regulatory subunits. Importantly, all PPPs, with the exception of PP5, achieve substrate
specificity through association with interaction partners, resulting in a multitude of
phosphatase variants with the ability to perform unique regulatory functions (Bertolotti,
2018; Shi, 2009). An important member of the PPP family, responsible for a large
amount of serine/threonine dephosphorylations is protein-phosphatase-1 (PP1).

1.1.1 PP1 catalytic mechanism and cellular functions

PP1 is a widely expressed enzyme that has undergone minimal changes over the
course of more than 1 billion years of eukaryotic evolution (Lundberg et al., 2010;
Nagaraj et al., 2011). This stability is reflected in the 80 % sequence identity shared
between yeast and human PP1. Notably, human PP1 can rescue the lethality
associated with PP1 loss in yeast, highlighting its functional conservation (Gibbons et
al., 2007). While the yeast Saccharomyces cerevisiae expresses only one PP1
isoform, Glc7, mammals possess four principle isoforms of the catalytic subunit: PP1q,
PP1B, PP1y, and the tissue-specific splice variant PP1y? (Cohen, 2002). The amino
acid sequences of these PP1 isoforms share over 85 % identity with noteworthy
variations especially in the C-terminal 30 amino acid residues, contributing to isoform-
specific interactions (Bollen et al., 2010; Terrak et al., 2004). However, these closely
related PP1 isoforms emerged relatively recently in evolutionary history and cannot be
discerned based on their enzymatic characteristics (Chen et al., 2017). The
conservation of the PP1 isoforms in mammals emphasizes their potential functional

significance.

Determination of the PP1 crystal structure provided insights into the PP1 catalytic
mechanism, shared throughout the PPP family. X-ray crystallography as well as X-ray
emission spectroscopy revealed that the PP1 active site consists of six conserved
amino acids, which coordinate two divalent metal ions (Egloff et al., 1995; Goldberg et
al., 1995). PP1 derived from skeletal muscle contains iron and zinc, as identified

through total reflection X-ray fluorescence (Heroes et al., 2015). In contrast, PP1
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expressed in bacteria has been documented to be associated with two manganese
ions within its catalytic site (Dancheck et al., 2011). Dephosphorylation catalyzed by
PP1 is dependent on the presence of two metal ions and achieved in a single step,
through an activated water molecule (Egloff et al., 1995). Stabilized by the two metal
ions, metal-activated water performs a nucleophilic attack on the phosphate, leading
to dephosphorylation of the PP1-bound substrate. The PP1 active site is shallow, which
means that it is principally able to bind and dephosphorylate a wide range of
substrates. The PP1 crystal structure also revealed three surface grooves radiating
from the active site with the potential to bind further interaction partners, in addition to
the dephosphorylation substrate (Goldberg et al., 1995). Screening cDNA libraries for
overexpression lethality revealed that overexpression of the Glc7 catalytic subunit in
yeast is lethal (Liu et al., 1992). Additionally, a synthetic, cell permeable peptide, which
occludes one of the main PP1 binding sites, was shown to be cytotoxic in human U20S
cells (Chatterjee et al., 2012). These results indicate that a tight control of the PP1
catalytic activity by interacting proteins is necessary in cells. Indeed, over 200 PP1
interaction partners and regulatory subunits, also referred to as substrate specifiers,
are predicted (Hendrickx et al., 2009).

The regulatory mechanism of substrate specifiers requires the study of PP1 functions
alongside its regulators, adding complexity to the elucidation of PP1-dependent
pathways. Consequently, the specific substrates of many holoenzymes remain to be
fully identified, with phosphoproteomics studies starting to provide further information
about protein interaction landscapes of phosphatases and their function in cellular
pathways (Yadav et al., 2017). Extensive cell-biological and biochemical studies have
found PP1 as an important regulator in an increasing number of cellular processes
including glycogen-metabolism (Brady & Saltiel, 2001), entry into mitosis and cell cycle
progression (Lesage et al., 2011; Rebelo et al., 2015; Saurin, 2018), apoptosis (Garcia
et al., 2003), viral infection (Corda et al., 2024), DNA-damage signaling (Kuntziger et
al., 2011), learning and memory (Foley et al., 2021; Genoux et al., 2002), and response
to diverse cellular stresses (Hicks et al., 2023), among many others. The significance
of PP1 within these pathways renders it an intriguing potential target for drug
development. While a number of PP1 inhibitors were discovered, which inhibit PP1
activity independent of other interactors, identification of small molecules capable of
targeting specific regulatory subunits bound to PP1 highlight the potential to modify
particular PP1 pathways associated with diseases (Tsaytler & Bertolotti, 2013; Tsaytler
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et al., 2011). Further research into how PP1 interaction with its interacting subunits is

regulated in cells will contribute to this endeavor.

1.1.2 PP1 interaction mechanisms and substrate specifiers

Through extensive research over the past decades, ~200 PP1-interacting proteins
(PIPs) were discovered (Casamayor & Arino, 2020; Heroes et al., 2013). PIPs are
found in molar excess to the PP1 catalytic subunit, so that it is believed that PP1 is
consistently regulated by its regulatory subunits (Heroes et al., 2013; Verbinnen et al.,
2017). The significance of these PIPs stems from the observation that the PP1 catalytic
subunit alone has the ability to dephosphorylate a broad range of proteins, peptides,
and synthetic molecules (Bertolotti, 2018; Pinna & Donella-Deana, 1994; Swingle &
Honkanen, 2014). Recruitment of regulatory subunits has the capability to limit the
inherently wide substrate range of PP1 by restricting activity against certain substrates,
or obstructing the active site entirely (Bollen et al., 2010; Cohen, 2002). In addition to
PP1-binding domains, substrate specifying subunits can also contain substrate-
targeting domains, which increase the affinity to a particular substrate, as shown for
the substrate specifiers GADD34 and CReP and the PP1 substrate translation initiation
factor elF2a (Carrara et al., 2017). The broad substrate specificity of PP1 in vitro, as
well as the existence of only few PP1 isoforms with high sequence identity reinforce
the idea that the specificity and vast diversity of PP1 function are determined by the
regulatory subunits with which the PP1 catalytic subunit interacts, together

counteracting the effects of hundreds of protein serine and threonine kinases.

PIPs have been shown to serve as substrate specifiers, act as substrates, function as
inhibitors, or govern the subcellular localization of PP1 (Eto, 2009; Helps et al., 2000;
Katayose et al., 2000; Liu & Brautigan, 2000). The targeting of PP1 to specific
substrates enhances their local concentration, which significantly elevates the
dephosphorylation rate, often by several orders of magnitude (Zeke et al., 2009). While
there is no obvious structural relation among known PIPs, most have an intrinsically
disordered domain with which they bind to PP1 with high affinity (Choy et al., 2014;
Choy et al., 2015; Kumar et al., 2016; O'Connell et al., 2012; Ragusa et al., 2010;
Terrak et al., 2004). How the small ~35 kDa protein PP1 can interact with such a large
number of diverse interactors was determined through the discovery of several short

sequence motifs that serve as interaction sites in a combinatorial manner.
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Figure 1.1: Surface depiction of the PP1a catalytic subunit crystal structure. A) Highlighted are the two metal
ions bound in the PP1 active site (orange) and the three grooves that are involved in binding of substrates and
interaction partners of PP1. B) Highlighted are residues that interact with common PP1 interaction motifs: RVXF
(red), SILK (blue), MyPhoNE (purple), ®® (green), and residues interacting with SDS22 (yellow) (Cao et al., 2022).

Extensive investigation by numerous research groups demonstrated that PP1
regulatory subunits commonly bind via short 4-6 residue interaction motifs, lacking
particular or collective properties. Additionally, some of these interaction sites are
shared among the PIPs and PIPs can bind more than one interaction motif at the same
time. The interaction motifs, also called short linear motifs (SLiMs), interact with PP1
residues including the C-terminal, acidic and hydrophobic grooves that emanate from
the PP1 active site (Figure 1.1A), as well as interaction sites for the RVXF (red), SILK
(blue), MyPhoNE (purple) and ®® (two consecutive hydrophobic residues, green)
motifs, and the SDS22 binding residues (yellow) (Figure 1.1B). Most subunits interact
with PP1 through a variation of the RVXF sequence, with 143 PIPs having been
validated to carry the RVXF motif (Hendrickx et al., 2009). The RVXF motif binds
strongly to a hydrophobic channel on PP1, possibly promoting the interaction with
other, lower affinity binding sites (Wakula et al., 2003). The SILK interaction residues
opposite of the active site fulfill a similar function to RVXF, and SILK motifs were
discovered in seven PIPs (Hendrickx et al., 2009; Hurley et al., 2007; Wakula et al.,
2003). The MyPhoNE motif binds N-terminal of the RVXF binding site and six PIPs are
knows to carry this motif (Hendrickx et al., 2009). The ®® is engaged by multiple PP1
interaction partners through two sequential hydrophobic amino acids, conserved

throughout many eukaryotic species (O'Connell et al., 2012). In addition to the PP1
5
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interaction motifs shown in Figure 1.1, myosin phosphatase target subunit 1 (MYPT1)
interacts strongly with PP1 by wrapping its ankyrin repeats around the C-terminus of
PP1, highlighting that many more interaction modes may exist (Terrak et al., 2004).
Therefore, despite the restricted interaction surface available for regulatory subunits,
PIPs can engage with PP1 in numerous configurations, resulting in a diverse array of

holoenzymes characterized by distinct activities and substrate specificities.

The binding of most PIPs leads to a reduced PP1 activity against certain substrates.
Therefore, it is crucial to differentiate between designated inhibitors and substrate
targeting or specifying subunits. This can be achieved by evaluating whether the PIP
blocks the active site of the PP1, and therefore suppresses all activity of the
phosphatase. Examples of inhibitory PP1 subunits include Inhibitor-2 (12) and the
protein kinase-C potentiated inhibitor CPI-17. As a PP1 inhibitor, 12 is a suppressor of
memory formation and has been shown to dissociate from PP1 upon DNA damage
produced by ionizing irradiation, restoring PP1 activity (Tang et al., 2008; Yang et al.,
2015). 12 binds PP1 via its SILK and RVXF motifs, as well as a kinked a-helix, which
interacts with the hydrophobic and acidic grooves. This interaction induces the loss of
one of the active site metals and occludes the active site, leading to PP1 inhibition
(Hurley et al., 2007). Another mode of inhibition is exhibited by CPI-17, which inhibits
PP1 only in its phosphorylated form. CPI-17 is an inhibitor of the myosin phosphatase,
which is composed of myosin phosphatase target subunit 1 (MYPT1) and PP1. The
MYPT1:PP1 complex dephosphorylates myosin light chain, leading to smooth muscle
relaxation (Ito et al., 2004). When phosphorylated, CPI-17 attaches to PP1 via a
phosphorylated peptide, mimicking a substrate. This pseudo-substrate configuration
shields CPI-17 from dephosphorylation by PP1, effectively inhibiting the enzyme (Eto,
2009).

In contrast to PP1 inhibitors, substrate targeting and specifying subunits only restrict
PP1 activity against certain substrates, while increasing specific dephosphorylation
rates (Zeke et al., 2009). An example is spinophilin, an abundant protein in neuronal
synapses where it is involved in the dephosphorylation of glutamate receptors (Cao et
al., 2022). The spinophilin:PP1 complex structure reveals that spinophilin obstructs the
C-terminal substrate-binding groove. Restricting interaction with the C-terminal groove
allows PP1 to dephosphorylate specific substrates while preventing dephosphorylation

of others (Ragusa et al., 2010). This form of negative selection of substrates is
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contrasted by proteins like MYPT1. MYPT1 harbors binding sites for PP1 and
additionally for various proteins like the cytoskeletal protein merlin and protein polo-
like kinase-1 involved in mitosis (Jin et al., 2006; Yamashiro et al., 2008). Since these
proteins are also substrates of PP1, MYPT1 confers a positive selection of PP1
substrates by recruiting PP1 to the relevant site of dephosphorylation (Terrak et al.,
2004). Similar mechanisms were observed for nuclear inhibitor of PP1 (NIPP1) and
the growth arrest and DNA damage-inducible protein (GADD34) and its paralogue
constitutive repressor of elF2a phosphorylation (CReP). NIPP1, formerly known as a
PP1 inhibitor (Beullens et al., 1999) has a role in pre-mRNA splicing, serving as a PP1
substrate specifier for Sap155, among others (Tanuma et al.,, 2008). As such it
possesses a multifunctional targeting domain that is involved in recruitment of multiple
substrates (Nuytten et al., 2008; Tanuma et al., 2008). GADD34 and CReP are PP1
regulatory subunits involved in the restoration of cap-dependent translation after
cellular stress responses, by dephosphorylation of translation initiation factor elF2a
(Connor et al., 2001; Jousse et al., 2003; Novoa et al., 2001). It was found that the
carboxy-terminal regions of the two proteins bind to PP1 with high affinity but are not
functional on its own. The amino-terminal region provides a high-affinity binding site
for the substrate elF2a (Carrara et al., 2017). In combination with the finding that PP1
activity is simultaneously inhibited towards its substrate phosphorylase a, these
interactions explain the selectivity of regulatory subunits, which can function as both
inhibitors of PP1c towards some substrates and enhancers of dephosphorylation

towards other substrates (Connor et al., 2001).

In addition to PP1 regulation through binding of PIPs, PP1-interacting proteins can also
be subject to cellular regulation themselves. These mechanisms can influence protein
availability, PIP affinity to PP1, and PP1 activity. As such, some PP1 regulatory
subunits are regulated through ubiquitination and rapid degradation through the
proteasome, as was shown for GADD34 and MYPT1 (Brush & Shenolikar, 2008;
Twomey et al., 2010). Additionally, PIP expression differs in different cell types, making
certain interactors more available for PP1 than others (Ceulemans & Bollen, 2004;
Moorhead et al., 2007). Another form of PIP regulation is covalent post-translational
modification. Signaling pathways can interfere with PP1 activity, by mediating the
phosphorylation of PIPs in or near their RVXF motif and therefore blocking interaction
with PP1. This was shown for PIPs phosphorylated by mitotic kinase Aurora B, which

regulates cell cycle progression (Nasa et al., 2018). Conversely, during mitosis PP1
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auto-dephosphorylates itself in response to certain cellular signals, which catalyzes
the dephosphorylation of the bound 12 subunit, ultimately leading to PP1 activity and
mitotic exit (Wu et al., 2009). Further, PIPs can also be regulated through interactions
with other proteins like the allosteric regulation of PP1 by phosphorylase a, leading to
conformational changes in PP1 and resulting in the suppression of glycogen synthesis
(Kelsall et al., 2009). Another mode of interaction-based PIP regulation is the energy-
dependent dissociation of the inhibitory subunits Suppressor-of-Dis2-number 2
(SDS22) and Inhibitor-3 (13) from PP1 through the AAA-ATPase p97, which will be
discussed in detail in the following chapters. In conclusion, PIP interaction with PP1 is
thought to be determined by PIP concentration and affinities, as well as their interaction
with other regulatory proteins, while the exact mechanisms of holoenzyme formation
and exchange are still subject of investigation.

1.1.3 Function of PP1 in the integrated stress response

PP1 performs numerous functions within a cell, mediated by its varied interaction
partners. A well-studied substrate of PP1 is the a subunit of the eukaryotic translation
initiation factor (elF2a). elF2a is the core element of a process called the integrated
stress response (ISR), which is a response to various cellular stresses, adapting gene
expression to restore homeostasis. The ISR is divided into several stages, comprising
the reception of an initial stress signal, activation of regulatory kinases,
phosphorylation of elF2a, attenuation of protein synthesis through phospho-elF2a
signaling, and finally the termination of phospho-elF2a signaling through
dephosphorylation of elF2a by PP1 and its interaction partners GADD34 and CReP
(Figure 1.2). Four kinases phosphorylate elF2a in mammals: PKR-like ER kinase
(PERK), general control nonderepressible 2 (GCN2), heme-regulated elF2a kinase
(HRI), and double-stranded RNA-dependent protein kinase (PKR). While all four
kinases share a catalytic mechanism, they respond to different environmental stimuli.
PERK is activated upon ER stress, induced by accumulation of unfolded proteins in
the ER (Kaufman, 2002), GCN2 responds to low levels of amino acids (Kilberg et al.,
2005), HRI phosphorylates elF2a under conditions of low heme (Chen, 2007), and
PKR senses viral dsRNA during viral infection of the cell, all leading to phosphorylation
of elF2a (Sadler & Williams, 2007).
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Figure 1.2: The integrated stress response (ISR). Upon reception of cellular stresses like amino acid deprivation,
viral infection, heme deprivation, or ER stress, four kinases are activated, resulting in the phosphorylation of elF2a.
Phosphorylated elF2a prevents cap-dependent translation, while certain stress related genes are upregulated
through the transcription factor ATF4. Among the induced stress genes, GADD34 binds to its interaction partner
PP1, forming an active holophosphatase. In this conformation, PP1 facilitates elF2a dephosphorylation and a
termination of the ISR (Pakos-Zebrucka et al., 2016).

Activation of any of the four kinases leads to kinase dimerization and phosphorylation
of elF2a. Phosphorylation of elF2a inhibits the formation of the elF2-GTP-tRNAiMet
ternary complex, which is required for translation initiation, thereby reducing overall
cap-dependent protein synthesis rates (Sonenberg & Hinnebusch, 2009). Inhibition of
protein synthesis relieves the stress on the ER, by reducing the amount of incoming
proteins (Ron, 2002). Similarly, the need for amino acids as protein building blocks is
reduced, relieving stress caused by amino acid deprivation (Vazquez de Aldana et al.,
1994). Viral mRNA cannot be translated during global protein synthesis inhibition,
alleviating the stress caused by viral infection (Garcia et al., 2007). Finally, as a
consequence of low translation, globin production is reduced, decreasing the need for
heme (Han et al., 2001).

While global protein synthesis is attenuated, translation of specific mRNAs is

selectively enhanced during the ISR. The mRNA of activating transcription factor 4
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(ATF4) possesses an upstream open reading frame (UORF) in its 5' untranslated
region (UTR) that is resistant to elF2a phosphorylation by providing alternative
translation initiation sites (Andreev et al., 2015). Upon entering the nucleus, ATF4
triggers the selective activation of survival genes associated with the unfolded protein
response (UPR), including those involved in autophagy, antioxidant response, amino
acid biosynthesis and transport, ER-associated degradation (ERAD), and protein
chaperones, to restore cellular homeostasis (Neill & Masson, 2023). Notably, ATF4
also promotes the transcription of GADD34. GADD34 is a PP1 regulatory subunit and
the PP1:GADD34 complex is among the PP1 holoenzymes whose substrate, elF2q, is
identified.

The dephosphorylation activity of the GADD34:PP1 complex has been demonstrated
both in vitro and in vivo (Connor et al, 2001; Novoa et al, 2001; Carrara et al, 2017,
Chen et al, 2015). Further, mediating the dephosphorylation of elF2a through PP1 is
the primary and essential function of GADD34 and its paralogue CReP in mammalian
development (Harding et al., 2009). Mammalian GADD34 is a large protein (674 aa)
with a conserved region near its C-terminus, sufficient for elF2a dephosphorylation
(Novoa et al., 2001). This region is shared with the constitutively expressed CReP,
which dephosphorylates basal levels of phospho-elF2a and also contributes to elF2a
dephosphorylation after ISR induction (Jousse et al., 2003). elF2a (585 aa) was shown
to form a complex with globular actin in order to stably position itself for
dephosphorylation by GADD34 and PP1, though the function of this interaction is yet
to be elucidated (Chen et al., 2015; Yan et al., 2021). The expression of GADD34 and
subsequent complex formation of GADD34:PP1:actin finally culminates in the
dephosphorylation of elF2a, switching off phospho-elF2a signaling and restoring

regular protein synthesis.

While elF2a phosphorylation relieves stress by down-regulating general protein
synthesis and thereby fulfilling a pro-survival function, prolonged elevation of phospho-
elF2a is not tolerated. It was shown that chronic activation of the ISR can lead to cell
death by apoptosis (Scheuner et al., 2006). This dual role in cellular homeostasis
together with the potential specific targeting of a known PP1 holoenzyme, makes the
ISR an interesting candidate for therapeutic intervention. Several small molecules have
been identified to date, with functions either in prolonging the ISR, or to inhibit phospho-

elF2a signaling. An example is Sephin1, which selectively inhibits the interaction
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between GADD34 and PP1, extending the duration of elF2a phosphorylation. Sephin1
is able to avert the phenotypical and molecular abnormalities found in mice as a
consequence of the myelination impairment disorder Charcot-Marie-Tooth 1B and the
neurodegenerative disease SOD1-mediated amyotrophic lateral sclerosis (ALS)
(Pennuto et al., 2008; Wang et al., 2014). Sephin1 successfully guarded against these
protein-misfolding diseases in mice, demonstrating no observable side effects in the
process (Das et al., 2015). In contrast to the disruption of the PP1-GADD34 interaction,
which prevents phospho-elF2a dephosphorylation and ISR termination, another
strategy for therapeutic intervention is the inhibition of the ISR. The chemical
compound ISRIB (small-molecule ISR inhibitor) binds the regulatory site of the elF2a
guanidine-exchange factor (GEF) elF2B. ISRIB binding promotes elF2B dimerization
and activation, thereby maintaining elF2B functionality and general protein translation
even in the presence of phosphorylated elF2a (Sidrauski et al., 2015; Zyryanova et al.,
2021). As an ISR inhibitor, ISRIB was able to increase memory development in mice
(Sidrauski et al., 2013), alleviate the hippocampal-dependent cognitive impairments
caused by traumatic brain injury (TBI) in mice (Chou et al., 2017), and ISRIB exhibits
positive effects in mice afflicted with prion diseases, notably without off-target effects,
which are observed when inhibiting the ISR through direct targeting of elF2a kinases
in vivo (Halliday et al., 2015). As a consequence of the contrasting data showing
positive effects on disease phenotypes, inhibiting, or extending the ISR could
potentially lead to either protective or detrimental effects on diseases, depending on
the particular pathology. The precise molecular mechanisms driving these divergent

outcomes require further investigation.

1.2 PP1 interactors SDS22 and Inhibitor-3

SDS22 and I3 are the evolutionarily oldest known interactors of PP1, present in
animals, plants, and fungi, and conserved from yeast to humans. Together with |2 and
NIPP1 they are referred to as ancient interactors of PP1, as they evolved before all
other known PIPs. Interactors that evolved later like RepoMan and KNL1, also involved
in mitosis, are only present in the animal kingdom (Figure 1.3) (Cao et al., 2022;
Ceulemans, Stalmans, et al., 2002). The preservation of SDS22 and I3 across
extensive evolutionary spans strongly suggests that these proteins serve a crucial

function in one or more fundamental cellular processes.
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Figure 1.3: Evolutionary emergence of PP1 and its earliest interactors in eukaryotic evolution. Earliest known
interactors of PP1 are Inhibitor-3 and SDS22, followed by 12 and NIPP1, all present in the crown eukaryotes. Other
interactors like RepoMan and KNL1 evolved only in the animal kingdom (Cao et al., 2022).

I3, also known as Ypi1 (yeast phosphatase inhibitor 1) in yeast, was first discovered
as a PP1 inhibitor (Garcia-Gimeno et al., 2003). Like its human counterpart, yeast PP1
(Glc7) is involved in the control of numerous cellular functions, including glycogen
metabolism, mitosis, meiosis, sporulation, ion homeostasis, and endocytosis (Cannon
et al.,, 1994; Chang et al., 2002; Francisco et al., 1994; Hisamoto et al., 1994;
Ramaswamy et al., 1998; Williams-Hart et al., 2002). In partially defective Glc7 mutants
(deletion of GLCY7 is lethal), cellular glycogen levels are reduced (Ramaswamy et al.,
1998). It was observed that cells overexpressing Ypi1 exhibited decreased glycogen
levels compared to cells with an empty plasmid, indicating potential in vivo inhibition of
Glc7 phosphatase activity by Ypi1 (Garcia-Gimeno et al., 2003). The same study also
found that this function was dependent on the RVXF motif in Ypi1, and therefore a
direct interaction between PP1 and I3 was necessary for the inhibition. PP1 inhibition
was further tested in vitro, where recombinant Ypi1 was able to inhibit PP1 with an ICso
of ~1 nM (Zhang et al., 1998). Additionally, Ypi1 deletion resulted in lethality in budding

yeast, highlighting its essential cellular role (Garcia-Gimeno et al., 2003).

Biochemical analysis identified SDS22, or its yeast counterpart sds22, as an inhibitor
of PP1 (Dinischiotu et al., 1997). However, SDS22 is best known for its role in mitosis,
functioning by binding to its interaction partner PP1. As such, SDS22 is localized both
in the cytoplasm and nucleus, with increased nuclear concentration during mitosis
(Posch et al.,, 2010). A temperature-sensitive mutation causing the loss of sds22
function, results in cell cycle arrest during mid-mitosis and several studies showed that
this is due to a direct interaction with PP1 (Posch et al., 2010; Stone et al., 1993;
Wurzenberger et al., 2012). In particular, the role of SDS22 and PP1 in chromosome
alignment and cell cycle progression was shown to be caused by effects on the nuclear
kinase Aurora B and its downstream targets. Aurora B is involved in error correction

during the spindle assembly checkpoint (SAC), weakening kinetochore-microtubule
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bonds when there is low mechanical tension (Hauf et al., 2003; Musacchio & Salmon,
2007). The disruption of the interaction occurs through the phosphorylation of outer
kinetochore components, like the PP1-interacting protein KNL1 (Welburn et al., 2010).
PP1 is known to oppose the actions of Aurora B, both dephosphorylating Aurora B
substrates, and the enzyme itself (Eiteneuer et al., 2014; Murnion et al., 2001).
Necessary for this function were both SDS22 and the PP1 substrate targeting subunit
RepoMan (Wurzenberger et al., 2012). Specifically, the depletion of SDS22 lead to
failed accumulation of PP1 at the kinetochore and therefore a reduced ability of PP1
to counteract Aurora B, leading to cell cycle progression without proper chromosome
alignment (Posch et al., 2010). The seemingly paradoxical description of SDS22 as
both an inhibitor and activator of PP1 has been starting to unravel by studying the
complex formed by PP1 together with SDS22 and the third interaction partner, 13.

Similar to SDS22, 13 also localizes within the nucleus and nucleoli of mammalian cells
during interphase (Huang et al., 2005; Trinkle-Mulcahy et al., 2003). Insights from
yeast-3-hybrid studies revealed the formation of a ternary complex involving Sds22,
Ypi1, and Glc7 (Pedelini et al., 2007). This complex also forms in human cells and
within the complex, PP1 remains inactive (Lesage et al., 2007). Both Sds22 and Ypi1
exhibit an inhibitory effect on Glc7 phosphatase activity towards the synthetic substrate
para-nitrophenyl phosphate (pNPP). In addition, the formation of the complex with
Sds22 further enhances the ability of Ypi1 to inhibit Glc7 activity in vitro (Pedelini et al.,
2007). In addition to the formation of a ternary complex involving SDS22 and 13,
analysis using a conditionally expressed construct indicates that Ypi1 depletion results
in @ mitotic arrest with a similar phenotype as caused by the loss of Sds22 (Pedelini et
al., 2007; Stone et al., 1993). Notably, the deletion of Ypi1 also leads to diminished
nuclear localization of PP1, as well as Sds22 (Bharucha et al., 2008). These findings
indicate a collaborative role of 13 with SDS22 as positive regulators of nuclear PP1

activity, ultimately exerting an inhibitory influence on Aurora B kinase.

Further investigation into the interplay of SDS22 and I3 revealed possible mechanisms
underlying the positive influence of the inhibitors on PP1 activity. While I3 was shown
to be necessary for PP1 and SDS22 localization in the nucleus, 13 depletion did not
lead to lower amounts of PP1 at the kinetochore. Instead, it was shown that a lack of
I3 lead to accumulation of SDS22-bound PP1 at the kinetochore (Eiteneuer et al.,
2014). While SDS22 is bound to PP1, PP1 is unable to dephosphorylate substrates to

balance Aurora B activity, leading to chromosome segregation defects (Eiteneuer et
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al., 2014). Based on these findings it was proposed that I3 has a function in SDS22
dissociation from PP1 resulting in PP1 activity (Eiteneuer et al., 2014). In addition to
their proposed roles as PP1 regulators, SDS22 and I3 were also discovered to stabilize
newly synthesized PP1, with their depletion causing the formation of PP1 aggregates
in yeast (Cheng & Chen, 2015) and co-expression resulting in PP1 stabilization (Choy
etal., 2019). These results collaboratively indicate that SDS22 and I3 are neither purely
inhibitors or substrate specifiers of PP1, but rather likely to transiently associate with
PP1, keeping it stable and inactive until their dissociation can lead the release of active
PP1.

The mechanism of |3-dependent dissociation of SDS22 from PP1 was further
elucidated by researching the connection of the SDS22:PP1:13 complex (SPI complex)
with its interaction partners Shp1 and Cdc48 (Cell division control protein 48). Shp1
(suppressor of high copy protein phosphatase 1) was initially identified to counteract
toxicity of Glc7 overexpression. Additionally, mutants of Shp1 exhibited a lack of PP1
catalytic activity in yeast (Zhang et al., 1995). Shp1, as well as p47, one of its
homologues in mammals, interacts with the AAA-ATPase family member Cdc48 in
yeast, or p97 in mammals. As such Shp1 was shown to act as a cofactor of Cdc48/p97,
regulating ER and Golgi membrane fusion as well as ubiquitin-dependent protein
degradation (Hartmann-Petersen et al., 2004; Kondo et al., 1997; Meyer et al., 2002).
The same study that described SDS22 and 13 as chaperone-like proteins, ensuring
PP1 stability, also showed that the SPI complex in yeast associates with Cdc48:Shp1.
The interaction was characterized as transient, owing to the fact that only cells
expressing a Cdc48 substrate trapping mutant showed pulldowns of all components
(Cheng & Chen, 2015). Further studies in human cells confirmed that the SPI complex
forms transiently during PP1 biogenesis (Weith et al., 2018). Notably, it could be shown
that the SPI complex was disassembled dependent on p97 activity, leading to
formation of new holoenzyme complexes. Further, the complex disassembly was
reconstituted in vitro and was shown to be dependent on the Shp1 homologue p37
(Weith et al., 2018). These results are an important puzzle piece in the explanation of
the inhibitory and activational properties of I3 and SDS22 in PP1 regulation: 13 and
SDS22 build a stable, ternary complex with PP1, shown to be inactive. Through the
disassembly of the complex by p97 and p37, PP1 can form other holoenzymes and
potentially perform cellular functions. It is yet to be elucidated what the exact role of

the SPI complex and its individual components is in cells, and which pathways it is
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connected to. Structural data can help to understand the mechanisms of PP1 inhibition

and SPI recognition and disassembly.

1.2.1 Structure of PP1:13

I3 consists of 126 amino acids, which are predicted to be almost entirely unstructured.
Conserved regions of 13 comprise the SLiMs, which interact with PP1 (Cao et al.,
2022). Like most PIPs, 13 interacts with PP1 opposite of the PP1 active site through its
RVXF motif, which for I3 consists of the residues KVEW at positions 40-43 (Zhang et
al., 2008). The glutamate residue could lead to a weakening of the I3 interaction
compared with other RVXF motifs, due to the bulky, negatively charged properties of
the amino acid (Fontanillo et al., 2022). However, a disruption of the RVXF interaction
with PP1 through phosphorylation is excluded, as this would require a serine or
threonine residue at the same position (Nasa et al., 2018). Another interaction site for
PP1 was found at positions 65-77 of 13, which was observed to interact with, or in close
proximity to the PP1 active site. This discovery was made evident by observing that
deletions within this site resulted in the loss of PP1 inhibition by I3 (Zhang et al., 2008).

Resolution of the PP1a:13 (Pl) complex crystal structure, combined with biophysical
analysis revealed additional interaction sites with PP1 and further defined the inhibitory
interaction of 13 with the PP1 active site (Srivastava et al., 2023). The PP1a7-300:1327-68
complex was co-expressed and purified from human Expi293F cells. The crystal
structure confirms that I3 interacts with the PP1 RVXF binding pocket (Figure 1.4).
The RVXF binding pocket is highlighted in light turquoise including the PP1a residues
lle169, Leu243, Phe257, Arg261, Val264, Leu266, Met283, Leu289, Cys291, Phe293,
and Tyr255 based on interactions with 12 and PNUTS (Choy et al., 2014; Egloff et al.,
1995; Hurley et al., 2007). The I3 RVXF motif (teal) binds within the pocket, forming a
B-sheet structure, demonstrating that the naturally intrinsically disordered protein (IDP)
I3 gains structure upon binding to PP1. Additionally, a previously unknown interaction
with the PP1 SILK binding pocket was discovered. The SILK binding pocket of PP1 is
highlighted in light blue and includes the PP1 residues Leu53, Glu54, Leu55 Glu56,
Ala57, Pro 58, Leu59, Asp86, Leu88, Glu116 Asn117, Phe119, Asp166, and Glu167
based on interactions with KNL1 and 12 (Bajaj et al., 2018; Chen et al., 2016). The 13
residues contributing to the interaction are SLTIK at positions 27-31 (blue). In addition
to RVXF and SILK, two additional interaction sites of 13 were revealed. Between the

RVXF motif and the CCC motif I3 forms another rigid B-sheet secondary structure,
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interacting with the acidic substrate binding groove on the PP1 surface (not
highlighted). Conversely, the stretch of amino acids connecting the I3 SILK and RVXF
motifs could not be modeled, due to high flexibility of the region. The I3 residues in this
region comprise LRKRKP at positions 32-37 and are known as the I3 nuclear
localization signal, leading to the import of I3 into the nucleus (Huang et al., 2005). The
solvent accessible surface area between the SILK and RVXF binding pockets are
predominantly acidic (not highlighted), likely interacting with the largely basic patch of

I3 at residues 32-37 in a flexible manner.

Inhibitor-3

Figure 1.4: Crystal structure of the PP1a7-300:1327.6s-complex. PP1 surface is shown (gray) and 13 is shown as a
cartoon (orange). Highlighted are the CCC moitif of I3 (magenta), the acidic patch that binds I3 Lys59 (yellow), the
PP1 active site metals (red), the RVXF binding pocket of PP1 (light turquoise), the RVXF motif of I3 (teal), the SILK
binding pocket of PP1 (light blue) and the SILK motif of I3 (blue). Dashed lines represent I3 residues that were
unable to be modeled due to the low resolution of electron density. The figure was designed based on the pdb entry
8DWL.

The PP1:13 structure contains both active site metal ions, indicating that PP1 could be
active in this conformation. However, I3 has been shown to inhibit PP1 both in vitro
and in vivo and deletion of the I3 amino acid residues 65-77 resulted in a loss of PP1
inhibition. While the PI crystal structure was only resolved until 13 residue 62, it could
be shown that Lys59 in I3 interacts with an acidic patch in PP1 consisting of Asp208,
Asp210, Asn219, and Asp220 (Figure 1.4). This interaction is relevant, because it
positions three cysteine residues of 13 (CCC motif) directly in front of the PP1 active
site. Deletion and surface plasmon resonance (SPR) experiments showed that the
CCC motif is essential for both PP1 binding and inhibition (Srivastava et al., 2023).
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Individual, double, and full substitution experiments of the three cysteines showed that
the CCC motif binds the active site in a dynamic manner, where single and double
mutations were tolerated concerning binding affinity and inhibition. The inhibition of
PP1 by I3 is likely caused by blocking of the active site through flexible binding of the
I3 region comprising the three sequential cysteines. The mechanism of inhibition of
occluding the active site was also observed for 12, which in contrast to 13 binds PP1 at
the acidic and hydrophobic grooves, blocking the active site through an extended a-
helix (Hurley et al., 2007). Therefore, the CCC-motif interaction presents a novel

inhibition mechanism for PP1.

1.2.2 Structure of SDS22:PP1

SDS22 consists of 360 amino acid residues which, in contrast to other PIPs, form a
distinct structure. Studies have revealed that SDS22 interacts with all PP1 isoforms
both in vivo and in vitro (Ceulemans, Vulsteke, et al., 2002; Peggie et al., 2002; Posch
et al., 2010). SDS22 lacks the RVXF motif, which is commonly present in the majority
of known PP1-interacting proteins. Instead, SDS22 consists of leucine-rich repeats
(LRRs), which are known to mediate protein-protein interactions (Kobe & Kajava,
2001). The SDS22 crystal structure reveals that residues 78-333 form 11 and a half
LRRs, which adopt a curved hairpin structure, bending at a conserved asparagine
residue (Heroes et al., 2019) (Figure 1.5).
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Figure 1.5: Crystal structure of SDS22. SDS22 is presented as a cartoon. LRRs 1-12 are shown (orange), as
well as the N- and C-terminal caps (gray). LRR5 is exemplarily represented as a cartoon with conserved amino acid
residues shown as sticks (Cao et al., 2022). Based on pdb: 6HKW.

Each full LRR consists of 22 amino acids, including conserved leucine, asparagine,
and isoleucine residues. Together the repeats form a curved structure with a concave
and convex side through B-sheet interactions among the LRRs. In addition to the
hydrophobic core, SDS22 contains an N- and C-terminal cap. Residues 69-75 in the

N-terminal cap form an a-helix. The first 54 residues of SDS22 were not resolved in
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the crystal structure, but there is evidence that the N-cap’s shielding of the hydrophobic
core from surrounding solvent contributes to SDS22 stability (Stone et al., 1993). The
C-terminal cap comprises residues 339-354, which also form an a-helix and has been
shown to form an interaction with the p97 N-terminal domain, likely aiding in the
recruitment of the SDS22:PP1:13 complex (van den Boom et al., 2023).

Resolution of the SDS22:PP1 crystal structure revealed, that SDS22 interacts with PP1
through an extensive surface, burying a 3084 A2 surface area previously exposed to
solvent (Choy et al., 2019) (Figure 1.6). The interface comprises 26 residues within
the SDS22 LRR concave side and 31 residues of PP1, extending from the C-terminal
to the hydrophobic substrate binding groove. Most of the interactions observed are
either of an electrostatic or polar nature, which is in line with the presence of a
significant amount of charged amino acids at the interface. The N-terminal residues of
SDS22 were not resolved in the structure, but interactions with the N-terminus do not
seem to contribute to PP1 binding. SDS22 binds close to the active site of PP1, but
even though SDS22 is a potent inhibitor of PP1 activity, a direct occlusion of the active
site of PP1 does not occur. However, in the SDS22:PP1 crystal structure, only one of

the required metal ions for PP1 activity, Fe?* at position M2, was found.

" 3084 A?buried
surface area

Figure 1.6: Crystal structure of the SDS22s¢-360:PP10a11-300 complex. A) SDS22 (gray) and PP1 (teal) are shown
as a transparent surface. SDS22 residues 76-360 were resolved. Within the SDS22 structure, LRRs are shown as
a cartoon (gradient magenta-blue from LRR1-LRR12). Indicated is also the active site M2 metal (orange) B) SDS22
(gray) and PP1 (teal) surfaces separated and rotated. Indicated is the extensive interaction interface of both proteins
(dark gray) (Choy et al., 2019). Based on pdb: 80OBN.

A closer look at the structural differences between free and SDS22-bound PP1 shows
that a shift of several PP1 residues blocks the M1 metal from entering the PP1
hydrophobic groove (Choy et al., 2019). This suggests either that SDS22 binding leads
to conformational changes within PP1 resulting in a loss of the M1 metal ion, implying

that the SDS22 inhibitory mechanism is ejecting the M1 metal from PP1. Another
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possibility is that SDS22 exclusively binds PP1, which has already undergone
conformational changes and lost the M1 metal. In this scenario, SDS22 might stabilize
the metal-deficient PP1 specifically. SPR experiments were employed to test the two
hypotheses. For that purpose, SDS22 and PP1 were individually expressed and
incubated in metal-rich and metal-poor buffers (Choy et al., 2019). Notably, SDS22 did
not bind to PP1 in the presence of 1 mM MnCl2 or ZnCl2. However, equilibration of PP1
in metal-poor buffer resulted in SDS22 binding, suggesting that SDS22 specifically
binds metal-deficient PP1. To confirm the preferential binding of PP1 lacking the M1
metal, the experiment was repeated with the mutant PP1H6¢K which is incapable of
binding the M1 metal, and is therefore largely catalytically inactive. Mimicking PP1 that
has lost its M1 metal, PP1H66K phound SDS22 with a strong affinity, verifying the
previous experiments. While I3 and SDS22 both contribute to PP1 inhibition and
stability, as both properties are enhanced in the ternary SDS22:PP1:13 complex (Choy
et al., 2019; Pedelini et al., 2007), structural insights into 13 and SDS22 binding of PP1
revealed that 13 primarily inhibits PP1 by occluding the active site, whereas SDS22

could have a function in keeping metal-deficient PP1 stable within the cell.

1.2.3 The SDS22:PP1:13 complex

PP1 is known to form ternary complexes, interacting with two PIPs simultaneously.
Most of these complexes, like PP1:spinophilin:I2 or PP1:GADD34:11 (Inhibitor-1),
contain proteins which compete for the RVXF binding pocket (Connor et al., 2001;
Dancheck et al., 2011; Terry-Lorenzo et al., 2002). SDS22 lacks the RVXF motif and
structure determination of SDS22:PP1 and PP1:13 showed that, indeed, their binding
sites do not overlap (Choy et al., 2019; Srivastava et al., 2023). Structure determination
of the SDS22:PP1:13 complex (SPI) revealed that PP1 adopts the SDS22-bound
conformation in the ternary complex, lacking the M1 metal ion, while the M2 metal ion
is present (Choy et al., 2024) (Figure 1.7A). An overlay of SDS22 in SP and SPI
showed that SDS22 was found in the same conformation in both complexes (Figure
1.7B). Likewise, 13 showed a similar conformation in Pl and SPI. I3 residues 39-60
bound in an identical way to PP1 in both complexes, including the Lys59 interaction
with the PP1 acidic binding groove, which stabilizes the CCC motif in front of the PP1
active site (Choy et al., 2024). However, I3 residues 27-31, comprising the SILK motif,
could not be resolved in the SPI complex, indicating that the SILK motif is not
necessary for PP1 interaction (Figure 1.7C). This is consistent with the finding that 13
residues 28-31 are necessary for recognition of the SPI complex by the AAA-ATPase
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p97 and its adapter protein p37 (van den Boom et al., 2021). These |13 residues form
an internal recognition site (IRS), which needs to be available for protein-protein

interaction and therefore cannot be constantly bound to PP1.

A SPI| complex

I

ceaf Sec rmsd 0.49 A

Figure 1.7: Crystal structure of the SDS2256-360:PP101-330:131-126 complex. A) Structure of SPI with SDS22 shown
as a transparent surface and cartoon (gray), PP1 shown as a surface (light cyan), and 13 residues 37-60 as sticks
(yellow). I3 interacting surface on PP1 (yellow) and the M2 metal (orange) are highlighted. B) Overlay of SDS22
from SPI (gray) and SP (blue, pdb:60BN). C) Overlay of I3 from SPI (yellow) and PI (red, pdb:8DWL) (Choy et al.,
2024). Based on pdb: 8U5G.

A structure of SPI bound in complex with p97 and p37 was determined though
cryogenic electron microscopy (cryo-EM) and showed SDS22 and PP1 in a similar
conformation as in the SPlI complex alone, though the metal ion in PP1 was not
resolved (van den Boom et al., 2023). Further, a density adjacent to the PP1 active
site and near the RVXF binding pocket was detected, which was confirmed to be
located exactly where 13 residues 37-60 bind the SPI complex (Choy et al., 2024; van
den Boom et al., 2023). These I3 residues, as in all structures that include PP1 and 13,
are thought to render PP1 inactive. Since the SPI complex crystal structure was
determined with truncated I3 and the cryo-EM structure did not resolve all 13 residues
it is still unclear whether SDS22 and 13 interact directly. A synergistic inhibition and
stabilization of PP1 through both proteins indicates that such an interaction may exists.
Additionally, the SPI complex is disassembled during PP1 biogenesis through p97 and
the adapter protein p37, with 13 being translocated through the p97 pore (Weith et al.,
2018). In this process, SDS22 also dissociates through an unknown mechanism,
suggesting that 13 and SDS22 may interact directly, or that 13 dissociation leads to a
conformational change in PP1, promoting SDS22 dissociation, potentially leading to
the release of active PP1. To appreciate the unique place that the SPI complex holds
as a substrate for p97, it is important to understand p97 and its adapter proteins acting

upon ubiquitinated substrates.
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1.3 The AAA-ATPase p97

AAA-ATPases (ATPases associated with diverse cellular activities), are a highly
conserved family of proteins, which use the energy released by ATP hydrolysis to
undergo conformational changes leading to an exertion of mechanical force. This force
can be used to act on substrate proteins, leading to protein unfolding, disaggregation,
and protein translocation, among others. Present in all AAA-ATPases is at least one
common AAA domain which contains the Walker A and Walker B motifs (Neuwald et
al., 1999; Walker et al., 1982). Walker A is the primary binding site of ATP, while the
Walker B motif coordinates water and a Mg?* ion, facilitating ATP hydrolysis (Story &
Steitz, 1992). Some AAA-ATPases are further characterized by another conserved
region, the second region of homology (SRH). This region includes an arginine residue,
known as the "arginine finger", which participates in interactions between subunits,
contributing to the formation of multimeric enzymes as well as concerted nucleotide
hydrolysis within the subunits (Karata et al., 1999; Lupas & Martin, 2002; Wang et al.,
2005). The formation of these quaternary structures and coordinated action is essential

for the sophisticated functions of many AAA-ATPases.

p97, also VCP (valosin-containing protein) in mammals and Cdc48 in yeast, is a homo-
hexameric AAA-ATPase. It is primarily known as a ubiquitin-dependent unfoldase,
recognizing and unfolding proteins that have undergone modification with the small
protein ubiquitin (ubiquitination). Remodeling of p97 substrates has a myriad of cellular
functions, such as protein quality control and degradation, membrane fusion, response
to cellular stresses, and cell cycle regulation (van den Boom & Meyer, 2018; Wang et
al., 2004; Woodman, 2003). The six subunits of p97, each comprising two AAA
domains (D1 and D2) and regulatory N- and C-terminal domains, assemble into a
barrel-shaped structure with a central pore through which a substrate can be
translocated, leading to its unfolding (Olszewski et al., 2019; Zhang et al., 2000).
Recognition of substrates is regulated through diverse p97 adapter proteins (Braxton
& Southworth, 2023). In cooperation with the ubiquitin adapters Ufd1 (ubiquitin fusion
degradation protein 1) and Npl4 (nuclear protein localization 4) for example,
ubiquitinated proteins are recognized, unfolded, and thus prepared for degradation in
the 26S proteasome (Bodnar et al., 2018; Meyer et al., 2000; Olszewski et al., 2019).
While most known p97 substrates have ubiquitin or chains of several ubiquitin moieties

attached to them, a ubiquitin-independent pathway is also known. Recognition of the
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SDS22:PP1:13 complex by p97 and the adapter protein p37 leads to 13 unfolding,

without a requirement of I3 ubiquitination (Weith et al., 2018).

As one of the most abundant proteins in eukaryotic cells, with diverse substrates and
regulatory functions, p97 is an essential player in protein homeostasis within the cell.
Over 50 missense mutations in p97 are known to cause an autosomal dominant
disorder called multisystem proteinopathy-1 (MSP-1) or VCP disease (Korb et al.,
2021; Watts et al., 2004). Some mutations exhibit a toxic gain-of-function phenotype
with increased ATPase and unfoldase rates, while others result in a loss-of-function
phenotype, impairing the ability of p97 to clear protein aggregates (Blythe et al., 2019;
Blythe et al., 2017; Johnson et al., 2010; Tang & Xia, 2016). Common pathological
features are the accumulation of ubiquitinated proteins or intranuclear TDP-43 (TAR
DNA-binding protein 43) positive inclusions (Kimonis, Mehta, et al., 2008). Symptoms
of the disease include phenotypes of Paget's disease of bone (PDB), familial
amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD), inclusion body
myopathy (IBM), Charcot -Marie-Tooth Type-2B (CMT2B), and frontotemporal
dementia (FTD) (Kimonis, Fulchiero, et al., 2008). Further, an increased expression of
p97 was observed in many cancers and clinical trials with p97 inhibitors have been
conducted, currently facing challenges with off-target effect and the emergence of
resistance mutations (Anderson et al., 2015; Bastola et al., 2019; Cheng et al., 2022;
Roux et al., 2021). Other studies suggest that the p97 inhibitor CB-5083 may alleviate
cellular defects associated with p97 mutations, offering potential therapeutic avenues
for p97-associated myopathy (Cheng et al., 2022; Wang et al., 2022). However, due to
the complexity of diseases linked to p97 mutations, the effectiveness of current
inhibitors in mitigating disease phenotypes remains uncertain. Nevertheless, ongoing

research aims to develop next-generation inhibitors with improved efficacy.

1.3.1 Cellular functions of p97

Protein unfolding by p97 is an essential step in many different cellular pathways and
requires specific adapter proteins (Figure 1.8). Some of these pathways are coupled
to the proteasomal degradation of the unfolded protein substrate and therefore, in
many cases, contribute to maintaining protein homeostasis. Other pathways have a
more regulatory role in cell signaling or cellular remodeling and organization. The
complexity of the p97 system further illustrates the necessity for proper p97

functionality in maintaining cellular health.
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Figure 1.8: p97-dependent pathways and associated adapter proteins. Adapter proteins are highlighted in
orange, substrate proteins as spherical shapes or strands representing natively folded or un-/misfolded forms,
respectively (yellow), and mono- and poly-ubiquitin represented as a single or chains of small spheres (green). p97-
regulated pathways are indicated as follows: i) ribosomal quality control, ii) Golgi reassembly, iii) PP1 activation,
iv) Mitochondria-associated degradation, v) Lysophagy, vi) Chromatin-associated regulation, vii) ER-associated
degradation, and viii) Aggregate clearance by degradation. Pathways which result in the proteasomal degradation
of the substrate proteins are indicated (*) (Braxton & Southworth, 2023).

Ribosome quality control is a degradative p97-dependet pathway to maintain protein
homeostasis. Translation of a nascent polypeptide can be stalled when, for example,
the protein is being translated from a faulty mRNAs lacking a STOP codon. In these
cases, it was discovered that the ribosome subunits split and the polypeptide chain
remains bound to the 60S subunit (Brandman & Hegde, 2016). Subsequently, an E3
ubiquitin ligase, a protein which can attach ubiquitin moieties to other proteins, is
recruited and ubiquitinates the nascent polypeptide (Brandman & Hegde, 2016).
Together with its adapter proteins Ufd1 and Npl4, p97 recognizes the poly-
ubiquitinated polypeptide and, through mechanical force, removes the polypeptide
chain from the ribosome, leading to its degradation by the proteasome and thus
preventing possible aggregation of the misfolded protein, as well as recycling the

ribosome to proper function (Defenouillere et al., 2013; Verma et al., 2013).

An example of a regulatory rather than protein quality control pathway depending on
p97 is Golgi reassembly after cell division. In eukaryotic cells, organelles like the ER
and Golgi apparatus fragment during mitosis to ensure proper distribution into daughter
cells. This fragmentation process guarantees that each new cell receives the

necessary cellular components for proper function and integrity. At the end of mitosis,
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these fragments fuse back together through specific molecular mechanisms. For the
Golgi apparatus, these mechanisms involve p97 and its cofactors p47 and VCIP135
(gene name VCPIP1) (Kondo et al., 1997; Uchiyama et al., 2002). The p97:adapter
complex interacts with syntaxin-5, a membrane-localized receptor belonging to the t-
SNARE family (Soluble N-ethylmaleimide-sensitive factor Attachment Protein
Receptors) (Rabouille et al., 1998). Syntaxin-5 is monoubiquitinated during early
mitosis, which prevents premature membrane fusion (Huang et al., 2016). The mono-
ubiquitination recruits p97:p47:VCIP135 (Meyer et al., 2002). Upon binding, the
deubiquitinating enzyme (DUB) VCIP135 removes the syntaxin-5 ubiquitination,
allowing restored membrane fusion facilitated by p97:p47 (Huang et al., 2016). The
exact mechanism of membrane fusion has not yet been fully elucidated. The p97
adapter p37 was also shown to mediate Golgi reassembly through a slightly different
mechanism (Uchiyama et al., 2006) and similar pathways for p97-dependent ER

reassembly have been described (Uchiyama et al., 2002).

A signaling related role of p97 is the disassembly of an inactive PP1 complex during
PP1 biogenesis via a unique mechanism. The complex consisting of SDS22:PP1:13
(SPI) is recognized by p97 and its adapter protein p37, leading to I3 unfolding and the
disassembly of the whole complex. This process is ubiquitin-independent and allows
PP1 to form new complexes with other regulatory subunits (Weith et al., 2018).
Although it has not yet been directly shown, it is reasonable to hypothesize that the
dissociation of the inhibitory proteins from PP1 leads to PP1 activity, in so far that PP1
can form holoenzymes with activating subunits after SPI disassembly, to
dephosphorylate specific substrates. This p97-dependent pathway connects two major
protein regulators, p97 and PP1, responsible for a large number of cellular pathways.
It will be intriguing to discover which pathways are regulated in this manner to
understand the significance of the convergence of these two evolutionarily conserved

regulators.

Other p97-mediated pathways include the degradation of proteins associated with the
mitochondrion. p97 together with Ufd1:Npl4 and another adapter protein, called PLAA
in humans, extracts misfolded proteins from the outer mitochondrial membrane,
preparing them for proteasomal degradation (Wu et al., 2016). Further, through a
process called lysophagy, damaged lysosomes are removed from the cytosol through

autophagy. Autophagy is a cellular mechanism in which a double membrane, the

24



INTRODUCTION

phagophore, forms around cellular cargo. The cargo is often specifically recognized by
autophagy receptors, ultimately leading to the degradation of the enclosed cargo by
fusion of the phagophore with the lysosome. The clearance of damaged lysosomes
themselves is promoted by p97 and the adapter proteins YOD1, UBXD1 and PLAA, by
removing specific substrates like calponin-2 from the lysosomal membrane. (Kravic et
al., 2022; Papadopoulos et al., 2017). Calponin-2 is a factor, necessary for phagophore
formation during autophagy and needs to be removed during later stages for efficient
lysophagy to progress (Kravic et al., 2022). Another regulatory pathway of p97,
chromatin-associated degradation, combines regulatory p97 functions with substrate
degradation. In the process of DNA double-strand break (DSB) repair, the ring-shaped
Ku70:Ku80 (Ku) complex becomes trapped on DNA and requires active extraction
(Postow et al., 2008). In cooperation with Ufd1:Npl4, p97 removes Ku from repaired
DNA, leading to proteasomal degradation of Ku (Postow et al., 2008; van den Boom
etal., 2016). Lastly, a well-studied mechanism of p97-dependent protein quality control
is the ER-associated degradation (ERAD) of proteins. In this process, proteins that did
not properly fold, while going through cycles of quality control on the ER lumen, are
ubiquitinated, translocated across the ER membrane through mechanical force of p97
in cooperation with several adapter proteins, and subsequently transferred to the
proteasome for degradation (Stein et al., 2014; Wu et al., 2016). This pathway can
relive ER-stress caused by the accumulation of misfolded proteins. Similarly, it has
also been shown that ubiquitinated aggregates of microtubule-associated protein tau,
which are known to cause neurodegeneration, can be targeted by p97 to relive the cell
of stress caused by misfolded proteins, though the exact mechanism remains to be
elucidated (Saha et al.,, 2023). Many more p97 substrates and p97-dependent
pathways are known and more are likely to emerge in the future. Further research will

be necessary to understand these processes in molecular detail.

1.3.2 p97 structure and mechanism

p97 is an 806 aa protein and consists of three domains, which fold into distinct
structures, the regulatory N-terminal domain and the two ATPase domains D1 and D2
(Figure 1.9A). Six subunits composed of these domains arrange into a homo-
hexameric quaternary structure, where the six D1 and D2 domains form two stacked
rings with a central pore, and the N-domains arrange on the periphery of the D1 ring
(Figure 1.9B). Cryo-EM structures of Cdc48 and p97 revealed that the subunits adopt

a staircase-like conformation when the ATPase is engaged with a substrate (Cooney
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et al., 2019; Twomey et al., 2019; van den Boom et al., 2023). To further understand
the mechanism of substrate translocation, separate structures were determined with
either ADP, or the ATP mimic ADP-BeF (ADP and beryllium fluoride), which traps p97
in an ATP-bound conformation (Twomey et al., 2019). In these conformations it could
be observed that hydrophobic residues in pore loops in D1 and D2 can make contact
with the client protein backbone. The residues in the pore loops of D2 (W561 and Y562)
are aromatic and bulkier than in D1 (M288 and A289), consistent with the observation
that the D2 ring is more important than the D1 ring for substrate translocation (Blythe
et al., 2017; Bodnar & Rapoport, 2017). ATP hydrolysis in the sixth subunit in both
rings results in retraction of the pore loops and a disengagement of the whole subunit.
Facilitated by binding of a new ATP molecule, the subunit then re-engages, replacing
the first subunit. Following that, the subunits undergo a downward movement, exerting
a force that drags the polypeptide chain along in tandem (Figure 1.9C). Through this
hand-over-hand mechanism, driven by ATP binding and hydrolysis, the substrate is
translocated 2 amino acid residues per ATP hydrolysis through the central channel of
p97, resulting in protein unfolding (Twomey et al., 2019). p97/Cdc48 have this
mechanism in common with other hexameric AAA-ATPases (Gates et al., 2017,
Puchades et al., 2017; Rizo et al., 2019).

A

v
ATP hydrolysis in Disengagement of Re-engagement as
lowermost subunit lowermost subunit topmost subunit

Figure 1.9: Domain arrangement and substrate translocation mechanism of p97. A) Domain structure of p97
with N-terminal domain (green), first AAA-ATPase domain D1 (light blue), and second AAA-ATPase domain D2
(dark green). B) Cartoon representation of the staircase arrangement of p97 subunits and domains in the hexameric
structure. C) Cartoon of the process of p97-mediated client protein (yellow) processing. Hydrophobic pore loops in
the ATPase domains interact with the substrate backbone. ATP hydrolysis in the lowermost subunit (red) results in
pore loop disengagement, ADP release and new ATP-binding allows re-engagement as the now topmost subunit.
Through successive cycles of ATP hydrolysis and binding, the substrate is translocated through the p97 channel
(Meyer & van den Boom, 2023).
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In many of the p97-dependent processes, p97 unfolds diverse ubiquitinated proteins,
which leads to their degradation of the substrate protein by the proteasome. The
purpose of p97 in this process was confirmed in a study which showed that a
ubiquitinated substrate lacking any flexible linker regions could not be processed by
the 26S proteasome alone (Olszewski et al., 2019). Only upon adding a C-terminal
extension to the substrate, or p97 to the reaction, could the substrate be processed by
the proteasome, confirming that p97 prepares tightly folded substrates without flexible
segments for proteasomal degradation (Olszewski et al., 2019). For this indirect
process of substrate recognition through ubiquitin chains, p97 requires the adapter
proteins Ufd1:Npl4. These two adapter proteins form a heterodimeric complex and
elaborate interactions with p97 and the ubiquitinated substrates, facilitated by their
many subdomains (Figure 1.10A).

A
SHP NBM
Ufd1 —[ uT3 }—.—O—ao?
Npl4
B C Client protein
Ubiquitin
Cdc48

Figure 1.10: Targeting of a ubiquitinated substrate for unfolding by Cdc48:Ufd1:Npl4. A) Domain structures
of Ufd1 and Npl4 including the Ufd1 ubiquitin-binding domain UT3, p97-binding SHP and Npl4-binding NBM, as
well as the Npl4 ubiquitin-binding domains MPN, CTD and NZF, and p97-binding UBX-like domain and ZF1 and 2.
B) Cryo-EM structure of Cdc48:Ufd1:Npl4 (pdb: 60A9). Resolved was an unfolded ubiquitin initiator moiety (dark
blue) along the Npl4 (teal) groove, two distal ubiquitins (blue, purple) and all six p97 subunits C) Cartoon
representation of B), further including the unresolved Ufd1, ubiquitin-chain moieties and substrate protein (gray).

The Ufd1:Npl4 heterodimer associates with p97/Cdc48 via the Ufd1 SHP box and the
Npl4 UBX-like domain (Bruderer et al., 2004). These regions interact with the
respective opposite p97 N-domains. Additionally, the Npl4 zinc fingers ZF1 and ZF2
establish contact with the p97 D1 ring. (Pan et al., 2021; Twomey et al., 2019). The
Npl4 MPN and CTD domains, as well as the N-terminal zinc finger NZF, specific to

metazoans, interact with K48-linked ubiquitin chains (Meyer et al., 2002; Twomey et
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al., 2019). Together with the Ufd1 UT3, these domains stabilize the ubiquitin chain on
top of the p97 hexamer (Bodnar et al., 2018; Twomey et al., 2019). Through this
interaction between Ufd1:Npl4 and the ubiquitin chain, one ubiquitin moiety unfolds as
it extends into a groove within Npl4. This directs the elongated peptide stretch towards
the p97 D1 pore, where it is inserted into the p97 channel (Figure 1.10B and C)
(Twomey et al., 2019). Thus, ubiquitin unfolding is initiated by Ufd1:Npl4, leading to
further processing by p97. For this, a direct interaction between Ufd1 and Npl1 is
necessary (Meyer et al., 2000). Additionally, Ufd1:Npl4 can interact with further
accessory adapters aiding in the targeting to specific cellular substrates (Meyer & van
den Boom, 2023).

The kinetics of the individual steps in Cdc48:Ufd1:Npl4 processing was determined
using a fluorescent unfolding substrate carrying a ubiquitin chain with five ubiquitin
moieties (Ubs), including a fluorescently labeled moiety (Williams et al., 2023).
Specifically, it was shown that the initiator ubiquitin is bound and unfolded in
2.3 £ 0.2 s. Secondly, insertion of the unfolded ubiquitin into the Cdc48 pore was within
3.2+ 0.1s and did not require ATP hydrolysis. Unfolding of four further, distal
ubiquitins and the substrate was achieved within 4.9 + 1.2 s. Under multiple turnover
conditions however, processing of the distal ubiquitins took 125 £ 4 s indicating that,
for Ubs, substrate release is the rate-limiting step of the whole reaction. In contrast to
rapid initiation and unfolding, slow substrate release leaves Cdc48 unable to rapidly
process a new substrate. This time line was further consistent with the observation that
proteasomal degradation of the Ubs substrate, combined with Cdc48 processing, took
162 + 18 s (Williams et al.,, 2023). In cells this process might be sped up by
deubiquitinating enzymes cleaving the ubiquitin chain after processing by Cdc48, or
other shuttling factors (Ernst et al., 2009; Li et al., 2024). For a substrate carrying only
two instead of five ubiquitin moieties (Ubz), the initiation was the rate-limiting step, likely
because Ufd1:Npl4 could not properly engage with the substrate (Bodnar & Rapoport,
2017; Williams et al., 2023). Consistent with that notion, the Michaelis-Menten constant
(Km) for Ubz, with 4.1 + 0.7 yM, was determined to be 10x higher than for Uba,
highlighting that Ub2z bound less effectively to Cdc48:Ufd1:Npl4 (Williams et al., 2023).
Further, the Ub2 Km was similar to a different substrate carrying several K48-linked
branched ubiquitin chains, which was determined to be 4.4 yM (Olszewski et al., 2019).
Overall, substrates carrying at least two ubiquitin moieties are effectively processed by

Cdc48:Ufd1:Npl4, with differences in initiation and substrate release rates.
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1.3.3 SEP-domain adapters

Interacting with the p97 N-domain or unstructured C-terminus, at least 30 known
cofactor proteins, usually possessing p97- and ubiquitin-binding motifs, assist p97 in
its cellular tasks (Buchberger et al., 2015; Ye, 2006). Some of these cofactors possess
catalytic activities of their own and can direct p97 to certain cellular processes
(Hanzelmann & Schindelin, 2017; Stach & Freemont, 2017). A family of p97 cofactors,
the SEP-domain adapters (Shp1, eyes-closed, p47), can target p97 to specific target
proteins, similar to Ufd1:Npl4. The human genome encodes four SEP-domain
adapters, p47, p37, UBXN2A and UBXN11, compared with the yeast S. cerevisiae,
which only has one version, called Shp1. In contrast to Ufd1:Npl4, the SEP-domain

adapters have a more simplified domain structure (Figure 1.11).
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Figure 1.11: Domain strucutres of all four human SEP-domain adapters. UBX domains, SHP boxes and SEP
domains interact with p97. UBA domain binds ubiquitin. Spectrin domain interacts with the cytopsceleton. Copy
numbers per cell from (Beck et al., 2011) (Meyer & van den Boom, 2023).

With ~283.000 copies per cell, determined by mass spectrometry of human U20S
osteosarcoma cell lysates, p47 stands out as the most abundant adapter of p97 (Beck
et al., 2011). Notably, of all four human SEP-domain adapters only p47 possesses a
ubiquitin-binding domain (UBA). Unlike Ufd1:Npl4, which recognizes substrates
carrying ubiquitin chains, the UBA domain of p47 exhibits a preference for binding
mono-ubiquitinated substrates (Meyer et al., 2002). This mono-ubiquitination is
necessary for Golgi reassembly after cell division, facilitated by p97:p47 and the
deubiquitinating enzyme VCIP135 (Huang et al., 2016; Kondo et al., 1997; Uchiyama
et al., 2002). The comparatively less abundant p37 was also shown to be necessary
for Golgi biogenesis during mitosis, however this process only required VCIP135
interaction and not activity, suggesting a ubiquitin-independent pathway, in line with
the lack of a ubiquitin-interacting domain in p37 (Uchiyama et al., 2006). UBXN2A
(UBXD4) and UBXN11 (UBXD5) are less abundant and not well studied in the context
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of p97-dependent processes. Even though the SEP-domain adapters are each linked
to several cellular pathways, a direct p97:SEP domain adapter substrate was only
discovered after Shp1 in yeast was shown to interact with Cdc48/p97 and also sustain
GlIc7/PP1 function (Zhang et al., 1995). Further, a trimeric complex of Glc7 and its two
interactors Sds22/SDS22 and Ypi1/Inhibitor-3 was discovered to interact with
Cdc48:Shp1 (Cheng & Chen, 2015). A study conducted with the human proteins,
including all four SEP-domain adapters, was able to confirm that the SDS22:PP1:13
complex (SPI) is a substrate of p97 and further that binding of SPI to p97 leads to SPI
complex disassembly, dependent on SEP-domain adapters (Weith et al., 2018).
Specifically, p37 and UBXNZ2A interacted strongly and p47 weakly in co-
immunoprecipitations with SPI. Those three adapters were then shown to contribute to
SDS22-p97 interaction in cells in a triple KO/KD experiment. In single KD experiments,
p37 had the biggest effect on SDS22-p97 interaction. A subsequent study showed that
p37 and UBXN2A, but not p47 mediate the unfolding of a fluorescently labeled 13
unfolding substrate by p97 (Kracht et al., 2020). In vitro, the SPI complex disassembly
could be reconstituted with a reaction including p37, p97, SPI and the PP1-interacting
protein NIPP1, which bound PP1 after SPI disassembly (Weith et al., 2018). Notably,

no ubiquitination of any of the components was necessary for this process.

1.4 Ubiquitin-independent disassembly of SPI by p97:p37
The SEP-domain adapter p37 can target the client protein complex SDS22:PP1:I3

directly to p97, in a ubiquitin-independent manner. Dissecting this process further, it
was found that during SPI disassembly I3 serves as the direct substrate of p97, being
pulled into the central channel of the AAA-ATPase. This was verified by crosslinks,
which formed between 13 and pore residues of p97 (Weith et al., 2018). Additionally,
I3 was tagged with a fluorescent protein incapable of refolding after p97 processing,
and fluorescence was lost during SPI disassembly, confirming 13 as an unfolding
substrate of p97 (Kracht et al., 2020; Weith et al., 2018). The translocation of I3 through
the p97 channel suggests that a similar mechanism of action as for ubiquitinated
substrate proteins is used for 13 unfolding by p97. However, how the process of I3

unfolding leads to dissociation of SDS22 is unclear.

It was shown that SDS22 dissociates along with 13 and this process was delayed when
I3 was depleted in cells (Weith et al., 2018). It could therefore be hypothesized that
SDS22 gets destabilized through a loss of interaction between SDS22 and I3 directly,
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or that I3 extraction leads to conformational changes in PP1, leading to SDS22
dissociation. A direct interaction between 13 and SDS22 could not be shown so far,
however, critical 13 residues were not resolved in available crystal structures (Choy et
al., 2024; van den Boom et al., 2023). Since SDS22 was show to interact with metal-
deficient PP1, it can also be proposed that the dissociation mechanism involves a
metal-loading step in the PP1 active site, weakening the affinity of SDS22 (Choy et al.,
2019). This metal loading would have to be either a passive process after |13 extraction,
or facilitated by p97, p37, 13, NIPP1 or other buffer components, as the process of SPI
disassembly was reconstituted with only these proteins present (Weith et al., 2018).
Another hypothesis is that NIPP1, another PP1-interacting protein, competes for PP1
binding sites and therefore displaces SDS22 from the complex. Further studies are
necessary to confirm either of these hypotheses.

A Cryo-EM structure of p97 and p37 in complex with SPI was solved in the presence
of ADP-beryllium fluoride (Figure 1.12) (van den Boom et al., 2023). The structure
resolved a peptide strand identifiable as 13 inside the pore of p97, as the peptide is
positioned in a way that fits with the other resolved 13 residues on PP1. Another study
found that I3 is recognized by p97:p37 through an essential internal recognition site
(IRS) at residues 28-31, which suggests that I3 could be translocated from the middle,
rather than starting with one of the termini (van den Boom et al, 2021). This theory was
confirmed by using an SPI complex with a circularized 13 as a substrate. This substrate,
where both termini were blocked, was effectively translocated by p97:p37 (van den
Boom et al., 2021). This finding also highlights that the p97 pore can accommodate at

least two peptide strands at the same time.

PP1

sDs22

SDSs22

p97 p97

Figure 1.12: Cryo-EM structure of p97:p37:SDS22:PP1:13. SDS22 (dark green) makes direct contact with one
of the p97 N-domains (purple), while bound to PP1 (light green). Resolved residues belonging to 13 on PP1 and
inside the p97 pore are highlighted (dark blue), missing residues were added in the cartoon depiction (light gray).
p37 binds on top of two adjacent N-domains (teal), unresolved linker region shown in cartoon (dark gray).
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Interestingly, an SDS22 helical segment makes direct contact with one of the p97 N-
domains, positioning the SPI complex on top of p97 (van den Boom et al., 2023). A
crosslink between SDS22 and the N-domain was present even when ATP was added
to the reaction, highlighting that the interaction is stable when p97 is active and
suggesting a mechanism where SDS22 holds PP1 stable, while 13 is stripped off the
complex (van den Boom et al., 2023). How the force exerted on I3 is transferred to
SDS22 dissociation remains elusive. p37 binds beneath PP1 to the same N-domain
as SDS22 via its SHP box and to the adjacent N-domain via its UBX domain, consistent
with earlier crosslink mass spectrometry data (Kracht et al., 2020; van den Boom et
al., 2023). While p37 is necessary for the recruitment of SPI, a direct interaction
between p37 and the SPI complex could not be observed in the Cryo-EM structure.
However, a direct interaction with 13 and the p37 SEP domain and N-terminal region
was shown through cross-linking experiments (Kracht et al., 2020; Weith et al., 2018).
Additionally, the linker region between SHP box and UBX in p37 conferred substrate
specificity upon SPI, distinguishing it further from the highly abundant p47 (Kracht et
al., 2020).

How the whole SPI complex disassembles and which cellular functions are connected
to this process is still unknown. Protein numbers of PP1, SDS22 and I3 relative to each
other differ among cell types. It is therefore difficult to predict how much of PP1 is
usually in complex with I3 and SDS22 and which processes are regulated through SPI
formation and disassembly. With overlapping functions in mitosis of all three proteins,
it could be hypothesized that 13 and SDS22 keep PP1 stable and inactive, until needed
at the kinetochores. Freeing PP1 from SDS22 and I3 could therefore lead to PP1
activity, however the formation of a functional PP1 holoenzyme after SP| disassembly
it yet to be observed. Since all three proteins are also present in the cytoplasm, similar
functions for the SPI complex could be imagined in other cellular pathways beyond
mitosis. The defining feature of PP1 is its ability to form different holoenzymes with
regulatory and inhibitory subunits throughout its life cycle. SPI formation was thus far
only shown during PP1 biogenesis; however, it could be possible that SPI can
reassembles after initial disassembly, displacing other regulatory subunits to further
keep PP1 stable and unable to indiscriminately dephosphorylate substrates. In that
case, PP1 holoenzyme formation could be controlled by SDS22, 13 and p97:p37, with

p97 potentially establishing a specific directionality in the assembly of holoenzymes.
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1.5 Aims of the thesis

The catalytic subunit of PP1 is a highly conserved protein with many cellular
dephosphorylation targets, which link PP1 to numerous regulatory mechanisms like
the integrated stress response, apoptosis, and memory formation. PP1 interacts with
hundreds of regulatory proteins to achieve substrate dephosphorylation specificity.
When the catalytic subunit is free, PP1 targeting of phosphorylated substrates is widely
unspecific. Therefore, PP1 activity must be tightly controlled to prevent promiscuous
dephosphorylation. Conversely, active PP1 must constantly be available for proper
cellular function. SDS22 and 13, two ancient interactors of PP1, are known to both
inhibit and stabilize PP1 and play a role in its activity during mitosis. It was shown that
PP1, SDS22 and I3 form an inactive trimeric complex during PP1 biogenesis, which
can be disassembled by the AAA-ATPase p97 and the adapter protein p37 in a
ubiquitin-independent manner. PP1 is then free to bind other interaction partners,
however it is so far unknown whether SPI disassembly results in the formation of an
active PP1 holophosphatase. Further, it is unclear whether SPI only forms during PP1
biogenesis or also reassembles later in the PP1 life cycle, potentially contributing to
general regulation of PP1 holoenzyme formation together with p97:p37. Moreover, it is
uncertain why both SDS22 and I3 are needed for this process, and how SDS22
dissociates from PP1, even though 13 is the direct p97 substrate. Aims of this study
are to establish Forster resonance energy transfer (FRET)-based assays with the goal
to elucidate details of the SPI disassembly mechanism, specifically how 13 and SDS22
dissociation are linked, and how the kinetics of the ubiquitin-independent pathway
compare to the ubiquitin-dependent unfolding of substrate proteins by p97. Further, it
will be investigated whether SPI formation and disassembly also occur post PP1
biogenesis, and whether PP1 forms an active holoenzyme after SPI disassembly,

capable of dephosphorylating an endogenous substrate.

The first aim of this thesis is the establishment of a robust FRET-based assay for the
determination of kinetic parameters of the SPI disassembly reaction catalyzed by
p97:p37 with purified components. The question to be answered is how the SPI
disassembly process compares to the ubiquitin-dependent pathway and whether SPI
is effectively targeted by p97. This will be achieved by fluorescent tagging of proteins
and their deployment in a FRET-based assay that monitors the association of an
alternative PP1 binding partner after SPI disassembly. FRET signals can be monitored

in real time and therefore allow a time-resolution of the reaction seconds after it started,
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which is necessary for accurate determination of kinetic reaction parameters. These
parameters can then be compared with other published values, for example Cdc48

processing of a poly-ubiquitinated substrate.

Secondly, upon having established FRET-based assay conditions, additional
substrates with FRET labels on 13 and SDS22 instead of on an alternative PP1 binding
partner will be produced. These FRET-based assays will individually monitor the
dissociation of SDS22 and I3 from PP1 during SPI disassembly. The individual
dissociation rates will contribute to further elucidating how SDS22 dissociation is linked
to 13 unfolding and dissociation from PP1. Additionally, dimeric complexes of
SDS22:PP1 (SP) and PP1:I13 (PI) will be deployed to ask whether both proteins are
necessary for efficient complex disassembly. This experiment could contribute to
understanding why a trimeric SPI complex forms, even though SDS22 and 13 have

overlapping functions in both PP1 inhibition and stabilization.

The third aim is to elucidate whether the SPI complex reassembles after initial SPI
disassembly, and whether SDS22 and I3 can displace a different PP1-binding subunit.
To accomplish this, FRET-based assay reactions of the SP| disassembly, including a
third PP1-binding protein, will be monitored after the addition of a p97-inhibitor.
Inhibition of p97 at the end of the disassembly reaction will make it possible to observe
whether the SPI complex can re-form and displace a different PP1-interacting protein.
SPI forms during PP1 biogenesis, but it is so far uncertain what the purpose of the SPI
complex is in cells. Re-association of the complex components could indicate that SPI
formation, as well as p97:p37-mediated disassembly is important in later stages of PP1

regulation, possibly even contributing to PP1 holoenzyme exchange.

The final aim of the thesis is the characterization of PP1 activity after SPI disassembly
with purified proteins. To find out, whether PP1 is active after having been released
from SDS22 and I3, the synthetic PP1 substrate 3-O-methylfluorescein phosphate
(OMFP) will be added to the SPI disassembly reaction. OMFP is fluorogenic and thus
begins to emit light after dephosphorylation, allowing the detection of PP1 activity.
Further, PP1 dephosphorylation of an endogenous substrate after SPI disassembly
will be tested by adding the substrate specifier GADD34, the co-factor G-actin, and the
endogenous substrate, phosphorylated elF2a (elF2a-P), to the reaction. elF2a-P
dephosphorylation will be monitored by Phos-Tag gel analysis. PP1 activity after SPI
disassembly by p97:p37 would link p97 to an activational pathway, suggesting that it
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may partake in more diverse cellular regulation than so far know, possibly regulated
by SEP-domain adapters. Moreover, showing elF2a-P dephosphorylation after SPI
disassembly could be a first step of linking SPI to the integrated stress response,
suggesting SPI might play a role in diverse cellular pathways in addition to PP1

biogenesis and mitosis.

PP1 is involved in a wide spectrum of cellular processes, which it is targeted to by its
many regulatory subunits. This property makes PP1 an interesting drug target, as has
been shown for the integrated stress response. The endeavor of developing drugs
which interact with PP1 in specific pathways would benefit from further understanding
of how PP1 activity, as well as holoenzyme formation and exchange is regulated. PP1,
SDS22, 13 and p97 are all preserved across extensive evolutionary time spans. It would
therefore be interesting to find out how these proteins converge to regulate potentially
fundamental and conserved cellular pathways. p97 itself is also a regulator of a myriad
of pathways. Understanding p97 processing of its diverse substrates will further
contribute to unraveling the underlying dysfunctions in diverse disease phenotypes

caused by p97 mutations.
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2. Results

It is so far unclear what the purpose of the SPI complex is in cells and why both SDS22
and 13 are necessary for PP1 regulation. Further, kinetic details of SPI disassembly by
p97 and p37 have not been investigating. To achieve the time resolution necessary for
kinetic data analysis, fluorescently labeled proteins were created to be used in FRET-
based assays. For the first experiments presented here, an indirect method was used
to detect the disassembly of SPI by p97:p37, which involved observation of the binding
between PP1 and the alternative PP1 interaction partner NIPP1. To achieve this, FRET
labels were placed both on PP1 and NIPP1. This indirect method of monitoring SPI
disassembly served as an approach to overcome FRET signal limitations, necessary
for data input to determine kinetic parameters of the SPI disassembly reaction. FRET-
based assays to observe dissociation of SDS22 and I3 directly, were subsequently
employed to investigate how SDS22 and 13 dissociation from PP1 is coupled, whether
both are necessary for efficient disassembly, and if the SPI complex re-forms after
initial disassembly. For these approaches SPI versions were produced where the

FRET donor label was placed on PP1 and the acceptor on either I3 or SDS22.

21 A FRET-based assay to determine SPI disassembly kinetics

A unique feature of SPI recognition and disassembly by p97 is that it is independent
from the small protein modifier ubiquitin, which is usually necessary for p97 substrate
binding and processing (Weith et al., 2018). So far, it is unknown how exactly the
mechanism of SPI disassembly differs from that of other p97 substrates. To address
this question, an in vitro FRET-based assay was set up, which allowed the indirect
detection of SPI disassembly by monitoring the binding of the alternative PP1-
interacting protein NIPP1. SPI disassembly catalyzed by p97:p37 leads to the
dissociation of SDS22 and I3 from PP1. Consequently, an alternative PP1 interaction
partner, NIPP1, can associate to form a complex with PP1. To track the process of
NIPP1 binding, following SPI disassembly, FRET donor and acceptor labels were
attached to PP1 and NIPP1, respectively. Binding of fluorescently tagged proteins
allows the occurrence of FRET over time. Forster resonance energy transfer (FRET)
is a non-radiative energy transfer from an excited donor chromophore to an acceptor
chromophore. The energy transfer relies on the principles of dipole-dipole interactions
and can occur when the emssion spectrum of the donor overlaps with the excitation
spectrum of the acceptor, while both molecules are in close proximity (~1-10 nm). The

probability of FRET diminishes rapidly as the distance between fluorophores
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increases, given that the efficiency of energy transfer is inversely proportional to the
sixth power of the distance between them. This property makes FRET a useful tool for
studying protein-protein interactions. Additionally, FRET has several advantages over
the otherwise commonly used co-immunoprecipitation (ColP), such as an increased
reproducibility and higher time resolution. Higher time resolution is achieved
particularly in the first few minutes of the reaction, due to the possibility of real time

data collection and higher signal sensitivity.

The FRET donor chromophore used in this study is the fluorescent protein Clover.
Clover is a variant of the green fluorescent protein (GFP) and has its excitation and
emission maxima at 505 nm and 518 nm, respectively (Lam et al., 2012). The FRET
acceptor used in this study is the fluorescent dye TAMRA (5-Carboxytetramethyl-
rhodamine). The excitation spectrum of TAMRA overlaps with the Clover emission
spectrum, with a maximum at 544 nm. These properties make TAMRA and Clover
effective FRET partners for biochemical experiments, as Clover can absorb photons
of a wavelength that do not induce TAMRA fluorescence, and their spectral overlaps
fulfill the FRET requirement.

For this part of the study TAMRA was enzymatically attached to the PP1-interacting
protein NIPP1, using Sortase A (Figure 2.1a). To accomplish this, NIPP1 was C-
terminally tagged with the sortase recognition amino acid sequence LPETGGG.
Sortase A recognizes and cleaves the recognition sequence between the threonine
and glycine residue via its active site cysteine. The cleavage results in the formation of
an acyl intermediate with the now C-terminal threonine of NIPP1. The three C-terminal
glycine residues are subsequently released. Sortase A then catalyzes the transfer of
the LPETGGG-tagged protein to a nucleophile containing at least one N-terminal
glycine residue. In this case, the nucleophile was a peptide with the N-terminal amino
acid sequence GGG, followed by a strep-tag for subsequent use in Strep-affinity
purification. The peptide was chemically labeled with the FRET acceptor TAMRA.
Through nucleophilic attack of the acyl intermediate of NIPP1 and Sortase A, a
covalent bond is created between the C-terminal threonine of NIPP1 and the N-
terminal glycine residue of the TAMRA-labeled peptide. In this process the active site
cysteine of Sortase A is regenerated. As a consequence, the protein NIPP1 is
covalently labeled with a strep-tag, and the fluorescent dye TAMRA for use in FRET-

based experiments.
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Figure 2.1: Tagging strategy for the creation of FRET substrates to monitor SPI complex disassembly
coupled to binding of the alternative PP1 interaction partner NIPP1. a) A schematic representation delineating
the enzymatic reaction catalyzed by Sortase A. The protein NIPP1 contains the C-terminal sortase recognition
peptide sequence LPETGGG. 1.) Sortase A cleaves between the threonine and glycine residues, forming a
thioester intermediate with NIPP1. The three C-terminal glycines are cleaved off. 2. The peptide comprised of a
strep-tag fused to the fluorescent dye TAMRA contains the N-terminal sortase peptide sequence GGG. The N-
terminally tagged peptide undergoes a nucleophilic attack of the NIPP1-Sortase intermediate, creating a covalent
bond between the peptide and NIPP1, while Sortase A is regenerated. b) Coomassie-stained protein gel of the
Sortase A catalyzed reaction of NIPP1-LPETGGG and GGG-Strep-TAMRA, followed by subsequent protein
purification through affinity chromatography. The reaction mixture containing 50 uM NIPP1-LPETGGG, 2.5 pM
Sortase A and 200 pM GGG-Strep-TAMRA was incubated for 2 h at 30 °C in a total volume of 2.5 mL. The first
lane served as a control containing only NIPP1-LPETGGG. Post sortase reaction, the protein mixture was subjected
to a streptavidin affinity chromatography with the pooled flow through and individual elution fractions loaded for
analysis. c¢) Coomassie-stained protein gel of NIPP1TAMRA after further purification through size exclusion
chromatography. d) Coomassie-stained protein gel visualizing the SDS22:PP1¢°ve:|3 complex. In this study, PP1
was produced as a recombinant protein, with Clover attached to its C-terminus. The complex was co-purified by Ni-
NTA affinity chromatography, followed by size exclusion chromatography.

The sortase reaction for labeling NIPP1 contained 50 yM NIPP1-LPETGGG and
2.5 uM calcium-independent Sortase A, both purified from E. coli BL12 (DE3), as well
as 200 yM GGG-Strep-TAMRA synthesized by Caslo ApS. The reaction was incubated
for 2 hours at 30 °C. SDS-PAGE revealed that the reaction containing all three reaction

components lead to an upward shift of the band at 40 kDa corresponding to NIPP1-
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LPETGGG, compared with the sample containing only NIPP1 (Figure 2.1b). To
remove remaining unlabeled protein, a Strep-affinity purification was performed.
Analysis by SDS-PAGE showed a band corresponding to unlabeled NIPP1 protein in
the column flow-through (FT), as unlabeled NIPP1 did not contain a strep-tag. The
elution fractions contained TAMRA-labeled NIPP1 protein, as well as residual TAMRA
peptide, which had been added in excess. To remove the remaining peptide from
NIPP1TAMRA = 3 size exclusion chromatography was performed, yielding pure
NIPP1TAMRA ‘with only minimal contaminations of higher molecular weight proteins

(Figure 2.1c).

To create a FRET donor for NIPP1TAMRA 'PP1 was expressed as a recombinant protein
with the fluorescent protein Clover attached to the PP1 C-terminus. PP1¢°ve" was
purified in a complex together with SDS22 and His-tagged I3. All three proteins were
expressed in insect cells and subsequently purified through Ni-NTA-affinity
chromatography, followed by size exclusion chromatography. SDS-PAGE analysis
shows distinct bands corresponding to all three proteins after size exclusion
chromatography (Figure 2.1d). The complex was largely free of contaminating insect
lysate proteins. Both NIPP1TAMRA gnd SDS22:PP1¢ever:|3 were deployed for FRET-

based analysis of the SPI disassembly reaction.

2.1.1 Establishing a FRET-based assay to monitor SPI disassembly through
binding of NIPP1

p97:p37 catalyze the unfolding of 13, followed by the disassembly of the SPI complex,
which allows binding of the alternative PP1 interaction partner NIPP1. To monitor this
process via FRET, the fluorescent tags Clover and TAMRA were attached to PP1 and
NIPP1, respectively. After SPI disassembly, PP1¢"°ver can bind NIPP1™AMRA pringing
the FRET labels into proximity. The proximity of the FRET partners allows the
occurrence of FRET, leading to a reduction in FRET donor emission (Clover) and an
increase in FRET acceptor emission (TAMRA) (Figure 2.2a). The change in
fluorescence can be detected with a fluorescence spectrophotometer by exciting the
donor fluorophore at a specific excitation wavelength and recording emission spectra

around the donor and acceptor emission maxima.
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Figure 2.2: Monitoring the development of FRET upon NIPP1TAMRA hinding to PP1C'over after SPI disassembly.
a) Schematic illustrating a FRET-based disassembly assay. In this setup, PP1 is linked to the fluorescent protein
Clover and purified in complex with SDS22 and I3. In parallel, the alternative PP1-interacting protein NIPP1 is
conjugated to the fluorescent dye TAMRA. Following the dissociation of 13 and SDS22 from PP1, mediated by
p97:p37, PP1Cver can then associate with NIPP1TAMRA The disassembly of the complex and binding of NIPP1TAMRA
triggers FRET between Clover and TAMRA, allowing for detection. b) Emission spectrum of Clover as a fusion
protein of PP1 in complex with SDS22 and 13 (80 nM). Clover excitation wavelength Aex was 506 + 2.5 nm and
fluorescence emission were detected between 480-580 nm. ¢) Emission spectrum of TAMRA attached to NIPP1
(80 nM). TAMRA excitation wavelength Aex was 546 + 2.5 nm, and fluorescence emission was detected between
520-620 nm. d) Fluorescence emission spectra of the full SPI disassembly reaction containing SDS22:PP1Clover:|3
(80 nM), NIPP1TAMRA (80 nM), p97 (35 nM), p37 (50 nM) and ATP (2 mM) (purple), compared with the same reaction
excluding p37 (Ap37, gray). Reactions were incubated at 30 °C for 30 min in a total volume of 60 L. Excitation was
performed at 475 + 10 nm. Fluorescence emission was recorded between 500 and 620 nm. Data points were
normalized between 0 and 1.

To determine suitable excitation and emission wavelengths, fluorescence spectra of
the fluorescently labeled proteins SDS22:PP1¢over:|3 and NIPP1TAMRA were detected
individually, and as a mixture of all reaction components. A spectrum captured of
SDS22:PP1Clver: |3 alone, with an excitation wavelength of 506 + 2.5 nm, yielded a
peak emission around 518 nm, consistent with the published values (Lam et al., 2012)
(Figure 2.2b). NIPP1™AMRA was excited at 546 + 2.5 nm and showed a maximal
emission around 580 nm, disregarding the peak produced by the excitation light
around 546 nm (Figure 2.2c). Clover and TAMRA emissions were measured at

518 nm and 580 nm in following experiments, respectively.

To exclusively detect TAMRA fluorescence induced by FRET at 580 nm, it was
necessary to excite Clover at a wavelength outside the TAMRA excitation spectrum. A
fluorescence emission spectrum recorded of the SPI disassembly reaction lacking p37,

shows the conditions at the start of the reaction, before SPI was disassembled (Figure
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2.2d, gray curve). Here, an excitation wavelength of 475 nm was identified to produce
the intended emission spectrum, revealing a peak solely at the Clover maximum of
518 nm and not at 580 nm for TAMRA. Conversely, the full reaction, containing p37
and all other reaction components, shows a decrease in fluorescence emission at
518 nm, as well as an increase at 580 nm, corresponding to Clover and TAMRA,
respectively. This change in fluorescence emission is representative of FRET
occurring between the two chromophores upon binding of NIPP1 to PP1 (Figure 2.2d,
purple curve). An excitation wavelength of 475 nm was used for all following FRET-

based experiments.

FRET-based assays provide the advantage of collecting real-time data points, enabling
the resolution of the complete process of catalyzed dissociation or association of
interaction partners within seconds. Raw data of the SPI| disassembly reaction,
followed by NIPP1 binding was acquired by measuring fluorescence emission at
518 nm and 580 nm, corresponding to Clover and TAMRA emission maxima, over a
time course of 20 min. For initial data analysis, two reactions were recorded, a full
reaction containing NIPP1TAMRA 'SDS22:PP1Clover: |3 p97, p37 and ATP, as well as a
control reaction lacking p37 (Ap37) (Figure 2.3a). For both reactions, a baseline was
recorded during the first three minutes of data compiling. A visible drop in fluorescence
can be observed when the cuvette containing the reactions was removed from the
fluorescence spectrophotometer to start the reaction by adding ATP. In accordance
with expectations, the curve of the Ap37 reaction showed no change in fluorescence
after ATP addition, for either fluorophore. This stable baseline in reactions lacking p37
indicated that the SPI complex did not disassemble under these conditions and PP1
and NIPP1 were not able to bind, consistent with ColP experiments performed in
previous studies (Weith et al., 2018). Conversely, the full reaction showed a decrease
in Clover fluorescence and an increase in TAMRA fluorescence over time,
demonstrating that FRET was induced. The development of the FRET signal indicates
that PP1 and NIPP1 associated, following SPI disassembly by p97:p37. Combined with
the Ap37 control, which showed no development of FRET under conditions in which
SPI cannot be recruited to p97, the development of FRET in the full reaction over time
shows the implementation of a functional FRET-based assay. Following the successful
fluorescent tagging of PP1 and NIPP1, this assay effectively monitors SPI disassembly
through NIPP1 binding.
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Figure 2.3: Example of FRET-based assay data analysis of an SPI disassembly reaction with subsequent
binding of NIPP1. a) Raw data output of the fluorescence kinetics recorded over 20 min. Reactions contained
SDS22:PP1Clver:|3 (80 nM), NIPP1TAMRA (80 nM), p97 (35 nM), p37 (50 nM) and ATP (2 mM), compared with the
same reaction that excluded p37 (Ap37). ATP was added 3 min after the start of the recording. Excitation
wavelength Aex was 575 £ 10 nm, and emissions were recorded at 518 and 580 nm, corresponding to Clover and
TAMRA excitation maxima. b) Taking the raw data from a) as input, all values were divided by the average of the
last 10 data points recorded before the addition of ATP. Subsequently, all data points after the addition of ATP were
excluded. ¢) The recorded TAMRA fluorescence (FRET acceptor, Aem = 580 £ 2.5 nm, pink and gray) for each of
the two reactions shown in b) were divided by the respective Clover fluorescence ((FRET donor, Aem =518 £ 2.5 nm,
green and gray), resulting in two curves representing the FRET ratio of the previously recorded reactions, namely
the full reaction (purple) and the reaction where p37 was omitted (gray). d) Final representation of the FRET data,
with the curves normalized between 0 and 1.

As a first step in data analysis, the first value after adding ATP was set as the starting
point of the reaction (0 min). Subsequently, all curves were divided by the average of
the last 10 values before addition of ATP. Dividing by the baseline normalizes the initial
intensities and removes the dilution effect of ATP (Figure 2.3b). Next, the recorded
fluorescence at 580 nm (acceptor) was divided by the fluorescence recorded at
518 nm (donor) within the same sample. Dividing the two fluorescence intensities
yielded a single FRET curve per reaction, integrating the data gathered for both
fluorophores. Additionally, unspecific, non-FRET effects that affected fluorescence
during the measurement are eliminated (Figure 2.3c). The last step in data analysis
was to normalize the signal between 0 and 1. For this, the initial values of each curve
were subtracted from all other values of the same curve. Subsequently, all curves were
divided by the average around the plateau of the highest curve (Figure 2.3d). This
FRET analysis yielded single curves per sample with a high signal/noise ratio, and was

applied to all further FRET-based experiments, unless mentioned otherwise.
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2.1.2 Optimization and validation of FRET-based assay conditions

To identify optimal assay conditions, ensuring that the SPI reaction rate is not restricted
by dissociation constants (Kp) of all complexes formed during the assay, titration
experiments with all protein components were conducted. These experiments aimed
to pinpoint conditions where the concentration of each protein no longer posed a

limitation on the reaction rate.

To determine the optimal p97 concentration, time-course FRET measurements
monitoring SPI disassembly reactions with varying levels of p97 were performed. p97
titration reactions comprised 160 nM SDS22:PP1¢ove:|3 as the p97 substrate, 480 nM
NIPP1TAMRA "and 10-320 nM p97 (Figure 2.4a). To mitigate a possible impact of the
Ko between p97 and p37, particularly at elevated p97 concentrations, an excess
amount of p37 (4uM) was used. As expected, the p97 titration experiments reveled
that the reaction speed increased with higher enzyme concentration, as more enzyme
can generally catalyze more substrate per minute. The maximal speed reached a limit
at 160 nM p97, which also corresponded to the SPI concentration used in this
experiment. Doubling the p97 concentration to 320 nM resulted in no further reaction
speed increase. The maximal reaction speed at equimolar concentrations of p97 and
SPI indicates that one SPI molecule is bound per p97. Additional increase in enzyme
concentration has therefore no effect on the reaction speed. A concentration of 160 nM

p97 and SPI were used in following experiments.

The p37 titration was performed in a similar manner containing 160 nM p97, 160 nM
SDS22:PP1Ciover:|13 480 nM NIPP1TAMRA “gnd 0-960 nM p37 (Figure 2.4b). As also
evident from the other titration experiments, omitting the adapter protein p37 resulted
in a complete loss of a AFRET signal, signifying that the SPI complex does not
spontaneously disassembly over the time course of 30 min, but requires enzymatic
catalysis by p97:p37. The full reaction speed was achieved at a p37 concentration of
480 nM. At 960 nM p37, no additional acceleration occurred. Based on an available
crystal structure of p97:p37 and SPI, it is assumed that only one p37 molecule binds
per p97 hexamer (van den Boom et al., 2023). It can therefore be hypothesized that
the higher concentration of p37 needed for maximal reaction speeds, relative to p97,
is due to a high Ko between p97 and p37. 480 nM p37 were used in further FRET

experiments.
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Figure 2.4: Titration of all assay components to determine optimal assay conditions. a) FRET time course
measurements of SPI disassembly reactions containing p37 (4 uM), SDS22:PP1¢%ve:|3 (160 nM), and NIPP1TAMRA
(480 nM) with indicated concentrations of p97. Shown are normalized ratios of acceptor and donor fluorescence.
Ap37, p37 was omitted. b) FRET time course measurements of SPI disassembly reactions containing p97 (160 nM),
SDS22:PP1Clver:|3 (160 nM), and NIPP1TAMRA (480 nM) at indicated time points after addition of ATP (2 mM) with
indicated concentrations of p37. Shown are normalized ratios of acceptor and donor fluorescence. ¢) FRET time
course measurements of SPl| disassembly reactions containing p97 (160 nM), p37 (480 nM), and
SDS22:PP1Clver|3 (160 nM) with indicated concentrations of NIPP1TAMRA Shown is the normalized donor
fluorescence (Clover). Ap37, p37 was omitted. d) FRET time course measurements of SP| disassembly reactions
containing p97 (20 nM), p37 (480 nM), and NIPP1TAMRA (640 nM) after addition of ATP (2 mM) with indicated
concentrations of SDS22:PP1¢lover:|3, Shown is the normalized acceptor fluorescence (TAMRA). Ap37, p37 was
omitted.

In the specific case of NIPP1TAMRA" 3 concentration was selected to ensure that
additional increases of NIPP1TAMRA did not result in further quenching of Clover
fluorescence at the end of the reaction. For NIPP1TAMRA titrations, only the change in
FRET donor fluorescence was analyzed, as titrating the acceptor lead to fluorescence
increase due to higher fluorophore concentrations. The resulting change in acceptor
fluorescence, but not donor fluorescence interfered with the reliable detection of the
FRET ratio (acceptor/donor fluorescence). Reaching minimal Clover florescence
implies that under these conditions, the maximal amount of NIPP1TAMRA was bound by
PP1Clover and therefore the upper limit of SPI disassembly was reached. NIPP1TAMRA
titration reactions contained 160 nM p97 and SDS22:PP1¢love":|3, 480 nM p37 and 20-
960 nM NIPP1™MRA (Figure 2.4c). The highest plateau at the end of the reaction was
reached with a NIPP1TAMRA concentration of 240 nM, which was used for following
FRET experiments.
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The SDS22:PP1Clover:|3 titration curves were examined in a manner similar to
NIPP1TAMRA " ysing the FRET acceptor fluorescence instead of the FRET ratio. The
experiment was conducted with concentrations of 100-500 nM SDS22:PP1Clover:|3,
20 nM p97, 480 nM p37, and 640 nM NIPP1TAMRA "5 account for the increased SPI
concentration (Figure 2.4d). The maximum initial rate was already reached at 100 nM
SPI, confirming that the 160 nM SPI used as the optimal assay conditions, along with
160 nM p97, 480 nM p37, and 240 nM NIPP1, were enough for ensuring that

dissociation constants did not limit the reaction rate.

To further validate that the SPI disassembly reaction worked under the determined
optimal conditions, FRET was monitored by recording the entire emission spectrum of
Clover and TAMRA over the course of the reaction, under optimal conditions. The
recorded spectrum changed over time after addition of ATP, as the Clover fluorescence
decreased and the TAMRA fluorescence increased, as indicated for the Clover and
TAMRA emission maxima, which is representative of FRET occurring between the
fluorophores (Figure 2.5a). Secondly, it was verified that the recorded SPI
disassembly reactions were dependent on p97 activity. No AFRET signal could be
observed in the absence of ATP, resembling SPI reactions containing all components
except p37. Likewise, the addition of the competitive p97 inhibitor CB-5083 before the
start of the reaction lead the absence of FRET development due to the lack of
interaction between PP1Clver and NIPP1™AMRA  (Figure 2.5b). Together, the
experiments confirmed that p97 catalytic activity and the adapter protein p37 are

necessary for efficient SPI disassembly.

Monitoring SPI disassembly and NIPP1 binding in a co-immunoprecipitation (ColP)
confirmed that 13 and SDS22 almost completely dissociated from PP1Clover while
NIPP1TAMRA hound PP1 stoichiometrically (Figure 2.5¢). To obtain this result, a PP1y
ColP was performed containing 160 nM SDS22:PP1¢ever:|3 160 nM p97, 480 nM p37,
240 nM NIPP1TAMRA " and 2 mM ATP. To start the reaction, ATP was added and
reactions were incubated at 30 °C. At indicated time points, 1-30 min after the start of
the incubation, reactions were stopped by adding ice cold IP buffer containing 1 %
Triton X-100. ColPs were performed with a PP1y antibody and samples were analyzed
by SDS-PAGE, followed by western-blotting and immunodetection with the indicated
antibodies.
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Figure 2.5: Validation of FRET-based assay, which monitors NIPP1TAMRA hinding to PP1Clover after SPI
disassembly. a) Fluorescence spectra of the disassembly reaction containing p97 (160 nM), p37 (4 uM),
SDS22:PP1Clver:|3 (160 nM), and NIPP1TAMRA (480 nM) at indicated time points after addition of ATP (2 mM).
Spectra were normalized to the maximum fluorescence at 0 min. Emission maxima of Clover and TAMRA are
indicated. b) FRET time course measurements of the SPI disassembly reaction and NIPP1 binding, containing p97
(160 nM), p37 (480 uM), SDS22:PP1Clver:|3 (160 nM), NIPP1TAMRA (240 nM) , and ATP (2 mM), as indicated in the
presence of p97 inhibitor CB-5083 (10 uM), or absence of ATP (AATP) or p37 (Ap37). Measurements were
conducted at 30 °C. Shown are the means of the normalized ratios of acceptor and donor fluorescence + SD, n=3.
c) Co-immunoprecipitation time course experiment of the SPI disassembly reaction, after addition of ATP. Reactions
contained p97 (160 nM), p37 (480 uM), SDS22:PP1¢%ver:|3 (160 nM), NIPP1TAMRA (240 nM) , and ATP (2 mM) as
indicated. PP1C¢°ver was immuno-isolated at specified time points and associated proteins detected by Western blot
analysis with indicated antibodies.

Analysis of western blot signals revealed that PP1¢"ver was pulled down equally in all
ColP samples. Further, no unspecific binding could be detected in the IgG control,
confirming that the changes in signals observed for the PP1 interaction partners
correspond to a direct or indirect change in PP1 association, rather than unspecific
binding or technical errors. Over the course of the reaction, both SDS22 and I3 signals
became weaker, indicating that the proteins were no longer bound to PP1. The majority
of the complex was disassembled after 10 min. Similarly, p97 and p37 signals
decrease over the course of the reaction as the SPI components are released after
complex disassembly. NIPP1TAMRA hinding to PP1¢'°ve" increased over the progression
of the reaction, with the majority of NIPP1 bound after 10 min. The observation that
NIPP1 association reaches a maximum around 10 min after the start of the reaction is

congruent with curves recorded using the FRET-based assay monitoring NIPP1TAMRA
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binding under the same conditions (Figure 2.5b). Further, FRET labels did not interfere
with SPI disassembly and NIPP1 assembly, and determined optimal conditions for

FRET-based assays lead to efficient disassembly of SPI by p97:p37.

2.1.3 Determination of kinetic parameters of the SPI disassembly reaction

The time resolution achievable with FRET-based assays allows the determination of
kinetic reaction parameters. Commonly, initial velocity rates of an enzymatic reaction
under varying substrate concentrations have been used for the estimation of the
Michaelis-Menten constant (Kwm), defined as the amount of substrate necessary to allow
an enzyme to function at half its maximal velocity, and the catalytic constant (kcat), a
factor defining the number of substrate molecules turned over per enzyme molecule
per second. For initial velocity rate determination of Ku and keat, it is necessary to
record a reaction during its linear range, meaning below saturating conditions with low
enzyme and substrate concentrations. As evident from the SDS22:PP1¢'over:|3 titration
curves discussed before, the FRET detection limit allowed the detection of curves only
in the mid to low nanomolar substrate concentration range (Figure 2.4d). Additionally,
the initial velocity rates were only linear for the first few data point, which did not allow

accurate assessment of enzymatic parameters.

To overcome the limitation of using initial velocity rates, we employed a previously
described analysis of progress curves to determine Ku and kcat. Progress curve
analysis was done through computational analysis instead of a linear transform of initial
velocity rates, leading to more unbiased results (Choi et al., 2017). For computational
analysis of progress curves, as is also common for Michaelis-Menten equation-based
evaluation, quasi-steady-state conditions are assumed. In an enzymatic reaction,
substrates bind to an enzyme to form enzyme-substrate complexes, which then
undergo sterical or chemical transformations to yield products. The Quasi-Steady-
State Approximation (QSSA) assumes that the concentration of the enzyme-substrate
complex changes rapidly at the beginning of the reaction and quickly reaches a quasi-
steady state. Hence, the rate of change of the concentration of the intermediate
becomes negligible, simplifying the equation that describes the system. The Total
Quasi-Steady-State Approximation (tQSSA or tQ model) extends the QSSA to more
complex enzymatic reactions with several possible intermediate states. Providing two
reaction curves with different enzyme and substrate concentrations as input for the

computational analysis proves to yield a more accurate representation of complex
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enzyme kinetics than the standard QSSA, across a wide range of substrate and

enzyme concentrations (Choi et al., 2017).

In this study, the tQ model was used to assess SPI disassembly kinetics. Additionally,
an indirect detection of SPI disassembly by p97:p37 was employed, monitoring the
binding of the alternative PP1 interaction partner NIPP1, instead of labeling either
SDS22 or 13 directly. Labeling NIPP1 had the advantage that only one of the FRET
fluorophores had to be used at low concentrations, which increased FRET-sensitivity.
For one analysis, two distinct data sets were obtained under different experimental
conditions. The first data set was generated with low concentrations of total enzyme
(ET) and substrate (ST) relative to the assumed Michaelis-Menten constant (Kw),
denoted as ET « Km and ST « Km. The second data set was acquired under conditions
where the substrate concentration exceeded the expected Kum, or ST > Kwm.
Specifically, input curves for kinetics measured at 30 °C contained 40 nM
SDS22:PP1Clver:|3 20 nM p97, 480 nM p37, and 240 nM NIPP1TAMRAfor ET « Km and
ST « Kwm, or 1150 nM SDS22:PP1¢ve:|3, 80 nM p97, 480 nM p37, and 9 uM
NIPP1TAMRA “for ST > Kwu conditions, respectively. Reactions were started with 2 mM
ATP and incubated at 30 °C for 35 min (Figure 2.6a, panel 1). With the two condition,
SPI disassembly and NIPP1-PP1 binding could be observed under contrasting

circumstances, yielding curves that provided the input for further analysis.

Using RStudio and the EKMCMC script provided by Choi et al., the two input curves
served as the experimental data to simultaneously determine both kcat and Ku. The
script uses Bayesian inference as a method to determine output data. Bayesian
statistics involves updating probability distributions based on new data, allowing for the
incorporation of prior knowledge and continuous refinement of parameter estimates.
Including new data and prior knowledge required that the input for analysis contained
both, the two recorded input curves, as well as a rough guess of possible values for
Km and kcat based on knowledge derived from the titration experiments (Figure 2.4).
For analysis of the input curves recorded at 30 °C, the initial values for Km = 80 nM,
and kecat = 1 min' were used as estimations. The number of repeats of the Bayesian
inference calculations for refinement was set at 100,000. The analysis yielded a
distribution of 100,000 probable combinations of Km and kcat (Figure 2.6a, panel 2). A
quality control for the output data points created by the EKMCMC script is a visual

analysis of the scatter plot. The plots should yield distributions which are not strictly
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horizontal or vertical, as this would indicate that the input curves did not contain enough
information to accurately determine one of the kinetic parameters. The values
determined for the input curves recorded at 30 °C formed a diagonal distribution,
suggesting that the input data met the requirements for accurate estimation of both

kinetic parameters.
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Figure 2.6: Determination of kinetic parameters of NIPP1 binding to PP1 upon SPI disassembly.
a) Determination of kinetic parameters for SDS22:PP1Cove:|3 disassembly followed by NIPP1TAMRA ggggciation at
30 °C, by employing a Bayesian approach-based analysis of progress curves and considering low and high
substrate (SPI) concentrations. The upper panel displays FRET input data of reactions containing p97 (low conc.:
20 nM; high conc.: 80 nM), SDS22:PP1¢%ver:|3 (low conc.: 40 nM; high conc.: 1150 nM), p37 (480 nM), NIPP1TAMRA
(low conc.: 240 nM; high conc.: 9 uM) and ATP (2 mM). The lower panel presents the output of the kinetics analysis,
with a 2D-kernel plot illustrating the point density function of 100,000 calculated combinations of probable Km and
keat values. Geometric means (solid lines) and geometric standard deviations (dashed lines) for Km and kcat are
shown. b) Determination of kinetic parameters as in a) at 37 °C. Reactions contained p97 (low conc.: 20 nM; high
conc.: 80 nM), SDS22:PP1Cver:|3 (low conc.: 60 nM; high conc.: 1150 nM), p37 (480 nM), NIPP1TAMRA (Jow conc.:
240 nM; high conc.: 2.5 yM) and ATP (2 mM).

To estimate the kinetic parameters, the probability distribution was presented as a 2D-
kernel plot and geometric means and standard deviations for all Km and kecat values
were calculated. For lognormal distributions, as presented here, the geometric mean
provides a more accurate estimation than the arithmetic mean. The geometric mean
of the Km describing the SPI disassembly reaction at 30 °C, was 114 *+ 1.31. The Kcat
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determined under the same conditions was 0.97 min' *+ 1.17 (Figure 2.6a). In
conclusion, a concentration of 114 nM SDS22:PP1¢love:|3 |ead to the reaction speed
of half the maximal velocity where ~1 SPI molecule per p97 molecule per minute was

catalyzed.

The same experiment was repeated at 37 °C, a temperature that more closely
corresponds to the conditions under which protein catalysis would occur in human
cells. Input curves measured at 37 °C contained 60 nM or 1150 nM SDS22:PP1Clover:|3,
20 nM or 80 nM p97, 480 nM p37, and 240 nM or 2.5 uM NIPP1TAMRA Reactions were
started by the addition of 2 mM ATP and recorded over 35 min. The initial values used
as input for Bayesian inference were Ky = 300 nM and kcat = 2.5 s'. The calculations
yielded a diagonal scatter plot with 100,000 probable combinations of Km and keat. The
geometric means and standard deviation of the kinetic parameters of the SPI
disassembly reaction, indirectly measured through NIPP1 binding, were Km = 342 *+
1.37 nM, and keat = 2.70 *+ 1.25 min™, indicating that the reaction reached half its
maximal velocity at 342 nM SPI and ~2.7 SPI molecules per p97 molecule per minute

were catalyzed under these conditions (Figure 2.6b).

2.2 Characterization of SDS22 and I3 interplay during SPl complex

disassembly

SDS22 and I3 are ancient interactors of PP1. Both proteins have been shown to inhibit
PP1 individually (Dinischiotu et al., 1997; Garcia-Gimeno et al., 2003). At the same
time, both are necessary for cellular functions of PP1 like the chromosome segregation
during mitosis (Eiteneuer et al., 2014). The SPI complex is recognized by p97:p37,
followed by the energy-dependent translocation of I3 through the p97 central pore. The
process also leads to the dissociation of SDS22 and PP1 (Weith et al., 2018). It is so
far unclear what the purpose of the SPI complex is in cells and why both proteins are
necessary for PP1 regulation. To approach these questions, FRET-based assays,
tracking the dissociation of SDS22 and 13 from PP1 directly, were established. To
achieve this, SPI complexes with two fluorescent labels, PP1Clver and either
TAMRASDS22 or I3TAMRA were created. Resulting assays were used to address how the
disassembly of SDS22 and 13 is coupled and whether both are necessary for efficient
SPI disassembly by p97:p37.
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2.2.1 Establishing FRET-based assays to monitor SDS22 and I3 interactions
with PP1

Creating FRET substrates for monitoring the dissociation of SDS22 and I3 from PP1
directly was done in a similar manner as described before. PP1 was C-terminally
attached to the fluorescent protein Clover. A published crystal structure of the SPI
complex shows that the PP1 C-terminus is sterically close to the SDS22 N-terminus
and the I3 C-terminus (Choy et al., 2024) (Figure 2.7a). The exact locations of N- or
C-terminal amino acids were not resolved, due to high flexibility of these regions.

Emphasized is also the RVXF interaction motif in I3, which binds to PP1.
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Figure 2.7: Creating FRET substrates with two fluorescently labeled SPI components. a) Available x-ray
crystal structure of the SDS22:PP1:13 complex (pdb: 8U5G) with the resolved residues SDS2279.360 (blue), PP1az-
300 (gray), and Inhibitor-3s7.60 (yellow). Highlighted are amino acids resolved around the protein termini. Specifically,
the PP1 C-terminal aspartate (green) as well as the SDS22 N-terminal glutamate and the I3 C-terminal cysteine
(pink). Highlighted is also the Fe?* ion bound in the PP1 active site (red) and the RVXF motif of 13 (teal).
b) Coomassie-stained protein gel visualizing the purified SDS22:PP1Clover;|3TAMRA complex after Strep affinity and
size exclusion chromatography. Clover was recombinantly attached to the PP1 C-terminus and [3-labeled with
TAMRA at its C-terminus with Sortase A. c¢) Coomassie-stained protein gel visualizing the purified
TAMRASDS22:PP1Clever:|3 complex after Strep affinity and size exclusion chromatography. Clover was recombinantly
attached to the PP1 C-terminus and SDS22 labeled with TAMRA at its N-terminus with Sortase A.

A requirement for FRET is the proximity of FRET partners. As the distance between
the donor and acceptor molecules increases, the efficiency of FRET decays, following
a sixth-power dependence on the separation distance. For that reason, the TAMRA
label was attached to the C-terminus of I3-LPETGGG as described for NIPP1TAMRA
through a Sortase A-dependent reaction (Figure 2.1a). Similarly, the SDS22 N-
terminus was labeled by using a peptide containing the TAMRA dye followed by a strep

tag and the sortase recognition amino acid sequence LPETGGG. SDS22 itself was
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expressed with the N-terminal amino acid tag GGG, necessary for binding the
Sortase A active site and subsequent covalent attachment to the TAMRA-Strep-
LPETGGG peptide.

The SPI complexes with PP1¢°ve" and sortase tags on SDS22 or |13 were co-expressed
and purified from insect cells. 13 was additionally N-terminally tagged with a His-tag for
Ni-NTA-affinity chromatography. Insect cell lysates were filtered and subjected to Ni-
NTA and size-exclusion chromatography. After successful purification the protein
complexes were labeled with TAMRA through incubation with Sortase A and the
respective TAMRA-strep peptide. After labeling, the complexes were further purified
by Strep-affinity chromatography to remove unlabeled SPI. Strep-affinity purification
was followed by another size-exclusion chromatography to separate the labeled SPI
complex from free remaining TAMRA-Strep peptide. SDS-PAGE analysis of
SDS22:Pp1Clover;|3TAMRA ghowed an upward shift of I3 from 25 kDa to ~27 after
conjugation to the TAMRA-Strep peptide (Figure 2.7b). The second complex
TAMRASDS22:PP1Clover: |3 showed a shift of the SDS22 band from ~42 kDa to just below
55 kDa, indicating successful labeling (Figure 2.7c). Both purified protein complexes
were largely free of lysate contamination and were used for FRET-based assays to

explore how the disassembly of SDS22 and I3 is coupled.

Resembling the FRET-based assay designed for observing the interaction between
PP1Clover and NIPP1TAMRA after SPI disassembly, the SDS22 and 13-labeled FRET
substrates serve to track the occurrence of FRET over the course of the SPI
disassembly reaction catalyzed by p97:p37. The disassembly of the SPI complex and
binding of NIPP1TAMRA |eads to an increase of FRET over the course of the reaction.
Conversely, SPI complexes, which initially have the FRET labels in close proximity,
exhibit a maximal FRET signal at the start. Clover at the PP1 C-terminus and TAMRA
at the I3 C-terminus in the SDS22:PP1Clover:|3TAMRA complex interact to create FRET.
The fluorescently labeled SPI complex is recognized and disassembled by p97:p37
leading to SDS22 and I3 dissociation and making PP1 available to bind other
interaction partners. Adding NIPP1 in surplus to the reaction serves to bind PP1Clover
after the disassembly reaction. Upon binding of NIPP1, I3TAMRA is no longer able to
interact with PP1¢'over and the FRET signal decays over the course of the reaction
(Figure 2.8a).
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Figure 2.8: Two different FRET assays monitoring the disassembly of either SDS22 or I3 from PP1 through
p97:p37. a) A schematic illustrating a FRET-based disassembly assay. PP1 is linked to the fluorescent protein
Clover and purified in complex with SDS22 and I3. Additionally, 13 is conjugated to the fluorescent dye TAMRA.
Following the disassembly of I3 and SDS22 from PP1, facilitated by p97:p37, PP1 can associate with NIPP1,
leading to FRET decay. b) Fluorescence spectra of the disassembly reaction containing p97 (160 nM), p37
(480 puM), SDS22:PP1Clover;|3TAMRA (160 nM), and NIPP1 (240 nM) at indicated time points after addition of ATP
(2 mM). Spectra were normalized to the maximum fluorescence at 0 min. Emission maxima of Clover and TAMRA
are indicated. c) As in a), but with TAMRASDS22:PP1Clover:|3, d) Fluorescence spectra of the disassembly reaction
containing p97 (160 nM), p37 (480 uM), TAMRASDS22:PP1Clover:|3 (160 nM), and NIPP1 (240 nM) at indicated time
points after addition of ATP (2 mM). Spectra were normalized to the maximum fluorescence at 0 min. Emission
maxima of Clover and TAMRA are indicated.

FRET decay during SPI disassembly can be observed by tracking the reaction through
a fluorescence spectrum covering the Clover and TAMRA emission wavelengths. Two
spectra of catalyzed SDS22:PP1Clover:|3TAMRA disassembly were recorded. One at the
start (0 min) and one at the end of the reaction (20 min) (Figure 2.8b). Excitation of
Clover was performed at 475 nm. The peak around the Clover emission maximum at
518 nm shifted to a higher intensity throughout the reaction, while the fluorescence
around the TAMRA emission maximum at 580 nm decreased. The observed spectral
fluorescence change signifies a reduction in FRET, since the FRET donor Clover
increased in fluorescence, and the fluorescence of FRET acceptor TAMRA weakened,
while excitation occurred steadily at 475 nm. The experimental data show that the
decrease in FRET, and therefore dissociation of I3™AMRA from PP1Cover could be
successfully followed under these conditions. Similarly, labeling of SDS22 with TAMRA
and co-expression with 13 and PP1¢°ver s designed to show the full FRET signal at the

beginning of the SPI disassembly reaction. Throughout the course of the disassembly
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reaction of "TAMRAGDS22:PP1Clover:|3 by p97:p37, in the presence of NIPP1, SDS22
dissociated from PP1 leading to a decrease in FRET (Figure 2.8c). The spectra
recorded at the beginning and end of the reaction showed an increase in Clover
fluorescence and a reduction in TAMRA fluorescence, indicating FRET decay over the
course of the reaction (Figure 2.8d). Developing assays to independently monitor the
interactions of both SDS22 and 13 with PP1 enables a more nuanced exploration of
their distinct behaviors during the disassembly reaction. Tracking the binding dynamics
of both proteins allows the identification of differences and similarities, offering insights

into potential interconnections governing their disassembly processes.

2.2.2 Validation of FRET-based assay conditions monitoring SDS22 and I3
interactions with PP1

With the aim of verifying the assay conditions, during which none of the protein
components act as rate-limiting factors, titrations were conducted similarly to the FRET
assay for monitoring NIPP1TAMRA gnd PP1Clover hinding. Notably, FRET time-course
measurements to monitor SDS22:PP1Clover:|3TAMRA disassembly reactions with varying
concentrations of p97 showed that the maximal reaction speed was reached at a
concentration of 80 nM p97 and above, in reactions containing 160 nM SPI (Figure
29a). The same could be observed for the p97 titration experiment with
TAMRASDS22:PP1Clover:|3 (Figure 2.9b). In following experiments, 160 nM p97 and
160 nM of SPI variants were used, to stay consistent with conditions previously

determined with the NIPP1TAMRA binding assay.

Titrations of the adapter protein p37 were conducted from 0-960 nM p37.
SDS22:Pp1Clover:|3TAMRA gnd all other SPI disassembly components were present in
previously determined optimal concentrations (Figure 2.9c). Omitting the adapter
resulted in no change in FRET over the course of the reaction. In line with previous
experiments, the stable FRET signal indicates that the SDS22:PP1Clover;|3TAMRA
complex did not undergo disassembly under these conditions. The maximal reaction
velocity and plateau was reached at a concentration of 240 nM p37 and above. The
same could be observed for disassembly reactions performed with
TAMRASDS22:PP1Clover: |3 at otherwise identical conditions (Figure 2.9d). A
concentration of 480 nM p37 was used in following experiments, to remain consistent

with previous conditions.
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Figure 2.9: Titrations of FRET-based assay components for monitoring the disassembly of SDS22 and 13
from PP1 through p97:p37. a) FRET time course measurements of SPI disassembly reactions containing p37
(4 uM), SDS22:PP1Clover:|3TAMRA (160 nM), NIPP1 (480 nM) and ATP (2 mM), with indicated concentrations of p97.
Shown are normalized ratios of acceptor and donor fluorescence. Ap37, p37 was omitted. b) As in a) but with
TAMRAGDS22:PP1Clover:|3, ¢) FRET time course measurements of SPI disassembly reactions containing p97
(160 nM), SDS22:PP1Clover;|3TAMRA (160 nM), NIPP1 (480 nM) and ATP (2 mM), with indicated concentrations of
p37. Shown are normalized ratios of acceptor and donor fluorescence. d) As in c) but with TAMRASDS22: PP Clover,
e) FRET time course measurements of SPI disassembly reactions containing p97 (160 nM) p37 (480 unM),
SDS22:Pp1Clover: | 3TAMRA (160 nM), and ATP (2 mM), with indicated concentrations of NIPP1. Shown are normalized
ratios of acceptor and donor fluorescence. Ap37, p37 was omitted. f) As in e) but with TAMRASDS22: PP Clover

NIPP1 titrations were performed with 0-960 nM NIPP1. For SDS22:PP1Clover:|3TAMRA
complex disassembly the control curve excluding NIPP1 demonstrated that
disassembly of I3TAMRA from PP1Clever could still be observed without the presence of
an alternative binding partner (Figure 2.9¢). With increasing concentrations of NIPP1,
the amount of I3™MRA dissociation increased as well, up to 960 nM NIPP1. The
continued I3 dissociation could mean, that even at high NIPP1 concentrations, 13 is not
fully disassembled from PP1. Together with the fact that we can observe net I3

disassembly without the addition of NIPP1 suggests that the SPI complex can re-form
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after disassembly by p97:p37. In that case, the plateau at the end of the reaction shows
the equilibrium that the reaction reached between I3 and NIPP1 binding under the

respective conditions.

I3 and NIPP1 share the RVXF PP1-interaction motif. Therefore, both interaction
partners cannot bind at the same time. SDS22 binds PP1 at a different location,
however the disassembly reaction containing the SDS22 TAMRA-labeled complex
TAMRAGDS22:PP1Clever:|3 showed a similar disassembly pattern as the equivalent 13-
labled version, under varying concentrations of NIPP1 (Figure 2.9f). "AMRASDS22 was
disassembled from PP1cver in the control experiment which omitted NIPP1. Addition
of increasing concentrations of NIPP1 lead to further dissociation of TAMRASDS22,
implying that NIPP1 displaces SDS22 in a concentration-dependent manner. However,
the increased dissociation of SDS22 with increasing NIPP1 concentrations could
indicate either a direct displacement through an overlapping binding site other than
RVXF, or that 13 dissociation triggers SDS22 to also dissociate from PP1. Similar to 13,
the NIPP1 titration suggests that SDS22 dissociates during SPI disassembly and can
re-associate, resulting in an equilibrium dependent on respective assay conditions. A
concentration of 240 nM NIPP1 was employed in further FRET-based assays

monitoring I3TAMRA gnd TAMRASDS22 disassembly from PP 1Clover,

Titrations with SPI were not performed, because decreasing FRET label
concentrations lead to a loss of signal. Both double labeled SPI complexes were
efficiently disassembled by p97:p37 under conditions previously determined for
NIPP1TAMRA gssociation, confirming that FRET labels on 13 and SDS22 in combination
with PP1¢ver did not disturb SPI recognition and disassembly. Additionally, the optimal

conditions for NIPP1TAMRA gssay were confirmed to lead to maximal reaction rates.

To investigate how much of the SPI complex is disassembled under the previously
determined protein concentrations, double labeled SPI FRET substrates were created
containing a TEV-protease cleavage site between the TAMRA label and SDS22 or |3.
TEV-protease cleaves proteins at a specific TEV-protease cleavage sequence (TEVc).
Upon incubation of TEV-protease with the TEVc-containing protein complexes, the
TAMRA fluorophore undergoes cleavage from the SPI complex, causing a full loss of
the FRET signal. Through the TEV-protease assay, true upper and lower FRET levels
could be determined. The Ap37 curves correspond to the maximal FRET level where
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SPI is fully assembled, while the TEV-protease treated reactions represent the lowest

level of FRET, where no Clover and TAMRA are in proximity.
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Figure 2.10: TEV-protease experiments with TEVc-FRET substrates to determine full SPI disassembly
levels. a) FRET time course measurements of SPI disassembly reactions with 300 uM TEV-protease (TEV) added
after 30 min. Full reactions contained p97 (160 nM), p37 (480 nM), SDS22: PP Clover;|3TEVe-TAMRA (160 nM) containing
a TEV-protease cleavage site (TEVc) between 13 and TAMRA, NIPP1 (480 nM) and ATP (2 mM). Shown are
normalized ratios of acceptor and donor fluorescence of representatives of 3 independent experiments. Ap37, p37
was omitted. b) as in a) except reactions contained TAMRA-TEVeSDS22:PP1Clover:|3 (160 nM) including a TEV-protease
cleavage site (TEVc) between TAMRA and SDS22.

For analysis of the complexes containing TEV-cleavage sites, SDS22:PP1Clover:|3TEVe-
TAMRA was incubated with p97, p37, and NIPP1. Following the addition of ATP, a
reduction in FRET over the next 30 min could be observed as expected, signifying the
disassembly of the SPI complex with I3TEVe-TAMRA dissociating from PP1Cver (Figure
2.10a, green curve). After 30 min, 300 uM TEV-protease was added to the reaction
(blue curve). After addition of TEV-protease, the FRET signal showed a further decline
of ~5-10 %. The same lower level of FRET could be observed for a reaction where p37
was omitted and TEV-protease added after 30 min (red curve). Further reduction of
the FRET signal between PP1¢lover and I3TAMRA indicates that under optimal assay
conditions 13 is 90-95 % dissociated. The remaining 5-10 % percent could be due to I3

re-associating with PP1.

For the SDS22 TAMRA-labeled construct, equivalent experiments were performed.
Incubating TAMRA-TEVeGDS22:PP1 Clover:|3 with p97, p37 and NIPP1 lead to an expected
decay in FRET over the following 30 min (Figure 2.10b, green curve). Adding TEV-
protease after 30 min lead to a further FRET decrease of ~20-25 % (blue curve). A
similar level could be observed for a reaction lacking p37, which was incubated with
the same amount of TEV-protease (red curve). Further reduction of the FRET signal
demonstrates that, at the end of the SPI disassembly reaction, 75-80 % of SDS22 is
dissociated from PP1. The lack of total dissociation could suggest that SDS22 re-
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associates with PP1 after initial disassembly. Another possibility is that 20-25 % SDS22
remain bound to PP1, which would conflict with the almost full dissociation of SDS22
from PP1 observed in ColP experiments (Figure 2.5c). The differences in total
disassembly between I3TAMRA gnd TAMRASDS22 could mean that during constant p97
activity, SDS22 binds back to PP1 more quickly than 13. SDS22 binding back more
quickly could be due to 13 getting unfolded and threaded through p97 during SPI
disassembly, whereas the dissociation mechanism of SDS22 is unknown. The ability
of I3 and SDS22 to potentially re-associate with PP1 after initial disassembly needs to

be further investigated.

2.2.3 SDS22 and I3 disassembly occurs simultaneously

While 13 is translocated through the p97 pore during SPI disassembly, SDS22
dissociation has not been characterized. Possibilities include that SDS22 is competed
off PP1 by an additional binding subunit, in this case NIPP1, that a direct interaction
between 13 and SDS22 causes a weakening of SDS22 affinity to PP1 upon I3
dissociation, or that 13 dissociation causes a conformational change in PP1, like the
loading of a metal ion, which ultimately leads to SDS22 dissociation. To further
elucidate how SDS22 and 13 disassembly from the SPI complex is coupled, all three
FRET-based assays were employed, containing one of the three FRET substrates
each, with TAMRA labels on either SDS22, 13, or NIPP1.

The previously determined optimal FRET conditions were employed for all three
different FRET-based assays to accurately determine relative dissociation and
association speeds of the individual proteins at maximum reaction velocity. To reliably
compare reaction speeds between the different assays, the reactions were recorded
in triplicate. The I3-labeled version SDS22:PP1Clover:|3TAMRA \yas incubated with all
assay components for 30 min (Figure 2.11a). Experimental data show a fast decay in
FRET, reaching a plateau at 5-10 min. Omitting the adapter p37 results in a stable
baseline representing no SPI disassembly. The SDS22-labeled version
TAMRASDS22:PP1Clover:|3 was disassembled under equivalent conditions. The curve
representing the full reaction shows a similar drop in FRET signal between 0 and
10 min, whereas the reaction excepting p37 remained at the same FRET level for the
whole reaction time (Figure 2.11b). The association of NIPP1 after SP| disassembly
was measured by tracking SDS22:PP1¢ver:|3 disassembly, followed by NIPP1TAVRA

binding. Same assay conditions as before were applied. The full reaction reached a
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plateau ~15 min after the start of the reaction, while the Ap37 curve remained at base
levels (Figure 2.11c¢). To draw further conclusions about relative dissociation and

association speeds, curves were analyzed in the same graph.
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Figure 2.11: FRET assays show simultaneous disassembly of SDS22 and 13. a) FRET time course
measurements of SPI disassembly reactions. Full reactions contained p97 (160 nM) p37 (480 pnM),
SDS22:Pp1Clover:|3TAMRA (160 nM), NIPP1 (240 nM), and ATP (2 mM). Curves were recorded at 30 °C. Shown are
the means of the normalized ratios of acceptor and donor fluorescence + SD, n=3. Ap37, p37 was omitted. b) as in
a) but with TAMRASDS22:PP1Clover:|3, ¢) as in a) but with SDS22:PP1Cover:|3 and NIPP1TAMRA d) Reactions from a),
b) and c) overlaid. Note separate y-axis for NIPP1TAMRA flyorescence. e) Overlay of FRET time course
measurements of SPI disassembly reactions with the TAMRA fluorophore attached to either 13 or SDS22. Reactions
contained p37 (4 uM), SDS22:PP1Clover;|3TAMRA (160 nM) or TAMRASDS22:PP1Clover:|3 (160 nM), NIPP1 (240 nM),
and ATP (2 mM), with indicated concentrations of p97. Shown are normalized ratios of acceptor and donor
fluorescence. Ap37, p37 was omitted.

An overlay of all three reactions, with an inverted curve of NIPP1, reveals that SDS22
and |13 dissociated from PP1 at the same time. The alternative PP1 binding partner
NIPP1 then associated with PP1 with a slight delay, indicating that SDS22 is not
displaced by NIPP1, but dissociates in reaction to I3 dissociation (Figure 2.11d). To
verify the observation that SDS22 and I3 disassembly is coupled, a p97 titration
experiment was performed and overlain graphs created for both
SDS22:Pp1Clover:;|3TAMRA gnd TAMRAGDS22:PP1Clover:|3. To obtain data with varying
amounts of p97, concentrations of p97 were varied between 10-80 nM, while all other
assay conditions remained constant. The experiments revealed that at all four different

p97 concentration, and therefore different reactions velocities, ""MRASDS22 and
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I3TAMRA and SDS22:PP1Clover:|3TAMRA cyrves show the same decrease in FRET over
time, confirming that both SPlI components disassemble simultaneously (Figure
2.11e).

2.2.4 SDS22 and I3 are both necessary for efficient SPI disassembly

I3 is the direct substrate of p97-mediated unfolding, while SDS22 binds a p97 N-
terminal domain and therefore likely contributes to SPI complex recognition by p97:p37
(van den Boom et al., 2023; Weith et al., 2018). To explore whether both proteins are
necessary for recognition and disassembly of the SPI complex, FRET substrate
complexes lacking either 13 or SDS22 were created. Additionally, rescue experiments

with individually purified 13 or SDS22 were performed.
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Figure 2.12: SDS22 and I3 are both necessary for efficient SPI disassembly by p97:p37. a) FRET time course
measurements of the TAMRASDS22: PP 1Clover complex (SP) incubated with p97:p37. The full TAMRASDS22: PP 1Clover:|3
complex (SPI) served as a control. Reactions contained p97 (160 nM), p37 (480 nM), TAMRASDS22:ppP1Clover
(160 nM) or TAMRASDS22: PP 1Cver:|3 (160 nM), NIPP1 (240 nM), and ATP (2 mM). Curves were recorded at 30 °C.
Shown are the representative normalized ratios of acceptor and donor fluorescence of 3 independent experiments.
Ap37, p37 was omitted. b) FRET time course measurements of the PP1Clover:|3TAMRA complex (PI) incubated with
p97:p37 and individually purified SDS22. The full SDS22:PP1Clever:|3TAMRA complex (SPI) served as a control.
Reactions contained p97 (160 nM), p37 (480 nM), PP1Clover:|3TAMRA (160 nM) or SDS22:PP1{Clover:|3TAMRA (160 nM),
NIPP1 (240 nM), and ATP (2 mM). Curves were recorded at 30 °C. Shown are the representative normalized ratios
of acceptor and donor fluorescence of 3 independent experiments. Ap37, p37 was omitted.

TAMRASDS22:PP1Clover (SP) was incubated with p97, p37, NIPP1 and ATP to discover
whether the SP complex without 13 is a substrate for p97. Similar to a control lacking
p37, no decrease in FRET could be detected over 60 min for the full reaction containing
SP (Figure 2.11a, blue curve). The steady FRET signal suggests that SP alone cannot
be disassembled by p97:p37, and 13 is necessary for efficient SPI disassembly. To
mitigate the effect of I3 missing from the SP complex, 13 expressed individually in insect

cells was incubated with SP for 2 hours before the start of the reaction. Compared with
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a control containing the full co-purified TAMRASDS22:PP1¢lever:|3 complex, only a small
decrease in FRET over the course of the reaction could be detected with SP + 13
(yellow curve). The decrease indicates that adding I3 to the SP complex, in the
presence of p97:p37 and NIPP1, leads to a small amount of SDS22 disassembly.
However, the full disassembly rate of the co-purified SPI complex could not be rescued.
I3 is an intrinsically disordered protein, which only folds into a secondary structure by
binding to PP1. It is possible that the isolated expression and purification of I3 produced
a protein unable to properly fold and bind PP1. It is also possible that SPI complex
formation requires the aid of eukaryotic chaperones, present in insect cell lysate, but

not the in vitro disassembly assays.

Corresponding to the SP disassembly assay, co-purified PP1Clover:|3TAMRA (P[) complex
lacking SDS22 was subjected to disassembly by p97:p37. The reaction started with
FRET labels of I3 and PP1 in close vicinity. Over the course of a reaction containing
Pl, p97, p37, NIPP1 and ATP, the FRET signal decreased slowly, compared with a
reaction containing the full SPI complex (Figure 2.11b, yellow curve). The decrease in
FRET of the curve containing the Pl reaction indicates that Pl is a substrate for
p97:p37, however the efficiency of disassembly with the complex devoid of SDS22 is
greatly diminished. Adding individually expressed SDS22 purified from insect cells to
the Pl disassembly reaction resulted in an increase in reaction speed of >50 %
compared to the PI reaction (blue curve). The increase suggests that SDS22 aids in
SPI disassembly, possibly through the interaction between SDS22 and p97. The full
reaction speed of the co-purified SPI complex could not be reached through the
addition of SDS22, once again indicating that SPI folds differently in cells than in vitro.
Combined, the SP and PI disassembly assays show that I3 is strictly necessary for SPI
disassembly in vitro, and both SDS22 and |3 are necessary for efficient SPI
disassembly, suggesting that the full SPI complex is likely the relevant substrate of p97

in cells.

2.2.5 SDS22 and PP1 interaction is improved by the presence of 13

Through FRET-based assays performed with SP and Pl complexes, it was observed
that by adding the missing SPI component, disassembly speeds increased (Figure
2.12). To explore whether the enhanced velocities were partially due to the SPI
complex forming more stably with all components present, an association experiment

with PP1Clover gnd TAMRASDS22 was conducted. PP1Clover gnd TAMRASDS22 were
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expressed independently in bacterial and insect cells, respectively, and mixed with

varying concentrations of 13 and SDS22.

PP1 and SDS22 association £ I3

ratio to PP1¢'°over

— 1:2 SDS22+13
— 1:1.5 SDS22 + I3
1.1 SDS22 +13

1:2 SDS22

PP1Ciover only

T T
0 20 40 60
Time (min)

Figure 2.13: Association experiment with PP1 and SDS22 in the presence or absence of I3. FRET time course
measurements of the association of individually purified PP1Clver and TAMRASDS22 in the presence and absence of
I3. Reactions contained PP1C%ver (500 nM), TAMRASDS22 (500-1000 nM), and I3 (500-1000 nM). Indicated are the
ratios of SDS22 and I3 to PP1 that are contained in the respective reaction. Curves were recorded at 30 °C. Shown
are the normalized ratios of acceptor and donor fluorescence.

To conduct the association experiment, TAMRASDS22 was added to PP1Clover gt g ratio
of 1:2. Compared to a control curve recorded with only PP1¢°¥er an increase in FRET
is observable over a time course of 60 min, indicating association of SDS22 and PP1.
(Figure 2.13, blue curve). To test whether SDS22 binding to PP1 increases in the
presence of I3, a titration experiment was performed. ™MRASDS22 and 13 were
introduced at varying concentrations into a sample containing only PP1¢°ver. Data
analysis revealed that adding ""/MRASDS22 and 13 to PP1C°ver (ratio 1:1), resulted in an
increase in FRET compared to the control containing only PP1¢°ve" and TAMRASDS22
(ratio 1:2). The FRET increase signifies that more SDS22 associated with PP1 in the
presence of I3 even at a lower concentration of SDS22. Increasing concentrations of
SDS22 and 13 in relation to PP1 resulted in further FRET increase. At a ratio of 1:2, of
SDS22 and I3 to PP1, the FRET signal increased by ~50 % compared with the control
containing the same protein concentrations, but lacking 13. Increased FRET in the
presence of I3 suggests a cooperative binding of SDS22 and 13, where 13 aids the
association of SDS22 to PP1.

For technical reasons the same experiment was not conducted with TAMRA-labeled
I3, because the individually purified protein was not stable enough in liquid buffer

solution to be subjected to Sortase A catalyzed labeling at 30 °C for 2 h. Consequently,
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it is uncertain whether the improvement in association between I3 and PP1 occurs

similarly in the presence of SDS22, as in the reverse situation.

2.3 Exploring SPI complex reassembly and stability

The PP1 catalytic subunit (PP1) is largely indiscriminate and highly reactive towards
various phosphorylated substrates (Bertolotti, 2018; Pinna & Donella-Deana, 1994).
Since SDS22 and 13 bind PP1 during PP1 biosynthesis, it could be suggested that the
SPI complex forms to keep PP1 stable and inactive during translation and after PP1 is
released from the ribosome. Another possibility is that the SPI complex also forms in
between cycles of p97:p37 mediated disassembly, to ensure PP1 sequestration and
therefore limit excess dephosphorylation in the cell, or even regulate PP1 holoenzyme
exchange. The FRET assays monitoring binding of SDS22 and 13 to PP1 were used
to investigate if SPI reassembles in the absence of p97 activity, to observe
displacement of other PP1-binding subunits by SDS22 and 13, as well as to analyze

SPI complex stability in presence of a PP1-binding competitor.

2.3.1 The SPI complex reassembles upon inhibition of p97 activity

Previous experiments showed that p97:p37 mediated SPI disassembly did not lead to
full dissociation of SDS22 or 13 from PP1. Specifically, increasing NIPP1
concentrations lead to further disassembly of the SPI complex, suggesting that the
plateau at the end of the reaction represents an equilibrium state between NIPP1
binding and SDS22 and I3 re-association. (Figure 2.9). Additionally, employing TEV-
protease cleavage of the TAMRA fluorophore on SDS22 and I3, and conditions at
which maximal reaction velocities were reached, demonstrated that SDS22 and 13 are
not fully disassembled from PP1 at the end of the reaction (Figure 2.10). Both findings
hint at the SPI complex re-forming after initial disassembly by p97:p37. Applying a
more direct approach to test this hypothesis, a FRET-based assay was set up where
p97 activity was inhibited at the end of the SPI disassembly reaction. Incubation of SPI,
p97, p37 and NIPP1 leads to SDS22 and I3 dissociation from PP1 and NIPP1 binding.
After the conclusion of the disassembly reaction, the small molecule p97-inhibitor CB-
5083 is added to the reaction. p97 inhibition causes SPI disassembly to halt. If the SPI
complex can reassemble after initial disassembly, this should result in the development
of a FRET signal signifying reassembly of the SPI complex under dissociation of NIPP1
(Figure 2.14a).
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Figure 2.14: SPI reassembles upon p97 inhibition, after initial disassembly by p97:p37. a) Schematic
illustration of the SPI disassembly and reassembly reaction. Following the disassembly of 13 and SDS22 from PP1,
facilitated by p97:p37, PP1 can associate with NIPP1. Upon inhibition of p97 through the small molecule inhibitor
CB-5083, SDS22 and I3 displace NIPP1. Representation of FRET labels was omitted. b) FRET time course
measurements of SPI disassembly and reassembly reactions. After 10 min of disassembly CB-5083 (10 uM) or
DMSO as a control were added to the indicated reactions. Full reactions contained p97 (160 nM) p37 (480 unM),
TAMRASDS22:PP1Clover:|3 (160 nM) or SDS22:PP1Clover;|3TAMRA (160 nM), NIPP1 (240 nM) and ATP (2 mM). Shown
are the representative normalized ratios of acceptor and donor fluorescence of 3 independent experiments. Ap37,
p37 was omitted. ¢) as in b), but reactions contained SDS22:PP1¢ver:|3 (160 nM) and NIPP1TAMRA (240 nM). Shown
are the representative normalized ratios of acceptor and donor fluorescence of 3 independent experiments.
d) FRET time course measurements of SPI disassembly and reassembly reactions with conditions as before, but
with GADD34 as an alternative PP1 binding partner. After 10 min of disassembly CB-5083 (10 uM) or DMSO was
added to the indicated reactions. Full reactions contained p97 (160 nM) p37 (480 unM), SDS22:PP1Clover;|3TAMRA
(160 nM), MBP-GADD345%"3-636 (240 nM) and ATP (2 mM). e) as in d) but with TAMRASDS22:pp1Clover:|3,

To observe, whether the SPI complex re-forms after inhibition of p97, FRET-based
assays containing either the 13 or SDS22 TAMRA-labeled SPI versions were
employed. Full reactions contained optimal concentrations of p97, p37, NIPP1 and the
respective SPI version. Following addition of ATP, a decay of FRET for the full 70 min
of the recording could be observed, with a minimum reached after approximately
10 min (Figure 2.14b). The controls excluding p37 showed no change in FRET over

the course of the reaction, as the SPI complex could not be recognized by p97. A
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separate reaction was treated with 10 yM CB-5083 dissolved in DMSO. CB-5083 is a
small molecule inhibitor of p97, which binds to p97 at the nucleotide binding pockets,
resulting in competitive inhibition of the ATPase (Tang et al., 2019). Following p97
inhibition, curves depicting reactions with either SDS22:PP1Clover:|3TAMRA - gr
TAMRASDS22:PP1Clover:|3 exhibit an approximately 40 % increase in FRET signal
compared to the full reactions treated with an equivalent amount of DMSO. These
results demonstrate that both SDS22 and |3 re-associate with PP1, when p97 activity
is inhibited.

Conversely, the same experiment with NIPP1TAMRA gnd SDS22:PP1¢°ver:|3 shows an
increase in FRET over the course of the full reaction supplemented with DMSO after
10 min, signifying that NIPP1 associated with PP1 (Figure 2.14c). The reaction
complemented with CB-5083 10 min after the start of SPI disassembly, exhibits a
decrease in FRET of ~25 % over the time course of 60 min. A decrease in FRET
indicates NIPP1 dissociation from PP1, upon the inhibition of p97 activity. Together the
experiments performed under addition of CB-5083 confirm that SDS22 and I3 displace
NIPP1 from PP1, and the SPI complex reassembles in the absence of p97 activity. Full

reassembly of SPI or dissociation of NIPP1 could not be observed with this experiment.

It is unclear why only ~40 % of SPI reassembled under the given conditions. One
potential interpretation is that the proteins may undergo damage due to exposure to
recurrent cycles of p97-mediated disassembly. It is also possible that the reassembly
of the SPI complex requires the help of chaperones and is therefore less efficient in
biochemical in vitro assays. Reassembly of SPI and dissociation of NIPP1 occur at
slower kinetic rates than the disassembly reaction. The slower reassembly rate could
be explained by the passive nature of the reassembly, dependent on mass action and
affinities of the three proteins to PP1, compared to the catalyzed SPI disassembly

reaction.

To verify if SDS22 and 13 can also displace another PP1-interacting protein upon p97
inhibition, a truncated version of the PP1 substrate specifier GADD34 was used instead
of NIPP1. The same FRET-based fluorescence time measurements were conducted,
containing either 13 or SDS22 TAMRA-labeled SPI versions, as well as p97, p37 and
MBP-GADD345%13-636_ For solubility reasons, GADD34 was expressed as a shortened
version, including all PP1-interacting motifs, and an MBP (maltose-binding protein)-

solubility tag (Crespillo-Casado et al., 2018). Equivalent to the experiment performed
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with NIPP1, I3TAMRA re_gssociated with PP1¢lever while displacing GADD34, upon
inhibition of p97 with CB-5083 (Figure 2.14d). The same experiment performed with
TAMRASDS22:PP1¢over:|3 showed that SDS22 did not dissociate the same amount after
10 min as it did with NIPP1 present. The reduced dissociation suggests, that SDS22
and MBP-GADD34°13-636 can bind PP1 simultaneously. However, upon the addition of
CB-5083, SDS22 re-associated with PP1 over the course of 60 min (Figure 2.14e).
Combined these results show that the SPI complex re-forms in the presence of p97-
inhibitor, displacing the alternative subunits NIPP1 and MBP-GADD34°13-636

To confirm the observation that the SPI complex reassembles after initial disassembly
by p97:p37, a PP1y ColP experiment with purified components and treatment with the
ATP-hydrolyzing enzyme apyrase was performed. Apyrase catalyzes the hydrolysis of
ATP and ADP into AMP and inorganic phosphate. Similar to CB-5083, ATP hydrolysis
causes the inhibition of p97 activity, which requires ATP for its catalytic function. p97,
SDS22:PP1Clver|3  p37, and NIPP1 were incubated at optimal concentrations with
2 mM ATP, for indicated time points from 1 to 70 min. Apyrase was incubated with

specified samples for indicated time points to observe SPI reassembly (Figure 2.15).

Experimental procedure:

(}l1||25I 1|0 1|5 20 40 7? incubation time
1 3 B e e — T | [min]

70 1 2 5 10 70 15 20 40 70 70 incubation[min]

+ + + + + apyrase

+ - + 4+ + 4+ o+ o+ 4+ o+  + 4+ p37
kDa
2 D D cwr e D D T D W G D — PP1y
40J-----— — — — —— G G |SD522
40| w—— — —— — — — — | NIPP1
Input PP1y ColP lgG

Figure 2.15: ColP experiment of SPI reassembly induced by the addition of ATP hydrolyzing enzyme
apyrase. Co-immunoprecipitation time course experiment of the SPI disassembly and reassembly reaction, through
addition of ATP or apyrase and stopping the reaction at specified time points. Reactions contained p97 (160 nM),
p37 (480 uM), SDS22:PP1Clver:|3 (160 nM), NIPP1 (240 nM), ATP (2 mM), and apyrase (0.5 U), as indicated.
PP1Clover was immuno-isolated at specified time points and associated proteins detected by Western blot analysis
with indicated antibodies.

Over the time course of 10 min after addition of ATP, SDS22 and I3 signals became
weaker, while the NIPP1 signal increased, demonstrating the disassembly by SPI with
subsequent binding of NIPP1. The sample containing no p37 served as a control for
how much SDS22 and I3 were co-isolated with PP 1y at the beginning of the reaction.
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Comparison with the sample treated for 70 min with ATP shows that the disassembly
reaction was largely completed after 10 min. Apyrase was added as indicated after
10 min treatment with ATP. Over the course of 60 min after apyrase addition, increases
in SDS22 and I3 signals could be observed. Increased co-immunoprecipitation of
SDS22 and I3 confirmed the reassembly of the SPI complex upon p97 inhibition,
previously detected via FRET. Similar to the FRET-based assays, only partial
reassembly of SDS22 and I3 were observed in the ColP experiment. Dissociation of
NIPP1 after p97-inhibition could not be detected by ColP and Western-blotting. One of
the reasons for utilizing FRET-based assays instead of ColPs was the higher sensitivity
and reliability of FRET. It can be assumed that the lack of changing NIPP1 levels
following apyrase addition are due to low assay sensitivity.

2.3.1.1 SDS22 re-binds PP1 upon p97 inhibition in the presence of Mn?* ions

The association of SDS22 and PP1 has been shown before to depend on the metal
loading state of PP1. Necessary for its catalytic activity, PP1 has two metal ions bound
in its active site. The crystal structure of SDS22 and PP1 reveals that only one metal
ion is bound under these circumstances. Further, surface plasmon resonance (SPR)
showed that SDS22 exclusively bound metal-deficient PP1, equilibrated in metal ion
poor buffer (Choy et al., 2019). FRET-based assay buffer used in this study contained
5 mM MgClz for ATP complexation. While PP1 was shown to be active with a variety
of two-valent ions bound in its catalytic center, distinct ions are present upon PP1
isolation from certain tissues. PP1 expressed in bacterial cells contains Mn?* ions in
both metal-binding sites. To make sure both metal binding sites were occupied with
ions during the following experiments, an additional 1 mM of MnClz was added to the
buffer. To test whether SDS22 could re-associate with PP1 after SPI disassembly,
even in the presence of high concentration of Mn?* ions, an SPI reassembly experiment

was performed with buffer containing or lacking 1 mM MnClz.

The SPI dis- and reassembly reaction was performed as before, but in the presence of
1 mM MnClz. The disassembly of SDS22 from PP1 was observed over a time course
of 30 min. As detected before, a minimum of FRET signal was reached after
approximately 10 min. The addition of 10 yM CB-5083 caused an increase in FRET
signal of ~40 % for both samples, containing or lacking MnCl2 (Figure 2.16). Since
SDS22 re-associated the same under both conditions, it can be excluded that the

presence of metal ions impedes SDS22 re-binding of PP1 following SPI disassembly.
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Figure 2.16: SDS22 association with PP1 upon p97 inhibition with CB-5083 in the presence of an excess
amount of Mn?* ions. FRET time course measurements of SPI disassembly and reassembly reactions in the
presence or absence of MnClz (1 mM). After 30 min of disassembly, CB-5083 (10 pM) was added to the indicated
reactions. Full reactions contained p97 (160 nM) p37 (480 unM), TAMRASDS22:PP1Clover:|3 (160 nM), NIPP1
(240 nM) and ATP (2 mM). Shown are the representative normalized ratios of acceptor and donor fluorescence of
3 independent experiments. Ap37, p37 was omitted.

2.3.2 The SPI complex is stable in the presence of a PP1-binding competitor

FRET-based assays showed that SPI was able to re-form, displacing other PP1-
interacting proteins during inhibition of p97 activity. To test the stability of SPI in the
absence of catalyzed disassembly, dissociation experiments were performed. To
accomplish this, SPI complex variants carrying TAMRA labels either on SDS22 or 13
were incubated over 18 hours with varying concentrations of the PP1-binding
competitor NIPP1. Observed were changes in FRET, signifying dissociation of SPI

complex components TAMRASDS22 and I3TAMRA from PP Clover,

To monitor I3 dissociation from PP1 over 18 hours, 160 nM SDS22:PP1Clover:|3TAMRA
and 0-960 nM NIPP1 were incubated at 30 °C. Compared to a control additionally
containing the full SPI disassembly reaction (+ 160 nM p97, 480 nM p37 and 2 mM
ATP), only a small amount of FRET decay and therefore 13 dissociation can be
observed, even at high concentrations of NIPP1 (Figure 2.17a). After 60 min, a NIPP1
concentration corresponding to a 6x surplus relative to SPI resulted in a 10 % decrease
in FRET. At the end of the recording after 18 hours, the FRET signal was reduced by
a maximum of 20 %, with the full disassembly reaction serving as a control. The low
change of FRET signal indicates that after 18 hours, ~80 % of 13 remained bound to
PP1, even in the presence of a vast excess of NIPP1, highlighting the stability of the

SPI complex, compared with other PP1-interacting proteins.

The same experiment was conducted with the SDS22 TAMRA-labeled FRET substrate
TAMRASDS22:PP1Clover:|3. 60 min after the start of the incubation, ~10 % of SDS22 had
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dissociated from PP1 in the sample containing the highest NIPP1 concentration. The
10 % were calculated relative to the full reaction containing p97:p37. A total FRET-
decrease of ~20 % was observed after 18 hours at a 6x surplus of NIPP1 (Figure
2.17b). Consequently, ~80 % of SDS22 were bound to PP1 at the end of the incubation
with NIPP1. In conclusion, both I3 and SDS22 were not proficiently displaced from PP1
by NIPP1, highlighting the stability of SPI in the presence of a PP1-binding competitor
over time. Compared to reactions additionally containing p97, p37 and ATP, the SPI
dissociation experiments with NIPP1 show that efficient dissociation of both 13 and
SDS22 from PP1 required p97 activity.
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Figure 2.17: The SPI complex is stable in the presence of high concentrations of the competitor NIPP1.
a) FRET time course measurements of SPI disassembly with varying concentrations of NIPP1. A full disassembly
reaction containing p97 and p37 served as a control. Reactions were incubated for 18 hours and contained
SDS22: PP 1Clover:|3TAMRA (160 nM), and NIPP1 (0-960 nM), p97 controls contained NIPP1 (240 nM), ATP (2 mM),
p97 (160 nM) as well as p37 (480 nM) as indicated. Shown are normalized ratios of acceptor and donor
fluorescence. Ap37, p37 was omitted. b) as in a, but with TAMRASDS22:PP1Clover:|3, Shown are normalized ratios of
acceptor and donor fluorescence. Ap37, p37 was omitted.

2.3.3 SDS22 and I3 can displace a PP1-binding competitor

Long incubation with excess levels of NIPP1 lead to only limited dissociation of SDS22
and 13 from PP1. Most of the SPI complex remained bound or reassembled in favor of

NIPP1 (Figure 2.17). To test whether free SDS22 and 13 can conversely displace

70



RESULTS

NIPP1 from a NIPP1:PP1 complex (NP), as shown during p97 inhibition after SPI
disassembly, dissociation experiments with different concentrations of SDS22 and I3
relative to NP were performed. To achieve this, NIPP1-LPETGGG and PP1c"°ver were
co-expressed and purified from insect cells. Subsequently, NIPP1 was labeled with
TAMRA as described before (Figure 2.1).
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Figure 2.18 SDS22 and 13 displace another PP1 interaction partner. FRET time course measurements of the
NIPP1:PP1 complex (NP) dissociation in the presence and absence of SDS22 and 13. Reactions contained
NIPP1TAMRA:ppqClover (1000 nM), SDS22 (500-1000 nM), and 13 (500-1000 nM). Indicated are the ratios of SDS22
and I3 to NP contained in the respective reaction. Curves were recorded at 30 °C. Shown are the normalized ratios
of acceptor and donor fluorescence.

To observe NP dissociation, the NIPP1TAMRA:pp1Clover complex was incubated with
equimolar concentrations of I3 and SDS22, individually. Compared to a control reaction
only containing NP, a decrease in FRET signal over the course of 60 min was observed
for both samples, implying NP dissociated in the presence of 13, as well as SDS22
(Figure 2.18). The addition of SDS22 and 13 together resulted in further, concentration-
dependent FRET decay. The experimental results suggest that I3 and SDS22 both
displace NIPP1 from PP1 at equimolar concentrations. Of note, the presence of both
SDS22 and I3 simultaneously led to further increase of NP dissociation, indicating that
both proteins together displace NIPP1 even more effectively. This result is consistent
with the observation that SDS22 association is aided by the presence of I3 (Figure
2.13). A limitation of this assay is the lack of a positive NP dissociation control that
shows the state of full NP disassembly, as was shown for the full SPI disassembly
reaction in the reverse experiment (Figure 2.17). However, it can be concluded that
free SDS22 and 13 can displace NIPP1 from PP1, while free NIPP1 is unable to
effectively displace SDS22 and I3 from PP1, which strictly requires p97 activity.

2.4 Investigation of PP1 activity after SPI disassembly by p97:p37

SDS22 and 13 are known to form an inactive complex with PP1 during PP1 biogenesis,
but has also been implicated in PP1 function during mitosis. To explore whether SPI
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disassembly can result in the release of active PP1, dephosphorylation of the synthetic
PP1 substrate 3-O-methylfluorescein phosphate (OMFP) was measured during SPI
disassembly. To further investigate whether PP1 forms an active holoenzyme complex,
association of the substrate specifying PP1 subunit GADD34 was tracked, followed by

dephosphorylation of the endogenous PP1 substrate elF2a.

2.41 PP1 dephosphorylates a synthetic substrate after SPI disassembly
OMFP is a synthetic substrate of PP1. Structurally, OMFP consists of a methylated

fluorescein molecule, carrying a phosphate group. In this form, fluorescein does not
emit visible light. OMFP can interact with the PP1 active site, resulting in OMFP
catalysis to OMF and inorganic phosphate (Swingle & Honkanen, 2014). OMF emits
light at a wavelength of 515 nm, which can be tracked using a fluorescence
spectrophotometer. To investigate PP1 activity after SPI disassembly, an OMFP
dephosphorylation assay was set up (Figure 2.19a). The inactive SPI complex
requires disassembly by p97:p37, to make PP1 available for interaction. After SPI
disassembly, the SPI complex can re-form (Figure 2.14). Reassembly of the SPI
complex results in restored inhibition of PP1. To prevent constant re-association of
SDS22 and 13, an inactive mutant of PP1, PP1166K was employed, to serve as an
SDS22- and 13-binding “sponge”. Upon addition of the inactive PP1H68K mutant, PP1
becomes free to associate with, and dephosphorylate OMFP. The release of active

PP1 can be observed by the increased production of fluorescent OMF.

Measurements of OMF fluorescence were conducted with samples containing 100 uM
OMFP and p97, p37 and SPI at optimal concentrations determined by FRET. A
reaction containing only OMFP and free PP1, expressed in bacterial cells, served as a
control for how much OMFP is dephosphorylated in the absence of PP1 inhibitors. The
exclusion of p37 causes the SPI complex to stay intact, since SPI recognition by p97
is impeded. Under these circumstances, no PP1 activity should be observed. Notably,
the full reaction showed no increase in OMF fluorescence compared with the Ap37
control (Figure 2.19b). Under both conditions, OMFP was not dephosphorylated by
PP1, demonstrating that PP1 was inactive. The observation that PP1 is inactive even
during p97 activity suggests that SDS22 and I3 re-associated with PP1, before
catalyzed dephosphorylation of OMFP could occur. The inhibition of PP1 activity during
SPI disassembly confirms that SPI re-forms constantly, even in the presence of active
p97 and p37.
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Figure 2.19: PP1 dephosphorylates the synthetic substrate OMFP after SPI disassembly. a) Schematic
illustration of the SPI disassembly reaction leading to either reassembly of the SPI complex or dephosphorylation
of OMFP by PP1, in the presence of the inactive PP1H65K mutant. Following the disassembly of I3 and SDS22 from
PP1, facilitated by p97:p37, PP1 can re-bind SDS22 and I3, remaining inactive. Upon addition of the inactive
PP 168K mutant, which serves as a sponge to bind SDS22 and 13, PP1 is now active and dephosphorylates OMFP
to the fluorescent OMF. b) Fluorometric measurements tracking the dephosphorylation of OMFP over time with full
reactions containing OMFP (100 uM), SDS22:PP1:13 (160 nM), p97 (160 nM) and p37 (480 nM). A reaction
containing only OMFP (100 uM) and apo-PP1 (160 nM) served as a control (green). To account for a low
background hydrolysis, OMFP-only curves were subtracted from all curves. Excitation wavelength was set at
475 nm, and emission wavelength at 515 nm. Ap37, p37 was omitted. ¢) Fluorometric measurements tracking the
dephosphorylation of OMFP over time with reactions containing OMFP (100 uM), SDS22:PP1:13 (160 nM), p97
(160 nM) and p37 (480 nM) and indicated concentrations of PP1168X_ A reaction containing only OMFP and apo-
PP1 (160 nM, green) served as a control. To account for a low background hydrolysis, OMFP-only curves were
subtracted from all curves. Excitation wavelength was set at 475 nm, and emission wavelength at 515 nm. ASPI,
SDS22:PP1:13 was omitted. Ap37, p37 was omitted.

To overcome the challenge of observing PP1 activity in the presence of SDS22 and
I3, the inactive PP1 mutant PP1"66K was used as “sponge” to bind dissociated SDS22
and 13 and prevent re-binding of the active PP1. Full reactions contained p97, p37, SPI
and varying concentrations of PP1H¢8K_ A control lacking SPI showed a low background
OMFP dephosphorylation due to low residual activity of PP1H6%K This residual
dephosphorylation of OMFP served as a baseline reference for the PP1 activity
observed in the full reactions. Of note, the addition of increasing concentrations of
PP1H66K resulted in an increase of OMF fluorescence (Figure 2.19c). The increase in
fluorescence signifies that more OMFP was dephosphorylated with increasing
availability of the inactive sponge PP 116K which served to capture dissociated SDS22
and 13 after SPI disassembly. Hence, the dephosphorylation of OMFP upon SPI
disassembly in the presence of the SDS22 and 13 sponge PP 176K demonstrates that
PP1 is active after its release from the SPI complex, mediated by p97:p37.
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2.4.2 PP1 dephosphorylates an endogenous substrate after SPI disassembly

PP1 was shown to dephosphorylate the synthetic substrate OMFP, which requires no
additional substrate specifying subunits (Figure 2.19). In order to investigate if PP1
forms an active holoenzyme complex post SPI disassembly, which is proficient in
substrate dephosphorylation, dephosphorylation assays were conducted using the
substrate specifier GADD34 and the endogenous PP1 substrate phosphorylated elF2a

(elF2a-P), which in cells regulate the integrated stress response.

For the use in biochemical assays, a truncated version of GADD34, attached to
maltose-binding protein (MBP) through a poly-asparagine linker was produced in E.
coli. The MBP tag served as a solubility tag for the protein fragment, which gains most
of its structure only after binding to PP1. The truncated GADD34°'3-636 contained the
regions necessary for PP1 binding, as well as G-actin (globular actin) binding, which
was shown to be necessary for recruitment and dephosphorylation of elF2a-P (Chen
etal., 2015). The ability to bind both PP1 and G-actin makes GADD34513-636 g proficient

substrate specifier for elF2a.

As a first step towards exploring elF2a-P dephosphorylation by PP1 after SPI
disassembly, the association of MBP-GADD34%13-636 and PP1 was explored. An
indirect detection of PP1 binding was employed by making use of the FRET-based
assay designed to monitor the dissociation of I3TAMRA from PP1Clover |3 and GADD34
both share the RVXF-like PP1 interaction motif, which excludes simultaneous
interaction with PP1. For FRET-based assay analysis, GADD34 was used instead of
NIPP1 as an alternative holoenzyme subunit. Upon incubation of SPI and GADD34
with p97:p37, 13 and SDS22 dissociate and GADD34 associates with PP1. SDS22 is
able to re-associate in the presence of GADD34. The FRET labels on 13 and PP1 allow
the tracking of 13 dissociation as it is displaced by GADD34 (Figure 2.20a).

FRET time-course measurements were conducted with full reactions containing
optimal concentrations of p97, p37 and SDS22:PP1Clover:|3TAMRA gyer a time course of
30 min. Experimental data show that the full reaction results in a decrease of FRET
signal over time (Figure 2.20b). This decrease signifies an equilibrium between I3
dissociation and re-binding to PP1 during SPI disassembly. Adding the control protein,
which contained only MBP and the linker region produced no further net dissociation
of 13, indicating that MBP alone was not able to displace 13. Upon addition of MBP-
GADD34°%13:636  fyrther ~40 % decrease in FRET signal was observed. The loss of
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FRET signal shows that I3 was displaced from PP1 upon addition of MBP-GADD345'3-
636 indicating that GADD34 and PP1 can form a holoenzyme after SPI disassembly.
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Figure 2.20: MBP-GADD34513-636 displaces I3 from PP1 after disassembly by p97:p37. a) Schematic illustration
of a subunit exchange from the SPI complex to PP1 bound by GADD34 and SDS22, facilitated by p97:p37. FRET
labels are on 13 (TAMRA) and PP1 (Clover) b) FRET time course measurements of SPI disassembly reactions,
monitoring the dissociation of 13 from PP1 in the absence or presence of MBP-GADD345'3-636 MBP, or no added
potential binding partner. Full reactions contained p97 (160 nM) p37 (480 unM), SDS22:PP1Clover:|3TAMRA (160 nM),
and ATP (2 mM). MBP-GADD345%'3-636 or MBP (240 nM) were added as indicated. Shown are the representative
normalized ratios of acceptor and donor fluorescence of 3 independent experiments. Ap37, p37 was omitted. Also
shown is an illustration of the GADD34 version used in this assay. Truncated GADD345%13-636 js attached to MBP.

To elucidate whether the PP1:GADD34 holoenzyme complex can dephosphorylate
elF2a-P after SPI disassembly, protein dephosphorylation assays were established,
with subsequent detection via coomassie-stained Phos-tag gels. The assay included
a PP1 subunit exchange step, where the SPI complex is disassembled by p97:p37.
This is followed by PP1 association with the alternative interaction partners GADD34
and G-actin, building a trimeric complex capable of elF2a-P dephosphorylation (Figure
2.21a). For the elF2a-P dephosphorylation assay, MBP-GADD34°13-636 gs well as
elF2a2'%7-P were employed. elF20%'8" contains all regions necessary to serve as a
substrate for PP1:GADD34 (Yan et al., 2021). N-terminally SUMO-tagged elF20%'8"
was generated in E. coli. After purification, during which the SUMO-tag was cleaved
off, elF20%'8” was phosphorylated by incubation with GST-PERK and ATP. To remove
PERK after the reaction, a reverse GST-purification was performed, yielding pure

phosphorylated elF2a%'8 to be used in elF2a-P dephosphorylation assays.
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Figure 2.21: PP1 dephosphorylates an endogenous substrate in vitro after SPI disassembly, dependent on
p97 activity. a) Schematic illustration of the SPI disassembly reaction followed by a PP1 subunit exchange and
dephosphorylation of phosphorylated elF2a-P through the newly built PP1:GADD34:G-actin complex.
b) Coomassie and Pro-Q Diamond phospho-protein gel stained images of recombinantly expressed and purified
elF2a before and after phosphorylation by GST-PERK, with subsequent reverse GST-affinity purification. Loaded
were two different concentrations (0.5 uM, 2 uM) of either elF2a or phosphorylated elF2a (elF2a-P). ¢) Coomassie
stained Phos-tag SDS-PAGE gel of an elF2a-P dephosphorylation experiment. Reactions contained SDS22:PP1:13
(160 nM), p97 (1, 2, 5, 10, or 20 nM, controls contained 20 nM), p37 (480 nM), MBP-GADD34513-636 (400 nM), G-
actin (400 nM), elF2a-P (2 uM), and ATP (2 mM), as indicated. All samples were incubated at 30 °C for 10 min.
Reactions were stopped by adding SDS-PAGE loading buffer. d) Quantification of three independent elF2a-P
dephosphorylation experiments represented in d). Percentages of elF2a-P and elF2a present at the end of the
reaction for each experiment were normalized to the AGADD34 sample, with elF2a-P + elF2a = 100%. Shown are
means and standard deviations of the absolute values (n = 3), subjected to fraction of a whole analysis. e) Data
from e) presented as percentages of dephosphorylated elF2a-P, dependent on p97 concentration. f) Coomassie
stained Phos-tag SDS-PAGE gel of an elF2a-P dephosphorylation experiment with varying concentrations of SPI.
Reactions contained SDS22:PP1:13 (10, 20, 40, 80, 160 nM, controls contained 160 nM), p97 (20 nM), p37
(480 nM), MBP-GADD?34513-636 (400 nM), G-actin (400 nM), elF2a-P (2 uM), and ATP (2 mM), as indicated. All
samples were incubated at 30 °C for 10 min. Reactions were stopped by adding SDS-PAGE loading buffer.

For quality analysis following elF2a%'8” phosphorylation, protein samples before and
after the PERK reaction were loaded on SDS-PAGE gels. Gels were detected by
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coomassie or Pro-Q Diamond phospho-protein stain. Coomassie stained samples
showed a band for both elF2a and elF2a-P at two different concentrations (Figure
2.21b). The bands confirmed, that protein was loaded in all samples. The gel detected
with Pro-Q Diamond phospho-protein stain revealed bands for both concentrations of
elF2a-P, but not elF2a. The phospho-protein stain selectively stains phosphorylated

proteins in acrylamide gels, confirming that elF2a-P was successfully phosphorylated.

elF2a-P dephosphorylation experiments were performed with 160 nM SPI, 480 nM
p37, 400 nM MBP-GADD34°%13-636 400 nM G-actin, 2 uM elF2a-P, 2 mM ATP, and
increasing concentrations of p97. All samples were incubated at 30 °C for 10 min. The
coomassie-stained Phos-tag gel showed bands for all included proteins. Importantly,
Phos-tag reagent interacts with phosphate groups attached to proteins. During the
SDS-PAGE run of the Phos-tag gel, phosphorylated proteins were thus held back and
migrated slower than the equivalent non-phosphorylated protein. Consequently,
distinct bands for both elF2a-P and elF2a were visible, with decreasing amount of
elF2a-P and accumulation of elF2a signifying the occurrence of elF2a-P
dephosphorylation through PP1:GADD34:G-actin (Figure 2.21c).

Phos-tag gel analysis showed that the sample lacking p37 did not lead to elF2a-P
dephosphorylation, which is expected since PP1 remains sequestered in the inactive
SPI complex. Additionally, this result shows that GADD34, similar to NPP1, cannot
displace SDS22 and I3 as binding partners of PP1. Likewise, a sample containing SPI
and p97:p37 was not capable of elF2a-P dephosphorylation in the absence of
GADD34, confirming that the substrate specifier is strictly necessary for the process.
An additional control omitting G-actin, confirmed that the trimeric complex of

PP1:GADD34:G-actin is necessary for elF2a-P dephosphorylation.

Notably, in the reactions containing all components, increasing elF2a-P
dephosphorylation was observed with increasing concentrations of p97 from 1-20 nM
(Figure 2.21c). The increase in elF2a-P dephosphorylation revealed that p97:p37
mediated disassembly of SPI was necessary for the formation of the PP1:GADD34:G-
actin complex, which was subsequently capable of dephosphorylating elF2a-P.
Quantification of both elF2a versions in all samples of three independent experiments
demonstrated that p97-dependent elF2a-P dephosphorylation after SPI disassembly
occurred reproducibly (Figure 2.21d). Plotting the percentage of elF2a

dephosphorylation against the p97 concentration illustrates that the rate of
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dephosphorylation was dependent on the amount of p97, reaching saturating
conditions between 10-20 nM p97 (Figure 2.21e). An experiment performed under
identical conditions, but varying concentrations of SPI instead of p97, confirmed that
elF2a-P dephosphorylation was dependent on the concentration of PP1, as shown
before for p97 (Figure 2.21f). In conclusion, the dephosphorylation of elF2a-P after
SPI disassembly required the presence of p37, GADD34 and G-actin. elF2a-P
dephosphorylation rates were dependent on concentrations of p97 and SPI.
Consequently, p97-mediated disassembly of SPI in vitro leads to the formation of an
active holoenzyme complex, capable of efficient dephosphorylation of an endogenous
PP1 substrate.

78



DISCUSSION

3. Discussion

PP1 is a highly conserved protein that plays a crucial role in the majority of
serine/threonine dephosphorylation events in eukaryotic cells. The PP1 catalytic
subunit is highly active and indiscrimination, a trait it mitigates by forming holoenzymes
with regulatory subunits, crucial for ensuring substrate specificity. However, the precise
mechanisms governing PP1 activity, holoenzyme formation, and subunit exchange
remain not fully understood. SDS22 and I3 form an inactive complex with PP1 (SPI)
during PP1 biogenesis. p97 and its adapter protein p37 can mediate disassembly of
this SPI complex, allowing the binding of another PP1 regulatory subunit. Further, it
was shown that SPI formation contributes to PP1 stability and both SDS22 and 13 are

necessary for proper PP1 function.

This study sought to understand the role of p97 and the SPI complex in PP1 activity
and holoenzyme formation by elucidating details and kinetics of the SPI disassembly
reaction, and uncovering the significance of the process in pathways beyond PP1
biogenesis. The work presented here establishes that SPI disassembly by p97:p37
releases active PP1 capable of dephosphorylating an endogenous substrate. SPI is
efficiently targeted by p97, and for this both SDS22 and I3 are necessary. SDS22 and
I3 dissociation and association occurs in a cooperative manner, suggesting novel
functions for 13. Further, SDS22 and I3 can re-associate with PP1 after SPI
disassembly by displacing other regulatory subunits. In contrast, SDS22 and 13 are not
displaced from PP1 during incubation with a competitor, strictly requiring p97-catalysis
for dissociation. These results suggest that cycles of SPI formation and disassembly
control PP1 activity in cells, potentially regulating diverse cellular processes. The main

findings of the thesis are summarized in Figure 3.1.
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Figure 3.1: Summary of the main results achieved in this thesis. 1) During energy-dependent SPI disassembly
by p97:p37, SDS22 and 13 dissociate simultaneously and both proteins are necessary for sufficient disassembly.
2) Inhibition of p97 at the end of the disassembly reaction allows to monitor the re-association of SDS22 and 13 to
PP1, in a cooperative manner. 3) By monitoring the binding of an alternative PP1 interaction partner (pink) after SPI
disassembly, kinetic parameters of the reaction at 37 °C were determined (Kcat = 2.7 min™', Km = 324 nM). 4) Binding
of an activating subunit during SPI disassembly leads to dephosphorylation of an endogenous PP1 substrate.
5) While SDS22 and I3 can displace alternative PP1 binding partners, SPI remains stable over long time periods in
the presence of a competitor.

3.1 p97 efficiently targets SPI and poly-ubiquitinated substrates

p97-mediated unfolding of ubiquitinated substrates plays a critical role in cellular
pathways such as protein quality control and degradation, membrane fusion, response
to cellular stresses, and cell cycle regulation (van den Boom & Meyer, 2018; Wang et

al., 2004; Woodman, 2003). For these processes to occur, ubiquitinated substrates are

efficiently recognized and unfolded by p97 and its adapter proteins. In contrast,
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recognition of the SPI complex occurs directly, without the need for ubiquitination
(Weith et al., 2018). To find out whether SPI is targeted efficiently by p97 and p37,
kinetic parameters of the reaction were determined by detecting NIPP1 binding to PP1
after SPI| disassembly via FRET. Using two input curves at low and high SPI
concentrations and computational Bayesian approach-based analysis of progress
curves, a Ku of 342 *+ 1.37 nM and a kcat of 2.70 *+ 1.25 min"! were determined for
NIPP1 binding after SPI disassembly as 37 °C (Figure 2.6b). These parameters show
a tight substrate binding with an average of 2.7 SPI complexes disassembled per p97
per minute. At 30 °C the same measurements yielded a Ku of 114 *+ 1.31, and a Kcat
of 0.97 min"' *+ 1.17, highlighting that the reaction still efficiently took place at a lower
temperature (Figure 2.6a). Titration experiments with p97 and SPI showed that the
maximal reaction speed was reached at equimolar concentrations of p97 and SPI
indicating that one SPI molecule is processed by p97 at a time (Figure 2.4). This
means that the kinetic parameters were determined under multiple turnover conditions.
A limitation of the assay is the indirect detection of SPI disassembly through NIPP1
binding. SPI double-labeled FRET substrates could not be used, due to the FRET
detection limit. NIPP1 binds with a slight delay after dissociation of SDS22 and I3, so
that it can be assumed that SPI disassembly actually occurs more quickly (Figure
2.11c).

Notably, the Ku of SPI disassembly by p97:p37 was lower compared with poly-
ubiquitinated substrates disassembled by Cdc48 and Ufd1:Npl4, indicating more
efficient targeting of SPI. Michaelis-Menten analysis of unfolding of a fluorescently
tagged substrate carrying four ubiquitin moieties (Uba4) yielded a Kv of ~410 nM under
multiple turnover conditions at 37 °C, slightly higher than for the SPI disassembly
reaction (Williams et al., 2023). Further, a substrate that was attached to only two
ubiquitin moieties (Ub2), as well as a poly-ubiquitinated substrate carrying several
branched ubiquitin chains, were determined to be processed by p97 with a Ku of
4.1 yM (Williams et al., 2023) or 4.4 uM (Olszewski et al., 2019), respectively, which is
more than an order of magnitude higher than SPI targeting determined in this study.
Ufd1:Npl4 is known to coordinate with accessory adapters, potentially increasing the
targeting efficiency in cells. Titration experiments with p37 showed that a maximal
reaction speed was reached at p37 concentrations exceeding p97, suggesting a
relatively high dissociation constant (Figure 2.9). This could suggest that similar

cofactors might also exist for SPI disassembly by p97:p37, however additional
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accessory adapters have not been identified thus far. Values for the turnover number
kcat were not determined in the studies monitoring poly-ubiquitinates substrates,
however the comparatively low Kus of the SPI disassembly reaction signify that the
half maximal speed of the reaction was achieved at lower protein concentrations
compared to ubiquitinated substrates, highlighting efficient targeting of the SPI
complex by p97 and p37.

3.2 Interplay of SDS22 and I3 in SPI disassembly

The interaction and dissociation of regulatory proteins like SDS22 and I3 significantly
influence PP1 activity. Detailed knowledge of these mechanisms can provide insights
into how PP1 function is modulated, which is crucial for understanding cellular
regulation. SDS22 and I3 have overlapping functions in PP1 regulation with both
proteins inhibiting PP1 and contributing to its stability in a chaperone-like manner
(Cheng & Chen, 2015; Choy et al., 2019; Dinischiotu et al., 1997; Garcia-Gimeno et
al., 2003). During SPI disassembly, 13 is the direct substrate of p97-mediated unfolding
(Weith et al., 2018). SDS22 binds to PP1, but the exact mechanism of its disassembly
remains unclear. In this study, high resolution FRET-based assays showed that even
though 13 and SDS22 have overlapping functions, both proteins are needed for efficient
disassembly of the SPI complex. Further, it was found that, SDS22 dissociation is in

fact linked to I3 dissociation, and not facilitated by a third PP1-interacting protein.

3.2.1 SDS22 and I3 are both essential for efficient SPI disassembly

SDS22 binds specifically to PP1 that has lost a metal ion, suggesting a primarily
stabilizing function (Choy et al., 2019). However, SDS22 has also been shown to inhibit
PP1 in vivo and in vitro (Dinischiotu et al., 1997; Pedelini et al., 2007). Similarly, 13
occludes the active site of PP1, providing a clear and direct inhibitory effect, but also
contributes to PP1 stability in cells (Cheng & Chen, 2015; Srivastava et al., 2023).
Further, both proteins have been shown to be important for PP1 activity during
chromosome segregation, suggesting also a shared activating function (Eiteneuer et
al., 2014). With these numerous overlapping functions, it is unclear why both SDS22

and I3 are necessary for PP1 regulation.

Deploying dimeric PP1 complexes, SDS22:PP1 (SP) or PP1:13 (PI), for FRET-based
disassembly assays showed that SP cannot be recognized and disassembled by

p97:p37 without the presence of I3 (Figure 2.12a). In fact, no change in FRET signal

82



DISCUSSION

could be observed for SP disassembly alone. To address this further, individually
expressed 13 was incubated with SP before the reaction. However, incubation with 13
lead to only a small decrease in FRET, indicating minimal SDS22 disassembly
compared to the full co-purified SPI complex. Correspondingly, the Pl complex lacking
SDS22 also showed diminished disassembly efficiency, which improved by over 50 %
upon adding purified SDS22, although not to the full extent of the SPI complex (Figure
2.12b). This suggests that SDS22 aids in SPI disassembly. Overall, rescue
experiments confirmed that both SDS22 and I3 are necessary for efficient SPI
disassembly in vitro, indicating that the full SPI complex is the relevant substrate of
p97. Further, it was demonstrated that I3 and SDS22 directly contribute to dissociation
of the other component from PP1. Limitations of these assays are that other cellular
factors, which were not present in the in vitro reaction, might contribute to effective SPI

complex formation or disassembly.

I3's disordered nature, which requires PP1 binding for proper folding, might explain
that the SP complex could not be efficiently disassembled even in the presence of I3.
Purification of I3 alone requires the presence of 1 % Triton X-100, which might interfere
with proper complex formation. Another possibility is that SPI complex assembly in
cells is dependent on certain co-factors, for example dictating the order of I3 and
SDS22 binding or regulating assembly and disassembly through post-translational
modifications. Factors of that sort have not yet been identified. Moreover, it has been
demonstrated that deleting 13 results in a delayed dissociation of SDS22 from PP1 in
cells (Weith et al., 2018). The results presented here confirm this finding and show that
this effect is due to absence of 13 in the SPI complex. Results showing simultaneous
dissociation of SDS22 and 13 further illustrate the coordination of both interaction
partners in SPI disassembly (Figure 2.11 d, e). Recent studies have demonstrated
that SDS22 directly interacts with the N-terminal domain of p97 when complexed with
PP1 and I3, indicating that SDS22 is involved in SPI binding to p97 (van den Boom et
al., 2023). Contribution to targeting of SPI to p97:p37 could explain the increased PI
disassembly observed after addition of purified SDS22. The findings that I3
dissociation from PP1 is greatly increased by the presence of SDS22, and SDS22
dissociation is directly dependent on I3, confirm essential and separate roles of both
proteins in SPI disassembly, highlighting the significance of both proteins in the
process. Additional distinct roles of both proteins in PP1 regulation may be identified

in the future.
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3.2.2 SDS22 dissociation is linked to I3 dissociation from PP1

The interaction dynamics between SDS22, 13, and PP1 involve complex structural and
binding considerations. SDS22 binds to PP1 at a unique site, lacking the common
RVXF binding motif. Conversely, with the RVXF binding pocket, both I3 and NIPP1
share at least one overlapping binding site (O'Connell et al., 2012; Zhang et al., 2008).
SDS22 and I3 form a complex with PP1, but a direct interaction could not be shown,
since relevant residues of 13 are not resolved in any available structures (Choy et al.,
2024; Srivastava et al., 2023; van den Boom et al., 2023). An interesting feature of the
SPI structure is that the M1 metal ion is missing from the PP1 active site. It has been
shown before that SDS22 binds metal-deficient PP1 with a low off-rate, and further
does not associate with PP1 in metal-rich buffer when both PP1 ion binding sites are
occupied (Choy et al., 2019). The process of SDS22 dissociation from PP1 during SPI
disassembly is elusive. Potential mechanisms include: 1) displacement of SDS22
through the competition of a third PP1-binding protein with overlapping PP1 interaction
sites, 2) SDS22 dissociation caused by the loss of a direct interaction between 13 and
SDS22, or 3) loss of interaction between PP1 and SDS22 through a conformational

change in PP1, like the loading of the second metal ion in the active site.

The role of a third PP1-interacting protein in SPI disassembly was analyzed by
comparing disassembly patterns in the presence and absence of NIPP1. In control
experiments without NIPP1, TAMRASDS22 disassembled from PP1Cver  |ncreasing
NIPP1 concentrations led to further dissociation of T™MRASDS22 suggesting a
concentration-dependent effect (Figure 2.9f). A similar effect was also observed for
the 13 labeled substrate (Figure 2.9e). However, this increased dissociation could
either indicate a direct displacement of SDS22 by NIPP1 through a non-RVXF binding
site or that 13 dissociation prompts SDS22 to dissociate from PP1 and re-binding of
SDS22 and 13 is prevented by NIPP1 binding. To further test these hypotheses, SPI
disassembly reactions with FRET labels on PP1 and one of the three interaction
partners, respectively, were compared. It was shown that SDS22 and 13 dissociate
simultaneously, while the alternative PP1 binding partner, NIPP1, associates with PP1
with a slight delay (Figure 2.11d). This was verified through a p97 titration experiment,
where varying p97 concentrations were used while keeping other assay conditions
constant. The resulting overlain graphs for SDS22:PP1Clover;|3TAMRA  gnd
TAMRASDS22:PP1¢ove:|3 showed the same decrease in FRET over time, confirming

simultaneous disassembly of both components (Figure 2.11e). Simultaneous SDS22
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and I3 dissociation and binding of NIPP1 with a delay indicates that SDS22 is not

displaced by NIPP1, but dissociates in response to |13 dissociation.

It is evident that 13, but not a third binding partner, is essential for the SDS22-PP1
dissociation. These results are underlined by cellular 13 depletion experiments, which
lead to delayed SDS22 dissociation from PP1 (Weith et al., 2018). However, despite
extensive analysis, the precise mechanism by which SDS22 disassembles remains
unresolved. A possibility is that SDS22 dissociation from PP1 could be facilitated by a
direct interaction with 13. In that case, unfolding and dissociation of 13 would weaken
the SDS22 interaction with the SPI complex, potentially leading to SDS22 dissociation.
The N- and C-termini of I3 were likely too flexible to be resolved in any PP1:I3-
containing crystal structures. However, the orientation of the most C-terminally
resolved residues of I3 bound to SDS22:PP1 suggest that residues between C62 and
H126 could make direct contact with SDS22, but this was thus far not confirmed (Choy
et al., 2024).

Another hypothesis is that loading of the second PP1 active site metal results in SDS22
dissociation by reducing binding affinity. The metal-loading process could occur
passively, once I3 is pulled off PP1 and the 13 CCC motif no longer binds in front of the
PP1 active site. A second possibility is that 13 assists in the loading and stabilization of
the metal ion. Though this process is still under investigation, a similar mechanism has
been proposed for PTPA in Protein phosphatase 2A (PP2A) regulation (Guo et al.,
2014). Both SDS22 and I3 inhibit and stabilize PP1. It is therefore unclear why both
proteins are needed for PP1 regulation. If evidence could demonstrate that either a
direct interaction between 13 and SDS22 or 13-assisted metal-loading leads to SDS22
dissociation, it could be proposed that the role of 13 within the SPI complex is to
facilitate SDS22 dissociation in conjunction with p97:p37, a process that otherwise
proceeds inefficiently. Continued research into these mechanisms is essential for a

comprehensive understanding of I3 and SDS22 function in PP1 regulation.

3.2.3 A possible role for I3 in PP1 metal ion binding

It has been shown that SDS22 preferentially binds metal-deficient PP1 and does not
bind PP1 in metal-rich buffer (Choy et al., 2019). Consequently, PP1 has to undergo
metal ion loss, before efficient association with SDS22 can occur. The process and the
involvement of other proteins in this ion removal remain unclear. It has been discussed

before that I3 may be involved in metal ion loading during SPI disassembly (Chapter
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3.2.2). Data presented here suggest that 13 is not only linked to SDS22 dissociation,
but also helps in the association of SDS22 to PP1, possibly through metal ion ejection
from PP1.

In the binding experiments by Choy et al., PP1 purified from bacterial cells contained
two manganese ions in its active site. To demonstrate that re-association of SDS22
after SPI disassembly also occurs in metal-rich buffer, p97 inhibition experiments were
repeated in the presence of 1 mM MnClz. Contrary to the binding assays, SDS22 was
able to associate with PP1 under p97 inhibition, even in metal-rich buffer (Figure 2.16).
A possibility is that the components present during SPI disassembly, but not the
binding assays, aid in SDS22 binding. As I3 was shown to be essential for SDS22
dissociation from PP1 (Figure 2.12a), it could be imagined that I3 is also involved in
proper SDS22 binding. To test this hypothesis, an SDS22 association experiment was
conducted with PP1¢over and individually purified TAWMRASDS22 and 3. Incubation of
PP1 and SDS22 lead to SP complex formation. Addition of increasing concentrations
of 13, along with SDS22, caused a concentration dependent increase of SDS22
association (Figure 2.13). Notably, 13 and SDS22 together lead to more SDS22
association than SDS22 alone, highlighting that 13 directly aided SDS22 association to
PP1. Further, experiments performed with a co-purified NIPP1:PP1 complex and
individually purified SDS22 and I3 confirmed these results. The addition of SDS22 and
I3 together resulted in increased and concentration-dependent NIPP1:PP1
dissociation, relative to I3 and SDS22 alone (Figure 2.18). These experimental results
suggest that I3 and SDS22 both displace NIPP1 from PP1 cooperatively.

The results discussed above indicate a cooperative binding of SDS22 and 13 to PP1.
Different studies showed that both yeast-3-hybrid and pulldown experiments,
expressing Sds22 and Ypi1/I3 alongside Glc7/PP1 led to more effective interactions
than expressing Sds22 or 13 alone, confirming that SPI formation is also cooperative
in cells (Lesage et al., 2007; Pedelini et al., 2007). However, this could have been due
to a reduced disassembly rate of the dimeric complexes expressed in the yeast cells,
because p97 cannot take them apart efficiently, as shown before (Figure 2.12). The
experiments presented here show that I3 directly increases SDS22:PP1 formation in
vitro. Direct interactions between SDS22 and I3 could influence the structure or
conformation of one of the proteins, but this has not been shown. Since I3 binds in

front of the active site metals in PP1, it is conceivable that I3 can mediate the
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dissociation of a metal ion. The PP1-interacting protein, Inhibitor-2 (12), binds to PP1
through a kinked a-helix that engages with the hydrophobic and acidic grooves of PP1.
This interaction leads to the removal of one of the PP1 active site metals and obstructs
the active site, thereby inhibiting PP1 (Hurley et al., 2007). Even though I3 and 12 are
not structurally related, they both bind in front of the PP1 active site through different
modes of interaction. It is therefore possible that I3 has a similar function in PP1 metal
ejection as 12. Combined with results presented here that suggest a role for 13 in
SDS22 dissociation from PP1, 13 can be hypothesized to regulate the SDS22-PP1
interaction, possibly through metal ion exchange in the PP1 active site. Monitoring
metal association directly with methods like total reflection X-ray fluorescence (TXRF),
as well as mutagenesis experiments to explore direct 13 and SDS22 binding could

present conclusive evidence about the mechanism of SDS22 dissociation.

3.3 SPI re-forms after initial disassembly

It has previously been shown that SPI forms a complex during PP1 biogenesis (Weith
et al., 2018). This complex contributes both to PP1 inhibition and stability, and can be
disassembled by p97:p37, freeing PP1 to form holophosphatases. One of the major
qguestions concerning the role of the SPI complex is, whether the complex only forms
after PP1 biogenesis, or if SDS22 and I3 re-bind PP1 after initial disassembly.
Reassembly of the SPI complex would suggest that SPI formation is a reoccurring step
in a cycle where the PP1 catalytic subunit is inhibited and freed to form interactions
with other holoenzyme subunits. In that case, PP1 regulation by SDS22 and 13 binding
and p97-mediated disassembly might regulate numerous PP1-related pathways
beyond PP1 maturation. This study shows that SDS22 and I3 shift back to a PP1-
bound state after p97 inhibition.

CB-5083 is a competitive inhibitor of p97, binding to the nucleotide binding sites and
preventing ATP binding and hydrolysis (Tang et al., 2019). Upon addition of CB-5083
to SPI disassembly reactions, also containing NIPP1, both SDS22 and 13 re-associated
with PP1 as shown in FRET-based and ColP experiments (Figure 2.14b, Figure 2.15).
Consistent with that, NIPP1 dissociated from PP1 during p97 inhibition, in a similar
time frame (Figure 2.14c). Association of SDS22 and 13, as well as concurrent
dissociation of NIPP1 shows that SDS22 and I3 displace NIPP1 when p97 is inhibited.
SPI| reassembly also occurred in the presence of 1 mM MnClz, even though SDS22

alone was shown to only bind PP1 in metal-poor conditions. Similar effects on SDS22
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and 13 re-association with PP1 could be observed using GADD34 instead of NIPP1 as
a third interaction partner (Figure 2.14 d, e). Inhibition of p97 after SPI disassembly
lead to re-association of SDS22 and I3 in the presence of GADD34, suggesting that
competitive SPI reassembly is a general mechanism, potentially occurring with

numerous PP1-interacting proteins.

Further indications for the occurrence of SPI reassembly after initial disassembly were
found in this study. Titrating increasing concentrations of NIPP1 to the SPI disassembly
reaction resulted in increasing dissociation of 13 and SDS22 (Figure 2.9 e, f). Since it
was established that NIPP1 associates after 13 and SDS22 dissociation, the observed
increase in dissociation is not due to NIPP1 competition (Figure 2.11d). Instead, these
results indicate that NIPP1 in high concentrations can partially prevent SPI
reassembly. Moreover, FRET assay substrates containing TEV-protease cleavage
sites between SDS22 or I3 and their respective FRET label allowed the determination
of FRET levels corresponding to full SPI disassembly. Performing experiments for I3
and SDS22 individually revealed that at the end of the SPI disassembly reaction ~5-
10 % 13 and ~20-25 % SDS22 is bound to PP1 (Figure 2.10 a, b). This could suggest
that during SPI disassembly, constant I3 and SDS22 re-association occurs. A
possibility is that a certain amount of SPI remains unprocessed and SDS22 and 13
remain bound, however having shown SPI reassembly occurs under p97 inhibition
indicates SDS22 and I3 re-associate rapidly, so that some amount is constantly bound.
Since 13 is the direct substrate of p97, it is unfolded and translocated through the p97
pore, while SDS22 is not unfolded. This additional step in 13 processing could account
for the lower amount of I3-PP1 binding observed in TEV experiments, as 13 may simply
be slower to re-associate than SDS22. Thirdly, PP1 activity experiments performed
with the small molecule OMFP lead to no activity for the full SPI disassembly reaction
(Figure 2.19b). However, the supplementation with an SDS22- and I[3-binding
“sponge” protein resulted in concentration-dependent PP1 activity, indicating that
SDS22 and I3 constantly re-associated with PP1 in the absence of a sponge, keeping
PP1 inhibited (Figure 2.19c).

Reassembly of SPI and NIPP1 dissociation occurs more slowly than p97-mediated
disassembly and full SPI reassembly could not be observed. The slower reassembly
rate can be attributed to the passive nature of the process, which relies on the mass

action and affinities of the three proteins to PP1, in contrast to the catalyzed SPI

88



DISCUSSION

disassembly reaction. However, it is also possible that in vitro reassembly is slower,
because certain co-factors for SPI formation are missing. This hypothesis is supported
by the observation that the dimeric SP and Pl complexes are not effectively
disassembled by p97 in vitro, even upon addition of individually expressed |13 and
SDS22, respectively (Figure 2.12 a, b). A third hypothesis is that repeated SPI
disassembly causes SDS22, PP1, or I3 to lose structural integrity, which are therefore
not able to bind back to their interaction partners. Further evidence for how SPI
disassembly is regulated in cells would help clarify the mechanisms underlying these

interactions and the stability of the complex in vivo.

Unpublished analytical gel filtration experiments of lysates treated with CB-5083 and
the translation inhibitor cycloheximide, conducted by Johannes van den Boom,
confirmed that PP1, which was not newly synthesized, shifted into the SDS22- and 13-
bound form after p97 inhibition. The reassembly occurred within 2 hours in cells and
most of the free SDS22 and 13 was found in the SI complex after treatments. These
findings highlight that SPI reassembly occurs efficiently in cells after PP1 biogenesis,
supporting the hypothesis that SPI formation plays a role in the later stages of the PP1

life cycle, post-maturation.

3.4 Cycles of SDS22 and I3 binding and p97-mediated disassembly
regulate PP1 activity

SPI reassembles upon p97-inhibition after initial disassembly by p97:p37 in vitro and
in cells, indicating that the formation of the SPI complex has functions outside of PP1
biogenesis (Chapter 3.3). A remaining question is the purpose of PP1 regulation
beyond maturation by SDS22 and 13 binding, and p97-mediated SPI disassembly. A
possibility is that SPI passively serves to store active PP1 in an inhibitory complex to
prevent indiscriminate phosphorylation after PP1 dissociation from other regulatory
subunits. Another hypothesis is that SDS22 and 13 binding to PP1 and simultaneous
displacement of another PP1 subunit contributes to PP1 holoenzyme subunit
exchange. The results detailed here suggest that PP1 undergoes cycles of SPI
formation and disassembly. Thus, constant SPI disassembly through p97:p37 and SPI
reassembly results in the formation of a steady-state where a fraction of PP1 is
available to form different holoenzymes and another fraction is kept inactive and stable

in the SPI complex.
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SDS22 and 13 re-associate with PP1 during SPI disassembly, displacing other PP1
interacting subunits in the process (Figure 2.14). The process of displacement was
recreated with a pre-formed, co-expressed NIPP1:PP1 (NP) complex and separately
purified SDS22 and I3. Incubation of NP with increasing concentration of SDS22 and
I3 lead to concentration-dependent NP dissociation, confirming NIPP1 displacement
by SDS22 and 13 (Figure 2.18). A limitation of this assay is the absence of a positive
NP dissociation control, which would demonstrate the condition of complete NP
disassembly. In the absence of this control, it can be concluded that SDS22 and I3
displace NIPP1, however full NP dissociation could not be observed. In contrast to NP,
the SPI complex remained stable in the presence of high concentrations of NIPP1 over
a time course of 18 hours (Figure 2.17). Neither SDS22 nor 13 dissociated significantly
during the long incubation with NIPP1, highlighting that SPI disassembly is strictly
dependent on p97-activity. Similarly, but in a shorter time frame, it was observed that
GADD34 does not rapidly displace SDS22 and I3 from PP1. In samples of elF2a-P
dephosphorylation assays during SPl disassembly, which lacked p37, no
dephosphorylation was observed, even though both SPI and GADD34 and other
necessary components were present (Figure 2.21c). Further, the Ap37 control in a 13
displacement assay showed that GADD34 did not passively displace 13 during 30
minutes of incubation with SPI (Figure 2.20b). These results demonstrate that p97

activity was strictly necessary for PP1-GADD34 binding.

Previous studies defined SDS22 and I3 as maturation factors, which transiently bind
during PP1 biogenesis. This study presents evidence that SDS22 and 13 together with
p97:p37 regulate PP1 activity beyond PP1 biogenesis. Combined results suggest that
PP1 holoenzyme formation and substrate dephosphorylation are regulated by cycles
of p97-mediated SPI disassembly, and mass action directed re-association of SDS22
and I3 (Figure 3.2). Specifically, it was shown that SDS22 and I3 readily take apart
other holoenzyme complexes, displacing regulatory PP1 subunits. In contrast, for SPI
disassembly, p97-activity was strictly necessary, as SPI is stable in the presence of
PP1-binding competitors. Further, SPI reassembles during p97 inhibition, which
indicates that a steady-state of free PP1, available for holoenzyme formation, and
inhibited PP1 complexed in SPI is maintained by SDS22 and I3 binding and p97-
dependent SPI disassembly, even in later stages of the PP1 life cycle. This allows the
hypothesis that SPI is a thermodynamic sink that sequesters inactive PP1 in cells until

active PP1 is liberated by p97-mediated SPI disassembly.
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Figure 3.2: Cycles of SDS22 and I3 binding and displacement of PP1 regulatory subunits by mass action,
as well as p97-catalyzed disassembly regulate PP1 holophosphatase formation, which can result in PP1
substrate dephosphorylation.

The consequences of unselective PP1-mediated dephosphorylation in cells could
include loss of signal transduction during stress (Garcia et al., 2003; Hicks et al., 2023),
impairment of cell division (Lesage et al., 2011; Rebelo et al., 2015; Saurin, 2018), and
loss of DNA repair control (Kuntziger et al., 2011). Therefore, regulation of PP1 activity
in cells is paramount. Consequently, the purpose of SPI and p97 in PP1 regulation
might be the prevention of unnecessary dephosphorylation through cycles of SPI
formation, while allowing controlled release of PP1 through p97. In that scenario
SDS22 and I3 constantly displace activating PP1 subunits, keeping PP1 trapped and
inhibited. The SPI complex is highly stable and thus the cell would be kept safe from
promiscuous dephosphorylation by PP1. Release of active PP1 is dependent on p97
activity, but how exactly the release of PP1 would be controlled in cells is unclear. The
SEP domain adapter p37 shows low expression levels in U20S cells, compared to
other p97 adapters. Another SEP domain adapter, UBXN2A, can also mediate SPI
disassembly in vitro. Therefore, availability of p37 and UBXN2A might contribute to the

control of available PP1 for holoenzyme formation in cells.

An open question in the PP1 field is, how holoenzyme exchange is controlled. While it
has been shown that PP1 interactors like GADD34 are subject to transcriptional

control, and affinities as well as post-translational modifications of the proteins are
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important for complex formation and stability, it is unknown whether subunit exchange
is an active process. The observation that SDS22 and I3 can displace other PP1
regulatory subunits allows the hypothesis that cycles of PP1 regulation through SDS22
and p97 not only recycle active PP1 between holophosphatases but possibly also
accelerate subunit dissociation, resulting in a dynamic exchange of subunits. The
holoenzyme exchange function of p97:p37 and SDS22 and I3 can only be
hypothesized as current data do not show that this happens in cells, or that SDS22
and I3 accelerate holoenzyme dissociation. Providing evidence for this hypothesis
could be challenging as it requires the reconstitution of a complex system involving
multiple proteins. Further data that show enhanced rates of subunit exchange are
needed to establish a specific directionality in the assembly of PP1 holoenzymes,
achieved through p97 and SPI.

3.5 p97-mediated SPI disassembly results in the formation of an

active PP1 holoenzyme

In order for SPI formation and p97-mediated disassembly cycles to serve as a
regulatory mechanism in cells, it is necessary for PP1 to become active following SPI
disassembly. This study establishes that PP1 is active after SPI disassembly in vitro,
without the need of additional co-factors or substrate specifiers. Further, PP1 readily
dephosphorylated the endogenous substrate elF2a-P, together with its substrate

specifier GADD34 after SPI disassembly, dependent of p97 activity.

Observing PP1 activity after SPI disassembly poses the challenge that SDS22 and 13
have been shown to constantly re-associate with PP1 after initial SPI disassembly
(Chapter 3.3). These results were confirmed by the observation that PP1 was not able
to dephosphorylate the synthetic substrate OMFP during SPI disassembly, due to re-
association of SDS22 and 13 (Figure 2.19b). However, additional incubation of the SPI
disassembly reaction with the inactive mutant PP176¢K resulted in concentration-
dependent dephosphorylation of OMFP to fluorescent OMF (Figure 2.19c). The
inactive PP1 served as a “sponge” to bind dissociated SDS22 and 13 and thus prevent
reassembly. The subsequent dephosphorylation of OMFP shows that PP1 is active
after release from SPIl. To explore whether PP1 released from SPI can form a
holoenzyme complex capable of dephosphorylation, elF2a-P dephosphorylation
assays were performed in the presence of SPI, p97:p37, substrate specifier GADD34
and co-factor G-actin. elF2a-P dephosphorylation during SPI disassembly was
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observed with a concentration dependent effect of p97, as well as SPI (Figure 2.21).
The formation of a holoenzyme complex between PP1 and GADD34 was confirmed
through an I3 displacement assay with GADD34 (Figure 2.20). Overall it could be
shown that PP1 is active after its release from the SPI complex, mediated by p97:p37.
Further, PP1 can form an active holoenzyme after SPI disassembly with GADD34 and

elF2a-P dephosphorylation rates were dependent on concentrations of p97 and SPI.

The reconstitution with purified components showed release of active PP1 after SPI
disassembly by p97. It is still to be tested whether the same process also occurs in
cells. Unpublished data show that PP1 purified from cell lysates was less active against
OMFP when the cells were previously treated with p97 inhibitor CB-5083 (Johannes
van den Boom), consistent with the results that p97 inhibition leads to sequestration of
PP1 in the SPI complex (Figure 2.14b). Together the results indicate that p97-
catalyzed SPI disassembly directly leads to PP1 activity in cells. In the OMFP assays
performed without the addition of the SDS22- and [3-binding “sponge”, PP1 activity
was not observed (Figure 2.19b). However, FRET SPI disassembly experiments
lacking both PP1H88K as well as any other PP1-binding subunits, showed that both
SDS22 and I3 partially dissociate from PP1 (Figure 2.9 e, f). Even though net
dissociation was shown, the OMFP experiments show that PP1 is not active directly
after SPI disassembly and before 13 and SDS22 can re-associate and inhibit PP1 once
more. A hypothesis is that a conformational change in PP1 is needed, before full
activity can be observed. Since SDS22-bound PP1 lacks a metal ion necessary for
PP1 activity, this conformational change might be a metal loading step (Choy et al.,
2019).

As it was shown that PP1 activity after SPI disassembly also occurs in cells, it would
be interesting to link p97-catalyzed release of active PP1 to a cellular pathway. Since
the dephosphorylation of elF2a-P after SPI disassembly was shown here, it could be
hypothesized that p97 contributes to regulation of the integrated stress response. It
has previously been shown that p97 regulates the ISR by facilitating the degradation
of the GADD34 paralogue CReP (Hulsmann et al., 2018). Additionally, unpublished
data indicate that SPI can serve as a reservoir for the formation of an active
PP1:GADD34 complex. Specifically, it was shown that upon p97-inhibition in cells,
GADD34 bound to PP1 increases by ~20 % (Sandra Koska). Since elF2a-P is the
cellular substrate of GADD34:PP1, these results indicate that p97-mediated SPI

disassembly could participate in the control of the amount of dephosphorylated elF2a

93



DISCUSSION

in cells, however the consequences of SPI disassembly for the ISR remains to be fully
elucidated. Other PP1-related pathways may be regulated in the same way and the
significance of the convergence of these two evolutionarily conserved regulators, PP1

and p97, will be a relevant subject of future studies.

This study provided valuable insights into the regulation of PP1 activity and
holoenzyme formation. By elucidating key aspects of this PP1 regulatory mechanism,
the groundwork for future research to further confirm and expand upon these findings
was laid. Subsequent studies could focus on elaborating the results in a cellular context
and investigating additional factors involved in SPI formation and disassembly.
Moreover, connecting the detailed mechanism of PP1 regulation to distinct cellular

pathways will be crucial for understanding its broader biological significance.
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4. Methods

41 Molecular Cloning

4.1.1 Polymerase Chain Reaction (PCR)

For Gibson cloning and site-directed mutagenesis, standard PCR conditions for
amplification with Phusion High Fidelity Polymerase (NEB) were used. Reactions
contained 1x Phusion HF or GC buffer (NEB), 10 mM dNTPs (NEB), 10 uM forward
primer, 10 uM reverse primer, 10 ng template DNA, 0.02 U/uL Phusion DNA
polymerase, and optionally 2.5-10 % DMSO in a reaction volume of 50 pL. Reactions

were incubated in a thermocycler as described in Table 1.

Table 1: PCR program used for generation of Gibson fragments and site-directed mutagenesis.

Cycle step Temperature (°C) Time Cycle repetition
Initial Denaturation 98 30s 1x

Denaturation 98 10s

Annealing Ta—5 30s 5x

Extension 72 1 min/kb

Denaturation 98 10s

Annealing Ta 30s 25x

Extension 72 1 min/kb

Final Extension 72 10 min 1x

Annealing temperatures (Ta) were dependent on the primer sequences, and elongation
times were calculated based on the length of the PCR product in kb. If necessary a
temperature gradient from Ta— 5 to 72 °C was used in the annealing step to ensure

successful amplification.

4.1.2 Gibson assembly
The fluorescent protein tag Clover, Sortase sites (LPETGGG, GGG), TEV cleavage

sites and full protein sequences were inserted into appropriate vectors using Gibson
Primers containing the respective overlapping sequences. For Gibson cloning both
vector and insert were amplified by PCR as described before. PCR products were
subjected to electrophoresis on 1 % agarose gels in TAE buffer (40 mM Tris pH 8.4, 1
mM Na2EDTA, 20 mM acetic acid) and subsequently purified from the gel. The
amplified vector backbones were incubated with 1 uL of Dpnl (NEB) for 1 hour at 37 °C.

Following this, 40 fmol of both the insert and vector backbone were subjected to
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incubation with the Gibson assembly master mix (75 mM Tris-HCI pH 7.5, 3.75 % PEG-
8000, 7.5 mM MgClz, 0.15 mM dNTPs, 7.5 mM DTT, 0.75 mM NAD, 0.004 U/uL T5
Exonuclease, 0.025 U/uL Phusion Polymerase, 4 U/uL Tag DNA Ligase) for 1 hour at
50 °C.

4.1.3 Site-directed mutagenesis

PP1H65K was generated using site-directed mutagenesis following the identical PCR
protocol mentioned earlier with primers containing the respective base changes,
followed by ligation through incubation with T4 Polynucleotide Kinase (NEB), Dpnl
(NEB), and T4 DNA Ligase (NEB) in T4 DNA ligase buffer containing 10 mM ATP

(NEB) for 1 hour at room temperature.

4.1.4 DNA transformation, isolation, and sequencing

For selection, plasmids were transformed into Escherichia coli XL-1 blue competent
cells (Agilent). For this, 4 uL ligated DNA was incubated with 50 uL of cell suspension
for 10 min, followed by a 45 s heat-shock at 42 °C. After incubating samples for 1 min
on ice, cells were recovered in 800 uL SOC medium at 37 °C for 45 min, and streaked
onto LB-agar plates containing 50 ug/mL Ampicillin or 25 ug/mL Kanamycin. To isolate
plasmid DNA from bacteria, a bacterial clone was inoculated into LB medium
supplemented with the relevant antibiotic. The cells were cultured by shaking at 150
rom and 37 °C overnight. Subsequently, DNA extraction was performed using the
NucleoSpin Plasmid Mini kit (Macherey-Nagel). Plasmid DNA sequences were verified

using GATC Sanger sequencing services.

4.1.5 Plasmids, Peptides, and Viruses

The following plasmids, peptides and viruses were created, purchased, or received as

gifts for this study as specified in Table 2.

Table 2: Plasmids, peptides and virus V2-generations used in this study.

Database entry Name Source/created by
Plasmids

2172 pFL-His-PP1-Clover, GGG-SDS22 Anja Kiick

2173 pFL-His-PP1-Clover, NIPP1-LPETGGG Anja Kiick

1926 pST44-PP1He6K Anja Kiick

1709 pFL-13-TEVc-His-LPETGGG Anja Kiick

1710 pFL-PP1-Clover, GGG-TEVc-SDS22 Anja Kiick
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1700

1699

1698

1696

1695

1592

1589

1574

1556

1593

1522

1523

1524

1560

1736
1944/UK168
1945/UK2731
1943

1287
Peptides

Viruses (V2)

pFL-GGG-His-SDS22
pST44-PP1-Clover

pET16b-PP1

pMal-His-LPETGGG
pET30b-7M-SortaseA
pFL-PP1-Clover, GGG-SDS22
pMalE-Gadd345'3-636-His-LPETGGG
pET16b-NIPP1-LPETGGG
pFL-PP1-Clover, SDS22
pFL-Inhibitor3-His-LPETGGG
pMal-GADD345'3-6%.His
peCFP-NIPP1
pCAGGS-Raichu-Rho_CR (Clover)
pET16b-His-NIPP1
pFL-His-PP1-Clover
pGEX-1-1-PerkKD
pSUMO3-1-helF2a%18"

pET28a His-SENP2 catalytic domain
pFL-I13 untagged

GGGWSHPQFEKK(TAMRA)-NHz
(TAMRA)-AWSHPQFEKLPETGGG

V2 His-PP1-Clover, GGG-SDS22

V2 His-PP1-Clover, NIPP1-LPETGGG

V2 13-TEVc-His-LPETGGG

V2 PP1-Clover, GGG-TEVc-SDS22
V2 GGG-His-SDS22

V2 PP1-Clover, GGG-SDS22

V2 PP1-Clover, SDS22

V2 Inhibitor3-His-LPETGGG

V2 I3 untagged

V2 His-PP1-Clover, GGG-SDS22

Anja Kick

Anja Kuck

Anja Kuck

Anja Kick

Addgene #51141

Anja Klck

Anja Kuick

Anja Kuck

Anja Kuck

Johannes van den Boom
David Ron

Addgene Plasmid #44226
Addgene Plasmid #40258
Anja Kuck

Anja Kuck

David Ron

David Ron

Addgene Plasmid #16357
Jonas Seiler

CASLO ApS
CASLO ApS

Anja Klck

Emilia Chlosta

Anja Kuck

Anja Kuck

Anja Kick

Anja Kuck

Anja Klck

Anja Klck

Johannes van den Boom

Emilia Chlosta

pFL-PP1-Clover and related plasmids were created from the plasmid pCAGGS-
Raichu-Rho-CR (Lam et al., 2012). pET16b-NIPP1-LPETGGG was created using the
NIPP1 sequence from peCFP-NIPP1 (Trinkle-Mulcahy et al., 2001). We received
PMAL-hGADD345%13636  hGEX-4T-1-PERK KD, and pSUMO3-1-helF2a?%'8" as kind
gifts from D. Ron (Crespillo-Casado et al., 2018; Harding et al., 1999; Yan et al., 2021).
The pET30b-7M-SortaseA plasmid and pET28a-SENP2 (catalytic domain) were kind
gifts from H. Ploegh (Addgene #51141) and Guy Salvesen (Addgene plasmid #16357).
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4.2 Protein expression

4.2.1 Expression in E. coli BL21

Recombinant proteins produced in Escherichia coli BL21(DE3) competent cells
(Agilent) were transformed into the chemically competent cells via heat shock. Plasmid
DNA was incubated with 100 uL cell suspension for 10 min. The heat shock was
performed at 42 °C for 45 s, after which the samples were incubated on ice for 1 min.
Cells were recovered in 800 uL SOC media for 45 min, streaked onto LB-agar plates
containing the appropriate antibiotic and grown overnight at 37 °C. Overnight starter
cultures were cultivated in 20 mL LB-medium supplemented with 25 ug/mL kanamycin
or 50 ug/mL ampicillin, depending on the respective antibiotic resistance. Cells were
grown in 1 L LB medium, also containing the respective antibiotic, at 37 °C until the
ODeoo reached 0.6-0-8. Protein expression was induced by adding 0.5 mM IPTG, and
cultures were incubated at 18 °C for another 18-20 hours. Cells were then harvested
at 4 °C and 4000 rpm for 15 min, and the pellet was resuspended in lysis buffer (50
mM HEPES pH 8, 150 mM KCI, 5 mM MgClz, 5% glycerol, 25 mM imidazole).

4.2.2 Expression in E. coli ArcticExpress

For recombinant proteins produced in Escherichia coli ArcticExpress(DE3) competent
cells (Agilent) a previously established protocol was used (Kelker et al., 2009). Plasmid
DNA was transformed into 100 uL cell suspension. The transformation protocol was
the same as described before, except the heat shock was performed at 42 °C for
exactly 20 seconds. Overnight starter cultures were cultivated in 20 mL LB medium
supplemented with 20 pg/mL gentamycin, 50 ug/mL ampicillin, and 1 mM MnClz. Cells
were grown in 1 L LB medium, containing 1 mM MnCl2 and no antibiotics, at 30 °C for
approximately 3 hours or until the ODeoo reached ~0.6. Subsequently, the temperature
was lowered to 10 °C using an ice bath, and expression was induced with 0.2 mM
IPTG for 20-24 hours. Following induction and expression, cells were harvested at4 °C
and 4000 rpm for 15 min, and the pellet was resuspended in an equal volume of fresh
LB medium, containing 1 mM MnCl2 and 200 pg/mL chloramphenicol to suppress
ribosome activity. The suspension was gently agitated (~40 rpm) for 2 hours at 10 °C
to facilitate in vivo folding of PP1 in the presence of chaperonins. Finally, cell pellets
were resuspended in PP1 lysis buffer (50 mM HEPES pH 8.0, 5 mM imidazole, 700
mM KCI, 1 mM MnClz, 0.1% (v/v) Triton X-100, 1 mM PMSF).
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4.2.3 Expression in insect cells (Baculovirus system)

For transformation of pFL vectors into DH10EMBacY competent cells (Thermo) with
subsequent bacmid isolation, approximately 2 ug of plasmid DNA was added to 50 yL
of cells, followed by a 1-hour incubation on ice. The E. Coli strain harbors a baculovirus
shuttle vector (bacmid) capable of undergoing recombination with a donor plasmid.
Heat shock was performed at 42 °C for 35-45 seconds, and cells were then recovered
in 1000 pL LB for around 6 hours at 110 rpm. The cells were plated on LB-agar plates
containing 50 pg/ml kanamycin, 10 ug/ml tetracycline, 7 pg/ml gentamycin, 40 pg/ml
IPTG, and 100 ug/ml X-Gal. Positive integration of the pFL vector into the bacmid was
verified through blue/white selection. After approximately 48 hours of growth to
observe white colonies, three clones per construct were streaked on a fresh plate to
ensure their purity. Subsequently, 3x 2 mL LB containing all three antibiotics were

inoculated with three different clones for bacmid preparation.

Bacmid DNA isolation was performed with the NucleoSpin Plasmid Mini kit until before
the step of loading the DNA on the columns. Instead the bacmid DNA in the
supernatant was precipitated with isopropanol. Isopropanol (700 ul) was added to the
DNA, gently mixed, and left overnight at -20 °C. After a 15-minute centrifugation at
maximum speed, a visible pellet was obtained. The pellet was washed with 70%
ethanol, spun down, and ethanol was removed under the hood. After allowing for

evaporation, the DNA was resuspended in 40 pl of sterile H20.

For transfection of Sf9 cells, derived from the parental Spodoptera frugiperda cell line
(Thermo), with bacmid DNA for virus production, bacmid DNA from three clones was
used to account for potential expression variations. Sf9 cell density, maintained at
27 °C, 115 rpm in SF900 Il medium, was determined using a Neubauer chamber.
Following cell counting, 1x10° cells per clone were taken from the liquid stock and
added to a 6-well plate, along with 1 mL media per well. For each clone, 200 uL SF900
Il medium with 20 yL Bacmid DNA and 5 yL FuGene HD transfection reagent was
incubated for 20 minutes at room temperature and then added to the wells. The
incubation of the plate proceeded for 4 days at 27 °C. Transfection was verified under
a fluorescence microscope, with GFP serving as the control gene. Only expression-

positive clones were further processed.

For the first virus amplification (V0) 8x10° cells were extracted per clone from the liquid
stock. 10 cm dishes were prepared, each filled with 8 ml SF900 Il medium. 8x106 Sf9
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cells were added to each dish. The complete content (supernatant + cells) from each
well of the 6-well plate was transferred to one of the 10 cm dishes. The dishes were
incubated for 4 days at 27 °C. Checking under the microscope for GFP expression, the
best expressing clone was centrifuged at 1000xg for 5 minutes. The supernatant was
transferred to a new sterile 15 ml tube and 5-10 % inactivated FCS was added. The

VO virus generation, was stored at 4 °C.

The V1 amplification was similar to the VO generation, except that a 50 mL volume was
used containing 5x107 cells. The Sf9 cells were then infected with the VO virus
supernatant. VO virus was added to the media at a 1:50 ratio through a 0.2 ym sterile
filter. The 50 mL flask was incubated for 4 days at 27 °C and 115 rpm. Expression was
examined under a fluorescence microscope before harvesting the V1. The contents of
the flasks were centrifuged at 1000xg for 5 minutes. The supernatant was then
transferred to a new sterile 50 mL tube and 5-10 % inactivated FCS was added. The

V1 virus generation was stored at 4 °C.

The third virus amplification step in Sf9 cells was conducted freshly, and the V2 virus
generation was not stored but used entirely for infection. V2 amplification was carried
out in a 50 mL volume, following the same protocol as V1. Large scale protein
expression was performed in High Five Cells (BTI-TN-5B1-4), a clonal isolate derived
from the parental Trichoplusia ni cell line (Thermo). A 5000 mL flask was used to
prepare 1000-1400 mL of 1x108 High Five cells per mL media. The complete V2 virus
(50 mL) was added to the High Five cell suspension. The expression took place at
27 °C and 115 rpm over 4 days. Cells were then centrifuged at 3500 rpm for
15 minutes. The pellets were re-suspended in lysis buffer (50 mM HEPES pH 8,
150 mM KCI, 5 mM MgClz, 5% glycerol, 25 mM imidazole) and stored at -80 °C.

4.3 Protein purification

His-NIPP1 versions, His-Sortase A, and His-SENP2 were generated in Escherichia
coli BL21 (DE3). The cleared bacterial lysates were applied to a HisTrap FF 5 mL
(Cytiva) column using p97 buffer (50 mM HEPES pH 8, 150 mM KCI, 5 mM MgClz2, 5 %
glycerol) containing 25 mM imidazole. Elution was performed with p97 buffer
supplemented with 300 mM imidazole, followed by gel filtration on a Superdex 16/600
pg 75 (Cytiva) column in p97 buffer with 1 mM DTT.
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His-13 was expressed in insect cells and purified in the same manner as described
above, with buffers containing 200 mM NaCl, 20 mM Tris pH 7.9 and 1% Triton X-100
His-p97. His wash buffers also included 15 mM imidazole and 0.5 mM TCEP and the
protein was eluted with wash buffer complemented with 300 mM imidazole. 13 gel
filtration buffer contained 1 mM DTT and gel filtration was performed using a Superdex

16/600 pg 200 (Cytiva), due to the intrinsically disordered structure of 13.

His-PP1y and His-PP1y"%¢K were produced in Escherichia coli ArcticExpress DE3
(Agilent). Cleared lysate was loaded onto a HisTrap 5 mL column and eluted with
10 mL of PP1 elution buffer (50 mM HEPES pH 8.0, 250 mM imidazole, 700 mM KClI,
and 1 mM MnCl2) directly onto a gel filtration column Superdex 26/600 pg 200 (Cytiva).
Elution from the gel filtration column was with PP1 gel filtration buffer (50 mM HEPES
pH 8.0, 500 mM KCI, 1 mM MnClz, 0.5 mM TCEP). Proteins were concentrated to
~30 uM.

The PP1y:13 (Pl) complex and the SDS22:PP1y:I13 (SPI) complex and all variants
thereof (including Clover, sortase sequences and TEV cleavage sites) were generated
in insect cells using two viruses and a dual-expression cassette system. For this, 13
was tagged with a 6 histidine-tag (His). The Pl and SPI complexes were purified from
cleared High Five cell lysates on a HisTrap FF (Cytiva) column in p97 buffer with
25 mM imidazole and eluted directly onto a HiTrap Q HP anion exchange column 5 mL
(Cytiva) with p97 buffer containing 300 mM imidazole. After elution from the anion
exchange column through p97 buffer containing 1 M KClI, proteins were further purified
by gel filtration on a Superdex 16/600 pg 200 (Cytiva) in p97 buffer with 1 mM DTT.

His-PP1y:SDS22 (SP) and His-PP1y:NIPP1 (NP) complexes were expressed and
purified with respective labels as described before for the SPI complexes. Same
buffers and procedures were used, but the anion exchange chromatography was
omitted from the protocol. Of note, PP1 was tagged with a 6-histidine tag in both

complexes.

G-SDS22 was generated in insect cells. His-tagged G-SDS22 was purified from
cleared High Five cell lysates in SDS22 lysis buffer (50 mM HEPES pH 8.0, 0.5 M KClI,
5 mM imidazole, 0.1% Triton X-100). Lysate was loaded on a HisTrap FF (Cytiva)
column in lysis buffer containing 5 mM imidazole and no Triton. Column was washed

until a base line was reached, followed by a wash with 8 % SDS22 elution buffer
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(50 mM HEPES pH 8.0, 0.5 M KCI, 250 mM imidazole). Subsequently, the column
underwent an overnight incubation with SDS22 wash buffer (50 mM HEPES pH 8.0,
0.5 M KCI), containing 1000 U of His-TEV-protease (Sigma-Aldrich) to eliminate the
His-tag and expose an N-terminal glycine for sortase-labeling. The protein was then

eluted using the wash buffer.

GST-PERK catalytic domain was produced in Escherichia coli BL21 DE3 (Agilent).
The cleared lysate was applied to a GSTrap HP column (Cytiva) using GST-wash
buffer (50 mM HEPES pH 7.5, 150 mM KCI, 1 mM DTT), and elution was carried out
with GST-wash buffer supplemented with 20 mM glutathione.

elF2a2187 N-terminally tagged with SUMO and His, was generated in Escherichia coli
BL21 DE3 (Agilent). The cleared lysate was applied to a HisTrap FF column (Cytiva)
using elF2a wash buffer (50 mM HEPES pH 7.5, 500 mM KCI, 10 mM imidazole, 0.5
mM TCEP), and elution was performed with elF2a wash buffer containing 300 mM
imidazole. Subsequently, SUMO-tag cleavage using SENP2 protease was carried out
overnight in a 15 mL volume with a protease concentration of 0.01 mg/mL at4 °C. The

protein was then eluted using the wash buffer.

His-MBP-GADD34513-636 gnd His-MBP (containing the same linker region also present
in MBP-GADD34513-636) were produced in Escherichia coli BL21 DE3 (Agilent), the
cleared bacterial lysate underwent loading on a HisTrap FF column (Cytiva) in
GADD34 lysis buffer (50 mM Tris pH 7.4, 500 mM NaCl, 20 mM imidazole, 0.5 mM
TCEP). Elution was carried out using GADD34 lysis buffer supplemented with 300 mM
imidazole, followed by MBP purification using an MBPTrap HP 5 mL column (Cytiva).
For this step, proteins were loaded in GADD34 lysis buffer and eluted with the same
buffer containing 10 mM maltose. Subsequent to MBP affinity purification, size
exclusion chromatography was performed on a Superdex 26/600 pg 200 column
(Cytiva). The protein eluted as both soluble aggregates and soluble protein, with the

latter concentrated from the second peak for further use.

Actin from rabbit muscle (Sigma-Aldrich) was diluted to 1 mg/mL in G-buffer (5 mM
Tris pH 8.0, 0.2 mM ATP, 0.5 mM DTT and 0.2 mM CaClz) for use in elF2a-P

dephosphorylation assay.

His-p97, p37, SDS22:PP1:Inhibitor-3-His (SPI) without FRET labels were used from

lab stocks created by Johannes van-den-Boom.
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All proteins were analyzed by SDS-PAGE using mPAGE Bis-Tris 4-20 %
polyacrylamide gels (Millipore), Tris-MOPS-SDS running buffer (Genscript). Gels were
run at 120 mA for 40 minutes and stained with InstantBlue Coomassie protein stain
(Abcam). Proteins were concentrated, snap frozen in liquid nitrogen, and stored at
-80 °C.

4.4 Protein labeling
The labeling of sortase site containing proteins with TAMRA (5(6)-Carboxy-

tetramethylrhodamin) was carried out using a Ca?*-independent Sortase A. Proteins
containing the C-terminal sortase recognition motif (-LPETGGG; 50 uM) were
incubated with TAMRA-conjugated Strep-tag peptide GGGWSHPQFEKK-TAMRA
peptide (200 uM) and Sortase A (2.5 uyM) in p97 buffer with 1 mM DTT at 30 °C for
2 hours. For proteins containing the N-terminal sortase recognition motif (GGG-), the
TAMRA-conjugated Strep-tag peptide (TAMRA)-AWSHPQFEKLPETGGG was used
instead. Caslo ApS synthesized and labeled the peptides. The Strep-tag in the TAMRA
peptide was used for the purification of the labeled protein, by immobilizing it on a
StrepTrap HP (Cytiva) column. After elution with p97 buffer containing 2.5 mM
desthiobiotin, excess unincorporated peptide was removed through gel filtration using
a Superdex 16/600 pg 200 (Cytiva) column or Superdex 16/600 pg 75 (Cytiva) column
for NIPP1 and SDS22, in p97 buffer with 1 mM DTT.

4.5 In vitro elF2a phosphorylation with PERK

For phosphorylation of elF2a, 50 uM elF20%'8 and 100 nM GST-PERK catalytic
domain were incubated at 37 °C for 2 hours in a total volume of 4 mL containing
100 mM KCI, 25 mM HEPES pH 7.5, 5 mM MgClz, 1 mM TCEP and 2.5 mM ATP. To
remove GST-PERK, a reverse GST purification on a GSTrap HP column (Cytiva) was
performed as described for GST-PERK.

4.6 Fluorescence spectra

Fluorescence was induced and monitored using a Varian Cary Eclipse
spectrofluorometer (Thermo). The fluorescence emission spectrum of Clover as a
fusion protein of PP1 in complex with SDS22 and 13 contained 80 nM
SDS22:PP1Clver: |3 complex. Clover fluorescence was excited at 506 + 2.5 nm and
fluorescence emission was detected between 480-580 nm. The TAMRA fluorescence

spectrum of NIPP1TAMRA was recorded between 520-620 nm and TAMRA excitation
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was performed at 546 + 2.5 nm. Spectra were recorded at 30 °C in a total volume of
60 pL.

Fluorescence emission spectra recorded of the full SPI disassembly reaction and the
same reaction omitting p37 contained 80 nM SDS22:PP1¢over:|3, 80 nM NIPP1TAMRA
35 nM p97, 50 nM p37 2 mM and ATP (2 mM). Reactions were incubated at 30 °C for
30 min in a total volume of 60 pyL. Excitation was performed at 475 = 10 nm.
Fluorescence emission was recorded between 500 and 620 nm. Data points were

divided by the highest value to yield a normalized spectrum between 0 and 1.

4.7 FRET-based assays

All time course measurement samples (72 ul) were diluted in p97 buffer + 2 % BSA +
1 mM DTT and transferred to fluorescence cuvettes (Hellma) and heated to 30 °C. For
kinetics, a baseline was recorded for 3—5 min before the reaction was started by the
addition of ATP (2 mM). Samples were excited at a wavelength of 475 £ 10 nm. Donor
emission was recorded at 518 nm and acceptor emission at 580 + 2.5 nm. Data points
were measured approximately every 19 seconds using an average time of 1 second.
Reactions were recorded over indicated times. For data analysis, we normalized each
trace’s fluorescence intensity before addition of ATP (8 ul) to remove the dilution effect.
The ratio of both emission intensities was calculated by dividing the acceptor intensity
by the donor intensity. For NIPP1TAMRA or SDS22-PP1Clover_|3 titrations, only the donor
or acceptor emissions were used for data analysis, respectively. Curves were
normalized between the FRET signal before the addition of ATP and the lowest
(dissociation/disassembly) or the highest plateau (association) at the end of the

reaction in the dataset.

4.7.1 Initial conditions for SPI disassembly reaction with NIPP1TAMRA

SPI disassembly initial conditions, as shown in Figure 2.3, were 80 nM
SDS22:pP1Clover: |3 80 nM NIPP1TAMRA " 35 nM p97, 50 nM p37, and 2 mM ATP,
compared with the same reaction which excluded p37. ATP was added 3 min after the

start of the recording. Reactions were recorded over a time course of 20 min.

4.7.2 Optimal conditions of the SPI disassembly reaction

For the SPI disassembly reaction under optimal conditions as determined in Figure
2.4, 160 nM SPI variant, 240 nM NIPP1 variant, MBP-GADD345'3-636 or MBP, 160 nM
p97, 480 nM p37, and 2 mM ATP were added to reaction buffer (p97 buffer, 2 % BSA,
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1 mM DTT). For titrations one component was added at different concentrations as
indicated and reactions without p37 were used as a negative control. ATP was added
approximately 3 min after the initial recording of a baseline. For fluorescence spectra
analysis of the SPI reaction, same concentrations were used as for time course
measurements. Reactions were incubated with ATP for indicated times. Fluorescence
signals were divided by the highest data point to normalize spectra intensities between
0 and 1.

4.7.3 TEV experiments

Reactions containing SPI variants with a TEV cleavage site (TEVc) between the
TAMRA fluorophore and the rest of the protein, 300 uM TEV-protease (TEV) was
added after 30 minutes of disassembly. For reassembly, p97 inhibition was induced by
adding 10 yuM CB-5038 (Selleckchem) or DMSO as a control. Cuvettes were mixed by
gently pipetting up and down. Data points collected while adding the inhibitor/DMSO
were removed. In the experiment testing the effect of Mn?* ions on the reassembly of
SDS22, 1 mM MnCl2 was added to the reaction buffer.

4.7.4 Association experiments

Association of PP1clover and SDS22TAMRA was measured with 500 nM PP1¢over and
different concentrations of SDS227AMRA gnd 13 (500 nM, 750, 1000 nM), to achieve a
1:1, 1:1.5 or 1:2 ratio to PP1¢"°ver gs indicated. The PP1Cover and SDS22TAMRA only

curve was recorded with 1000 nM SDS22TAMRA

4.7.5 Dissociation experiments

To observe the dissociation of the NIPP1-PP1 complex (NP) (1000 nM) was incubated
with SDS22 and 13 at different ratios (500, 750 and 1000 nM), together and individually.

SDS22 and I3 dissociation experiments performed with 160 nM
SDS22:PP1Clover;|3TAMRA g  TAMRAGDS22:PP1Cove: |13 and 0-960 nM NIPP1 as a
competitive binding partner for PP1, were incubated over 18 hours to follow
fluorescence decay. As a control, a full SPI disassembly reaction containing 160 nM
SDS22:Pp1Clover:|3TAMRA 1240 nM NIPP1, 160 nM p97, 480 nM p37 and 2 mM ATP, as
well as a control lacking p37, was recorded for the same time course.
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4.7.6 SP and Pl disassembly experiments

For experiments conducted with PP1Clover|3TAMRA —(p|y (160 nM) or
TAMRASDS22:PP1Clover (SP) (160 nM), reactions contained 160 nM p97, 480 nM p37,
240 nM NIPP1, and 2 mM ATP unless otherwise stated. 160 nM SDS22 was added to

a reaction as indicated, to observe changes in Pl dissociation.

4.8 Fluorometric OMFP dephosphorylation assay
3-O-Methylfluorescein  Phosphate  Bis-Cyclohexylammonium  Salt (OMFP)

(Novachemistry) was preserved as a 100 mM stock solution in DMSO with 100 mM
H2SO4. The dephosphorylation of OMFP by PP1 was observed using a Varian Cary
Eclipse spectrofluorometer (Thermo). Excitation of samples occurred at a wavelength
of 485 £ 2.5 nm, and emission was recorded at 525 + 2.5 nm. Data points were
collected at approximately 19-second intervals, averaging over 1 second each.
Reactions (120 uL) contained 100 uM OMFP, 160 nM SDS22:PP1:13, 160 nM p97,
480 nM p37, and 2 mM ATP in p97 buffer wit 1 mM DTT unless otherwise stated.
Initially, a baseline was established by recording 3-4 minutes of only OMFP.
Subsequently, a master mix containing all additional components was introduced, and
the reactions were monitored over a 60-minute time course. Given the low background
hydrolysis of OMFP in our buffer, a reaction was documented using 100 uM OMFP in
the buffer, and this trace was subtracted from all other recordings. As a positive control,
apo-PP1 at a concentration of 160 nM was employed to verify OMFP reactivity with
PP1. PP1H66K was titrated to the reactions in concentrations of 160, 240, or 480 nM.

PP1H66K only control contained 480 nM PP1H68Kin p97 buffer + 1 mM DTT.

4.9 elF2a-P dephosphorylation assay and PhosTag gel analysis

Actin was pre-incubated with a 10x molar excess of latrunculin B (Sigma-Aldrich) for
1 hour on ice to ensure actin depolymerization. Reactions of 20 uyL contained 480 nM
p37, 160 nM SPI, 400 nM MBP-GADD345'3-636 400 nM G-actin, 2000 nM elF20-P,
2 mMATP and p97 (1, 2, 5, 10, 20 nM) in assay buffer (50 mM HEPES pH 8.0, 200 mM
KCI, 0.02% Triton, 2 mM MnClz, 1 mM DTT). Control samples contained 20 nM p97.
The reactions were started by adding ATP and then incubated at 30 °C for 10 minutes.
To stop the reactions, 5 yL of 6x SDS-loading buffer (0.35 M Tris-HCI pH 6.8, 30 %
glycerol, 10 % SDS, 9.3 % DTT, 0.02 % bromophenol blue) was added. Subsequently,
the samples were examined using 12 % polyacrylamide gels containing 5 mM PhosTag

AAL solution (Fujifilm) and 10 mM MnClz. The gel preparation followed the instructions
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provided by the supplier and was subjected to analysis through staining with
InstantBlue Coomassie protein stain. For the experiment with varying concentrations
of SPI, the same conditions were applied with reactions containing 10, 20, 40, 80, or
160 nM SPI and 20 nM p97. Control samples contained 160 nM SPI.

4.10 Quantification and statistical analysis

The determination of kinetic parameters using the FRET-based disassembly assay
followed a previously described method (Choi et al., 2017). FRET curves were
recorded and normalized as outlined above, and subsequently, these curves were
further normalized to the substrate concentration employed in the assay. The data
points used for analysis are depicted in the corresponding figures. For the
determination of kinetic parameters, two curves with distinct enzyme and substrate
concentrations were used for each temperature (30 °C: low conc.: 20 nM p97 and 40
nM SPCver|3 " high conc.: 80 nM p97 and 1150 nM SPCver3; 37 °C: low conc.: 20 nM
p97 and 60 nM SPCve3, high conc.: 80 nM p97 and 1150 nM SPCver3). These two
respective curves served as input for the Bayesian approach-based analysis script
(EKMCMC) using RStudio. The “combined_est” command was used to simultaneously
determine both kcat and Km. The parameters for each temperature were set as follows
(30 °C parameters: enz1=20, enz2=80, subs1=40, subs2=1150, MM=80, catal=1,
tun=2.4, std=1, nrepeat=100000, jump=10, burning=0, catal_m=1, catal_v=10000,
MM_m=1, MM _v=10000; 37 °C parameters: enz1=20, enz2=80, subs1=60,
subs2=1150, MM=300, catal=2.5, tun=2.4, std=5, nrepeat=100000, jump=10,
burning=0, catal_m=1, catal_v=10000, MM_m=1, MM_v=10000). The output of these
calculations consisted of 100,000 probable combinations of kcat and Kwu, represented
as a 2D-kernel plot. Given the lognormal distribution of the output data, the geometric

mean and geometric standard deviation were calculated for each parameter.

Image J software was used to determine gel band intensities of Coomassie stained
PhosTag gels. Bands pertaining to elF2a and elF2a-P were subjected to the plot lanes
analysis. Output integrals of three independent experiments were normalized to one
AGADD34 sample, with elF2a-P + elF2a = 100 %, yielding percentages of elF2a-P +
elF2a for each sample. Percentages of elF2a-P and elF2a present at the end of the
reaction for each experiment were subjected to fraction of a whole analysis and

standard deviations of the absolute values (n = 3) were calculated.
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4.11 In vitro co-immunoprecipitations

SPI disassembly reactions with purified components and co-immunoprecipitation
(ColP) analysis were performed using 160 nM p97, 480 nM p37, 160 nM
SDS22:PP1yClover: 3, and 480 nM NIPP1TAMRA Proteins were incubated in p97 buffer
supplemented with 1 mM DTT and 2 % BSA. Disassembly was initiated by addition of
2 mM ATP and incubation at 30 °C for indicated time points from 1-30 min. For
experiments monitoring SPI reassembly, 0.5 U apyrase (NEB) or apyrase buffer as a
control were added after 30 minutes. Reaction were incubated for further 10-60 min.
At indicated time points, reactions were stopped by tenfold dilution in ice-cold p97
buffer containing 1 % Triton and 2 % BSA. For PP1y ColPs, samples were incubated
with PP1y antibody (Santa Cruz C-19, or goat IgG as control) and GammaBind G-
Sepharose (Cytiva) for 1 hour at 4 °C. Beads were washed three times in p97 buffer
containing 1 % Triton and eluted by boiling in SDS-loading buffer. Samples were

analyzed by Western blotting and probed with indicated antibodies.

4.12 Immunoblotting

Protein bands were transferred to nitrocellulose membranes using a wet Western
blotting system with Millipore mPAGE Transfer buffer supplemented with 10 % ethanol.
The blotting process was conducted for 3 hours at 600 mA. Subsequently, the
membranes were blocked using 5 % milk in TBS-T. Detection was carried out with the
following antibodies. Western blot signals were visualized with secondary antibodies
against the respective primary antibody species, carrying the HRP (horseradish

peroxidase) reporter protein.
Table 3: Primary and secondary antibodies used for western blot signal detection.

Description Species Dilution Source/created by

Primary antibodies

polyclonal anti-NIPP1 rabbit 1:500 Sigma, no. HPA027452
polyclonal anti-PP1y goat 1:500 Santa Cruz C-19, no. sc-6108
polyclonal anti-SDS22 goat 1:1000 Santa Cruz E-20, no. sc-162164
polyclonal anti-Inhibitor-3 rabbit 1:1000 Eiteneuer et al., 2014
Secondary antibodies

rabbit IgG HRP goat 1:10000 Bio-Rad, no. 160-6515

goat IgG HRP mouse 1:10000 Santa Cruz, no. sc-2354
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Abbreviations

AAA-ATPase ATPases associated with diverse cellular activities

aa Amino acid

ALS Amyotrophic lateral sclerosis

ATF4 Activating transcription factor 4

ATP Adenosine triphosphate

AMP Adenosine monophosphate

ADP Adenosine diphosphate

BSA Bovine serum albumin

CB-5083 p97-inhibitor CB-5083

Cdc48 Cell division control protein 48

ColP Co-Immunoprecipitation

CMT2B Charcot -Marie-Tooth Type-2B

CPI-17 Protein kinase-C potentiated inhibitor

CReP Constitutive repressor of elF2a phosphorylation
Cryo-EM Cryogenic electron microscopy

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DSB DNA double-strand break

DUB Deubiquitinating enzyme

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid

helF2a Human eukaryotic translation initiation factor 2A
elF2a-P Phosphorylated eukaryotic translation initiation factor 2A
Elu Elution

ER Endoplasmic reticulum

ERAD ER-associated degradation

FCS Fetal calf serum

FRET Forster resonance energy transfer

FT Flow through

G-actin Globular actin

GADD34 Growth arrest and DNA damage-inducible protein
GCN1 General control nonderepressible 2

GEF Guanidine-exchange factor



AEm
AEx

LB
MBP
MOPS
MmRNA
MSP-1
MYPT1
NAD
NEB
NIPP1

Green fluorescent protein
Glutathione S-transferase
Guanosine triphosphate
Deoxynucleotide triphosphate
Dithiothreitol

Frontotemporal dementia
Heme-regulated elF2a kinase

6 histidine tag

Horseradish peroxidase

Inhibitor-1

Inhibitor-2

Inhibitor-3

Inclusion body myopathy
Intrinsically disordered protein
Initiation methionine

Isopropy! 3-D-1-thiogalactopyranoside
Internal recognition site

Integrated stress response
Small-molecule ISR inhibitor

Kilo base

Kilo Dalton

Catalytic constant
Michaelis-Menten constant
Complex containing Ku70 and Ku80
Emission wavelength

Excitation wavelength

Lysogeny broth

Maltose-binding protein
3-(N-morpholino)propane sulfonic acid
Messenger ribonucleic acid
Multisystem proteinopathy-1

Myosin phosphatase target subunit 1
Nicotinamide adenine dinucleotide
New England Biolabs

Nuclear inhibitor of PP1



NP NIPP1:PP1 complex

Npl4 Nuclear protein localization 4

ODeoo Optical density at 600 nm

OMF 3-O-methylfluorescein

OMFP 3-O-methylfluorescein phosphate

PAGE Polyacrylamide gel electrophoresis

PCR Polymerase chain reaction

PD Parkinson’s disease

PDB Paget’s disease of bone

pdb Protein database

PEG Polyethylene glycol

PERK Protein kinase RNA-like endoplasmic reticulum kinase

Pl PP1:Inhibitor-3 complex

PIP PP1-interacting protein

PKR Double-stranded RNA-dependent protein kinase

PMSF Phenylmethylsulfonyl fluoride

PP1 Protein-phosphatase-1

PPP Phosphoprotein phosphatase

S Sedimentation coefficient

SAC Spindle assembly checkpoint

SDS Sodium dodecyl sulfate

SDS22 Protein phosphatase 1 regulatory subunit 7

SENP2 SUMO/sentrin specific peptidase 2

SEP Shp1, eyes-closed, p47

Shp1 Suppressor of high copy protein phosphatase 1

SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein
receptor

SOC Super optimal broth

SP SDS22:PP1 complex

SPI SDS22:PP1:Inhibitor-3 complex

SPR Surface plasmon resonance

SRH Second region of homology

SUMO Small ubiquitin-like modifier

Ta Annealing temperature



TAMRA 5(6)-Carboxy-tetramethylrhodamin

TBS-T Tris-buffered saline + tween
TCEP Tris(2-carboxyethyl)phosphine
TDP-43 TAR DNA-binding protein 43
TEV Tobacco etch virus protease
TEVC TEV cleavage site

TBI Traumatic brain injury

tRNA Transfer ribonucleic acid

U Units (umol/min)

Ufd1 Ubiquitin fusion degradation protein 1
UPR Unfolded protein response
UTR 5" untranslated region

VCP Valosin-containing protein

ZF Zinc finger

Amino acids are abbreviated using the common one and three letter codes.
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