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Abstract

All lifeforms have to sense changes in their environment and adapt to possibly detrimental
conditions. On a cellular level, the highly elaborate proteostasis network (PN) consist-
ing of housekeeping and stress-induced proteins, confers this tolerance against stress and
maintains cellular protein homoestasis. This is essential for survival, as an accumulation
of stress-induced protein aggregation will eventually affect the functionality of crucial
cellular components and ultimately lead to cell death. The guardians of this balance are
the molecular chaperones and their activity-regulating co-chaperones. They are engaged
in all aspects of protein biogenesis, maintenance and degradation, especially during stress.
The heat shock proteins (HSPs) are the major chaperones in mammals and encompass
constitutive and stress-induced isoforms. Among them, the HSP70 and the HSP90 family
are the most abundant HSPs and their activity is involved in a great variety of homoestasis
and stress-induced tasks.

As part of the protein triage the E3 ligase CHIP (C-terminal HSC70-interacting protein) is
an essential activity regulating co-chaperone of HSP70 and HSP90 which provides a link
between chaperone mediated protein-folding and various degradation pathways. Due to
its decisive function, CHIP is involved in a wide array of cellular processes, especially in
clearing misfolded HSP70 client proteins that are prone to aggregate. As a consequence,
CHIP was reported to confer protection against many aggregation-induced pathologies of
the neuronal system. Additionally, CHIP has been identified as a critical factor in various
types of cancer and is implied to affect the development and the longevity of mammals.
Despite the significant progress in the understanding of CHIP’s structure and function,
many aspects surrounding its chaperone dependency and its substrate recognition remain
unclear. Moreover, due to the variety of substrates in diverse cellular pathways, there
are yet many connections to elucidate between CHIP and components of the cellular pro-
teostasis network.

The work of this thesis was focused on the role of CHIP in acute stress response and the
corresponding status of chaperone association. Moreover, it was investigated if CHIP,
as the connecting ligase of folding and degradation systems, might also provide a link
between the PN and the reorganisation of the cellular architecture upon stress exposure.
This has become of increasing interest as recent reports highlight the importance of spatial

sequestration in protein quality control.



To this end, subcellular distribution of CHIP was analysed by live-cell microscopy during
heat stress. It became obvious that during the heat-induced challenge of the chaperone
system, CHIP migrated to new cellular sites. Further experiments suggested that the ob-
served migration to the plasma membrane is a chaperone-independent process and in vitro
reconstitution of membrane association confirmed the competitive nature of membranes
and chaperones for CHIP binding. A detailed in vivo and in vitro analysis of the newly
observed membrane association of CHIP revealed a distinct lipid specificity and a novel
direct association with lipids. Binding experiments with recombinantly purified deletion
mutants of CHIP identified the TPR domain and a positive patch in the coiled-coil domain
as main determinants for the lipid association. Through biochemical and biophysical ap-
proaches, the structural integrity and functionality of CHIP upon membrane binding was
confirmed and further characterised.

Moreover, mass spectrometry analysis provided a high confidence identification of
chaperone-free interactors of CHIP at the plasma membrane and other membranous com-
partments. In accordance with the lipid specificity, the Golgi apparatus was one of these
sites. Only chaperone-free CHIP had a significant effect on the morphology of the or-
ganelle, again confirming the competitive role of chaperones and lipids. With respect to
the physiological consequences of the changed localisation of CHIP, preliminary results
indicated increased cell death when the ligase localises to cellular membranes. The re-
sults lead to the conclusion that CHIP acts as an initiator of early stress adaptation and as

a sensor for the severity and strength of the stress reaction.
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Zusammenfassung

Alle Lebewesen miissen Verdnderungen in ihrer Umgebung wahrnehmen und widrigen
Umstinden ausweichen oder sich anpassen um zu iiberleben. Auf zelluldrer Ebene ist
diese Reaktion auf schédliche Stressfaktoren durch einen evolutionir stark konservierten
Mechanismus gesteuert. Die zelluldre Stressreaktion wird durch stressinduzierte Pro-
teine vermittelt, deren Homologe sich in allen Doménen der Lebewesen (Eucarya, Ar-
chaea, Bacteria) finden. Die Signalwege um eine Beeintrachtigung der zellularen Makro-
molekiile (Lipide, Proteine, DNS) zu erfassen und eine entsprechende Reaktion her-
vorzurufen sind komplex und zahlreich, weshalb sich diese Arbeit mit der Reaktion von
Saugerzellen auf eine Beeintrichtigung des zelluldren Proteomes beschiftigt.

In Saugerzellen iiberwacht ein kompliziertes Netzwerk, das sogenannte ,,proteostatis-
che Netzwerk®, bestehend aus kooperativ-vernetzten Proteinen verschiedener Funktion-
alitdten, die Reaktion auf eine Beeintrichtigung der zelluldren Proteine durch schidliche
Einfliisse. AuBere Einfliisse, wie Temperatur, Strahlung, toxische Agenzien oder eine
Fehlfunktion des ,,proteostatischen Netzwerks®, konnen die Stabilitdt von Proteinen in
der Zelle zerstoren oder deren empfindliche Synthese beeintrachtigen. Dadurch kann es
zu einer Akkumulation von toxischen Proteinaggregaten kommen, die die Funktionen der
Zelle storen und schlussendlich zu ihrem Tod fithren kdnnen. Die Ursache vieler neurode-
generativer Erkrankungen ist in einer Akkumulation solcher toxischer Proteinaggregate
zu finden. Bedingt wird dies hédufig durch eine verringerte Kapazitit oder Fehlfunktion
der Proteinqualitdtskontrolle des ,,proteostatischen Netzwerks®, wie sie mit dem Altern
von Organismen oder in diversen Pathologien einhergeht. In vielen Formen von Krebs
ermoglicht eine Hyperaktivitit der Proteinqualititskontrolle in Tumorzellen deren Uber-
leben und Verbreitung, trotz der andernfalls nachteiligen Umgebungsumstéinde im Tumor
oder in Metastasen.

Die zentralen Knotenpunkte des ,,proteostatischen Netzwerks* sind die Chaperone. Diese
speziellen Proteine iberwachen und erhalten das Gleichgewicht zwischen Synthese und
Abbau, sowie die strukturelle Unversehrtheit zelluldrer Proteine. Chaperone ermdglichen
die dreidimensionale Faltung neusynthetisierter Proteine, verhindern unspezifische Inter-
aktionen ihrer Substrate mit anderen Bestandteilen des Zytosols und halten fehlgefaltete
oder beschidigte Proteine in einem metastabilen Zustand, indem sie entweder ihre na-

tive Struktur wiedererlangen konnen oder an zelluldre Abbaumaschinerien weitergeleitet
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werden konnen. Die groBite Gruppe von Chaperone sind die sogenannten ,,heat shock pro-
teins““ (HSP), die entsprechend ihrem Molekulargewicht in die Familien HSP40, HSP60,
HSP70, HSP90 und HSP110 klassifiziert werden.

Die Mitglieder der HSP70 und HSP90 Familie bilden den Grof3teil der HSPs in Sdugern,
wobei HSP70s ubiquitir vorhanden sind und unterschiedliche Funktionen erfiillen.
HSP90 ist hauptsidchlich an der Bildung der nativen Struktur und der Aktivierung von
Substartproteinen beteiligt. Die dreizehn Mitglieder der HSP70 Familie bilden den
Grofteil der HSPs im Menschen und erfiillen eine Vielzahl von Funktionen in der Pro-
teinsynthese, Komplexbildung, Qualitdtskontrolle, dem Proteintransport und der Stress-
reaktion. Die stressinduzierten Isoformen HSPA1A und HSPAIB sind die am hiufig-
sten exprimierten Chaperone unter Stressbedingungen und reduzieren die Bildung von
toxischen Aggregaten. Um diese Vielfalt an Funktionen zu bewiltigen, interagieren HSPs
mit einer Vielzahl von Co-chaperonen, die Substrate identifizieren oder die Aktivitit des
Chaperons regulieren, um die weitere Prozessierung entsprechend zu steuern. Kann ein
Chaperonsubstrat seine native Struktur nicht einnehmen, wird es an Abbaumaschinerien
weitergeleitet. Eine dieser Abbausysteme ist das Ubiquitin-Proteasome-System (UPS), in
dem nicht-funktionale oder irreparabel beschiddigte Proteine vom 26S Proteasom in kleine
Peptide abgebaut werden. Um das Substratprotein an das Proteasome weiterzuleiten, in-
teragiert das Chaperon mit substratspezifischen E3 Ubiquitinligasen, die in einer zyklis-
chen Reaktion zusammen mit zwei weiteren Enzymen (E1: Ubiquitin aktivierendes En-
zyme und E2: Ubiquitin konjugierendes Enzym) das Signalprotein Ubiquitin, iiber eine
Isopeptidbindung, an ein Lysin des Substratproteins binden. Der zyklische Ablauf dieser
Reaktion erzeugt Polymerketten aus Ubiquitin, deren spezifisches Verkniipfungsmustern

als Signal fiir die weitere Prozessierung dient.

CHIP (C-terminal HSC70-interacting protein) ist ein Co-chaperon von HSP70 und
HSP90, das im Zytosol der meisten Sdugerzellen exprimiert wird. Aufgrund seiner Ak-
tivitdt als E3 Ligase stellt es den zentralen Verbindungspunkt zwischen der chaperon-
gesteuerten Proteinfaltung und verschiedenen zelluliren Abbausystemen dar. Auf-
grund seiner zentralen und entscheidenden Position in der Proteinqualititskontrolle,
konnte eine regulatorische Funktion von CHIP in diversen zelluldren Prozessen wie Au-
tophagie, Signaltransduktion, Apoptose, Seneszenz und der Entwicklung von Organismen

nachgewiesen werden.

CHIP ist von besonderer Bedeutung in der Stressreaktion, da es essenziell fiir den Ab-
bau von potenziell aggregierenden und partiell entfalteten Proteinen ist. Daher ist es
nicht verwunderlich, dass eine protektive Funktion von CHIP gegen neurodegenera-
tive Erkrankungen, wie Parkinson und Alzheimer, gezeigt werden konnte. Auferdem
konnte CHIP als kritischer Faktor in vielen Krebsarten identifiziert werden, der Verlauf
und Bosartigkeit der Tumore mallgeblich beeinflussen kann. Aufgrund dessen ist CHIP

ein vielversprechender Kandidat fiir zukiinftige therapeutische Ansitze zur Bekdmpfung

IV



lebensbedrohlicher Krankheiten.

Trotz zahlreicher Fortschritte in der Strukturaufklarung und Funktionsweise von CHIP
bleiben viele Fragen iiber seine regulatorischen Funktionen in diversen zelluldren
Prozessen, sowie seine Abhingigkeit von der Assoziation mit HSP70/90 ungeklért.
Neuere Forschungen deuten auf eine zusitzliche chaperon-unabhinige Funktion von
CHIP in der Qualititskontrolle bestimmter Substarte hin. Diese Funktion kdnnte von
besonderer Bedeutung bei einer Stressreaktion der Zelle sein, bei der das Chaperonsys-
tem mit dem steigenden proteotoxischen Druck ausgelastet ist, wie etwa bei diversen

humanen Krankheiten oder dem Alterungsprozess.

In dieser Arbeit wurde deshalb die Rolle von CHIP wihrend akuter Stessbelastung, im
Hinblick auf Chaperonassoziation und im Besonderen auf die subzelluldre Lokalisation
der E3 Ligase wihrend der Stressexposition, untersucht. Die subzelluldre Lokalisation
ist von groBBer Bedeutung, da jiingste Studien der rdumlichen Separation bei der Be-
wiltigung von proteotoxischem Stress hohe Bedeutung beimessen. Es erscheint sinnvoll
anzunehmen, dass CHIP aufgrund seiner Substartvielfalt in diversen zelluldren Prozessen
und seiner verbindenden Funktion von Proteinfaltung und Abbau, auch eine Verbindung
zur Stressadaption zelluldrer Strukturen darstellt. Dabei wurde von der Hypothese aus-
gegangen, dass Chaperone unter akuter Stressbelastung destabilisierte Proteine binden,
um deren Aggregation zu verhindern oder abzuschwichen. Folglich wiirde ein Teil der
gebundenen regulatorischen Proteine, wie CHIP, dissoziieren und eine kompartiment-
spezifische Bindung an anderen Lokalisationen in der Zelle ermdglichen. Das neue
kompartiment-spezifische Interaktom konnte dann, hinsichtlich einer Stressadaption,
modifiziert werden oder es konnten andere Signalweg, wie beispielweise die Apoptose,
initiiert werden.

In Ubereinstimmung mit dieser These konnte, mithilfe von Live-cell Imaging, eine
neue Lokalisation von CHIP an der Plasmamembran von hitzestressexponierten Zellen
beobachtet werden. Es konnte gezeigt werden, dass diese Migration von einem Chap-
erondefizit abhingig ist, da die Co-expression zusitzlicher Chaperon die Lokalisation
an die Membran inhibierte. Des Weitern 16sten eine spezifische Inhibition von HSP70
und HSP90 dieselbe Lokalisationsverdnderung aus. Eine CHIP Mutante (CHIP-K30A),
die eine stark verringerte Affinitit zu HSP70 aufweist, zeigte unter physiologischen Be-
dingungen ebenfalls eine subzellulidre Lokalisation an der Plasmamembran. Die ver-
ringerte Affinitdt von CHIP-K30A zu HSP70 konnte in ITC Experimenten bestitigt wer-
den. AufBerdem konnten eine Destabilisierung der Sekundirstruktur der Mutante mittels
CD Spektroskopie und Schmelzpunktbestimmung ausgeschlossen werden.

Eine ex vivo Fraktionierung konnte eine Membranlokalisation eines Teils des zelluldren
CHIP pools, auch unter physiologischen Bedingungen, bestitigen. Weiterfithrende
Crosslinking Experimente unter Zusatz des C-terminalen HSP70 Peptides zeigten auf3er-

dem, dass ein Teil des membranlokalisierten endogenen CHIPs nicht an ein Chaperon
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gebunden ist. Diese Ergebnisse legen eine neuartige direkte Assoziation von CHIP mit

der Membran nahe.

In Lipid Overlay Experimenten konnte eine Lipidspezifitit fiir Phosphatidsdaure (PA)
und Phosphatidylinositol-4-phosphat (PI4P) nachgewiesen werden. CHIP-K30A zeigte
dieselbe Spezifitit wie das Wildtyp Protein, wodurch eine mutationsinduzierte Lipid-
spezifitit ausgeschlossen werden konnte. Beide Lipide sind in der Plasmamembrane
von Sdugerzellen zu finden. Eine Modulation der jeweiligen Lipidlevel in vivo, durch
Inhibition ihrer Synthesewege, initiierte eine Relokalisation von CHIP-K30A ins Zy-
tosol. Mithilfe von PA und PI4P enthaltenden Liposomen konnte die Lipidbindung in
vitro rekonstruiert werden. In Bindungsexperimenten an Liposomen und Lipid-strips
konnte durch die Zugabe von HSP70 erneut der kompetitive Charakter der Assozia-
tion von CHIP mit Lipiden und Chaperonen bestéitigt werden. Durch massenspek-
trometrischen Vergleich des Interaktoms von membranlokalisiertem CHIP-K30A und des
durch Inhibitorzugabe ins Zytosol relokalisierten CHIP-K30As konnte die mikroskopisch
beobachtete Lokalisationsinderung bestétigt werden. Dariiber hinaus konnte ein erstes

Interaktom von membrangebundenem CHIP identifiziert und quantifiziert werden.

Um die Determinante der Lipidinteraktion in CHIP zu identifizieren, wurden Deletions-
mutanten in Bindungsexperimenten mit Liposomen eingesetzt. Dabei zeigte sich, dass die
TPR Domaine von essentieller Bedeutung fiir die Bindung an Lipide ist. Zusitzlich konnte
ein positiv geladener Bereich (m2) in der coiled-coil Doméne von CHIP identifiziert wer-
den, der ebenfalls zu Lipidbindung von CHIP beitrdgt. Der exakte Mechanismus der
Interaktion, sowie in welchem MaB3e die TPR Doméne und m2 Lipidspezifitit vermitteln,
bleibt jedoch unklar.

Durch biochemische und biophysikalische Methoden, konnte die Bindung von CHIP an
Liposome weiterfithrend charakterisiert werden und die Resultate deuten auf eine tran-
siente Assoziation hin, die die Struktur und Aktivitit von CHIP nicht beeintrachtigt. Vor-
laufige Ergebnisse zur Oligomerisierung von CHIP konnten Tetramere und Hexamere in
Losung identifizieren. Eine membranabhédngige Akkumulation héherer Oligomere wurde
ebenfalls beobachtet, bedarf allerdings weiter Verifikation. Die Aktivitit als Ubiquitinli-
gase wurde durch die Liposombindung nicht signifikant beeintréachtigt. Es konnte jedoch
gezeigt werden, dass eine Beeintriachtigung der nativen Struktur von NOQI, einem natiir-
lichen Substrat von CHIP, zu einer erhohten Ubiquitylierung mit K48 Ubiquitinketten, in
Abhingigkeit von der spezifischen Assoziation von CHIP mit PA versetzten Liposomen,
fiihrte.

Im Hinblick auf die physiologischen Konsequenzen der stressinduzierten Membranlokali-
sation von CHIP wurde der Einfluss auf den Golgi-Apparat untersucht, da dieser sich
durch eine hohe Konzentration von PI4P auszeichnet. Chaperon-freies CHIP fragmen-
tierte die Cristae des Golgi-Apparats, wihrend Co-expression von HSP70 die Fragmen-

tierung inhibierte. Dies bestitigt erneut die Kompetitivitit der Bindung von Chaperonen
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und Lipiden an CHIP. Eine Fragmentierung des Golgi-Apparats steht oft in Verbindung
mit Apoptose, weshalb ein dahingehender Einfluss von CHIP untersucht wurde. Tatséch-
lich zeigten CHIP knock-out Zellinien eine erhohte Resistenz gegen hitzeinduzierten Zell-
tod, withrend eine Expression des membranlokalisierten CHIP-K30A zu erhéhtem Zelltod
fiihrte. Ein weiterer Hinweis auf eine Verbindung von membranlokalisiertem CHIP und
dem programmierten Zelltod, war die Migration von CHIP zur Plamsamembrane unter
Staurosporin Behandlung. Staurosporin ist ein bakterieller Wirkstoff, der als Initiator fiir
Apoptose bekannt ist.

Zusammenfassend konnte eine neue Interaktion von CHIP mit spezifischen Lipiden
gezeigt werden, die der Chaperonbindung kompetitiv gegeniibersteht. Diese Interaktion
wird durch eine temporire Auslastung des Chaperonsystems erzeugt, wodurch CHIP dis-
soziiert und die lipidbindenden Eigenschaften der TPR Doméne freigesetzt werden. Dies
erdffnet CHIP den Zugang zu kompartiment-spezifischen Interaktomen, die entsprechend

der Stirke der Stressreaktion modifiziert werden konnen.
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Introduction

1.1 The cellular stress response

Organisms have to constantly sense and adapt to changes in their environment. If the con-
ditions are excessive and detrimental, organisms need to increase their stress tolerance to
survive. On a cellular level, this is realised by a strongly conserved mechanism, referred
to as the cellular stress response [1]. It describes the defence reaction of cells, which mon-
itors stress by two general principles: The degree of damage inflicted on macromolecules
and the changes in the cellular redox-state. Thus, the cellular stress response is activated
rather independent of the specific character of an environmental signal. Accordingly, it is
not surprising that all cells in the three super-kingdoms of life (eukaryotes, bacteria and
archea) express stress-induced proteins and share a conserved set of proteins involved in
key aspects of stress response. These key aspects mainly encompass the assessment and
counter-action on a perturbation of membrane lipids, protein integrity, DNA damage, in-
crease of reactive oxygen species and alteration of energy metabolism. The capacity of
the cellular stress response is determined by the cell-specific proteome, which can also
provide specificity depending on the type of damage inflicted on proteins, membranes or
DNA [1]. In case of excessive stress, cells which are irreversibly damaged initiate a pro-
grammed cell death (apoptosis). This principle is especially important for multicellular
organisms who can tolerate a certain threshold of cell death in exchange for the functional
preservation of higher levels of biological organisation (e.g. tissues, organs) [2]. The de-
tails of pathways for sensing and adapting the reaction to damaged membranes, DNA and
proteins are numerous and this study will focus on the response of mammalian cells to a
disruption of protein integrity.

The proteome of an individual mammalian cell encompasses about 10,000 different func-
tional proteins which are not only sensitive to stress-induced alterations, but have to over-
come adverse conditions during synthesis. The nascent polypeptide chain, emerging from
the ribosome, needs to attain a distinct three-dimensional structure in order to yield a bio-
logically functional protein [3]. However, this folding process is intrinsically error-prone,

as protein sequences are evolutionary selected by their functionality, not only by the sta-
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bility of their folding-process. Thus, especially larger, multi-domain proteins have to nav-
igate a complex thermodynamic energy landscape until they acquire their native structure
[4]. The resulting folding intermediates are prone to expose hydrophobic residues to the
solvent, rendering them susceptible for non-native interactions that have the propensity to
accumulate into insoluble aggregates [3]. This is further enhanced in vivo by the protein
density of the cytosol (300 to 400 g of total protein per litre in the cytosol), leading to
a high probability of erroneous binding of the partially folded proteins to other cytoso-
lic components [5]. The accumulation of such aggregates can tip the balance of protein
homeostasis (proteostasis) and will eventually affect the functionality of crucial compo-
nents in the cell and ultimately lead to a proteostatic collapse and cell death [6]. Thus, it
is essential for cell survival to protect proteins during folding and continuously monitor
the structural and functional integrity of the proteome. The proteostasis network (PN)
is a highly elaborated system encompassing about 2,700 different, cooperating proteins
which preserve the proteostasis in face of intrinsic or environmental stress [7].

Failure or imbalance of the proteostasis network by endogenous misfolding or exterior
stress is involved in many human diseases. Especially during ageing, the capacity of
the PN is thought to decline, which leads to an increasing accumulation of toxic aggre-
gates and subsequently to the dysfunction of specific cell types and tissues [8]. This has
become of increasing relevance in the understanding of neurodegenerative diseases like
Parkinson’s, Huntington’s and Alzheimer’s. A hallmark of these diseases is the accu-
mulation of amorphous or amyloid-like aggregates that have been linked to onset and
progression of the diseases [9]. In many types of cancer the PN is hyperactive in terms of
the preservation of protein integrity, promoting the survival and proliferation of tumour
and metastatic cells in an otherwise adverse environment. It is thus inevitable to gain a
deeper understanding of the PN components and their interconnected regulation, in order
to understand the network as a whole and to find targets for therapeutic approaches.

The central nodes of this system are the molecular chaperones and their regulating co-
chaperones, participating in all aspects of protein biogenesis, maintenance and degra-
dation. They assist kinetically trapped folding intermediates in acquiring their native
structure and prevent the accumulation of misfolded proteins. Chaperones keep the client
protein in a meta-stable state and cooperate with a variety of co-chaperones and cofactors
to refold the client into its native state or, if misfolding is irreversible, recruit degradation
machineries in order to dispose the potential harmful client agglomerates.

One of these degradation pathways is the ubiquitin-proteasome system (UPS), which is
characterised by the proteolysis of non-functional or misfolded proteins through the 26S
proteasome. The UPS is a cooperative pathway in which chaperones interact with ubiq-
uitin ligases to recognize and target a client protein for proteasomal degradation. This
is realized through the attachment of a variety of polymeric chains of ubiquitin, a small

protein ubiquitously found in all eukaryotic organisms [10] [11].
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These ubiquitin chains are then recognized by the 19S subunit of the 26S proteasome.
The 20S subunit subsequently cleaves the misfolded protein into short peptides.
However, the UPS is mainly restricted to proteins that are kept in a partially folded state by
chaperones. Already aggregated proteins are disposed by various, chaperone-dependent
and -independent pathways of autophagy and lysosomal degradation. In general, the tar-
get aggregate or cell compartment is enclosed by a the phagophore membrane, which
forms the vesicular autophagosome. By fusion with a lysosome, the autophagosome con-
tent is disassembled by the low pH of the lysosome lumen [12].

In addition to the classical containment and disposal of misfolded proteins by the UPS
and autophagy, there is growing evidence that spatial sequestration of misfolded protein
species, is an essential feature of cellular quality control, especially under stress condi-
tions [13]. Inclusions are a hallmark of neurodegenerative diseases and were thought to
be detrimental for cell survival. However, the recent understanding suggests that this se-
questration to resiticted locations within the cell can be beneficial for cell survival in a
number of settings. The local concentration restricts the propensity of misfolded proteins
to interfere with native cell physiology and facilitates terminal degradation or secretion
to the extracellular milieu. Misfoled proteins and insoluble aggregates are directed to a
diverse range of compartments, like the aggresome, Q-bodies and the JUxtaNuclear Qual-
ity control (JUNQ) compartment. The active sorting process is mediated by chaperones
(in mammals mostly by members of the HSP70, HSP90, HSP110 families) and their co-
chaperones, which might play an important role in target recognition and determination
of the terminal fate of the misfolded substrates [14]. The concept is supported by re-
search results of the asymmetric distribution of inclusions between mother and daughter
cell, rejuvenating the daughter cell by removal of the potentially harmful material [15].
Growing evidence suggests an involvement of cellular structures, like the cytoskeleton
and organelles in the sequestration process, even though regulation and effects on cellular

fate remain largely unknown [16] [14].
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Figure 1. The proteostasis network monitors and maintains the functionality of the cellular pro-
teome. Generalized depiction of the PN components in protein folding and degradation, starting with
protein (grey) synthesis at the ribosome (brown). Blue arrows indicate chaperone assisted pathways, with
examples of participating components in mammalian cells (chaperones in blue and violet). Arrows in red
indicate undesirable pathways induced by intrinsic or environmental stress and fostering aggregation. The
ubiquitin proteasome system (UPS) for native and misfolded proteins encompasses proteasomal degrada-
tion in a chaperone-assisted manner together with the E1-E2-E3 ubiquitylation complex (green). A second
pathway of degradation encompasses several versions of autophagy in clearance of aggregates.
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1.2 The role of chaperones during folding and heat shock

response

Molecular chaperones are a key for maintenance of cellular homoestasis. They interact
with a client protein during translation, help it to acquire its final structure by bridging
energetically unfavoured folding intermediates and shield it from nonspecific interac-
tions with surrounding cytosolic components. After folding is completed, they disem-
bark yielding the native functional protein [3]. This is especially true for proteins of low
abundance, which are frequently prone to misfold or aggregate while proteins of essential
function have an evolutionary reduced need for chaperone mediated folding. Accordingly,
it has been postulated that chaperones also act as a buffer on protein evolution, stabiliz-
ing proteins of potential functionality but reduced stability occurring due to spontaneous
mutations [17].

When the nascent polypeptide chain emerges from the ribosome exit channel it can not
immediately assume proper folding, as it underlies sterical and temporal restrictions by
the translation process. Residues needed for folding of a protein domain might still be
within the ribosome exit-channel and thus are not available for folding. Therefore ribo-
some binding chaperones receive the emerging polypeptide chain and prevent intra- and
intermolecular, non-specific interactions. In mammals the nascent polypeptide-associated
complex (NAC) recieves the emerging polypeptide. MPP11 and HSP70L1 are examples
of this first line of assistance by chaperones (Fig.1) [18].

In the co- or post-translational de novo folding process, intermediate structures are en-
gaged by various chaperones of the HSP70 family (DnaK in bacteria, Ssal—4 in yeast and
HSC70 in mammals). If the native structure can not be obtained, the HSP70 chaperone
system is cooperatively linked to downstream chaperones like HSP90 and chaperonins
to finalize folding and activation of the client protein [3]. HSP9O0 is a conformationally
flexible, ATP-driven machinery that assists in the assembly and activation of its clients.
Chaperonins like GroEL in bacteria and the tailless complex polypeptide-1 ring complex
(TRiC) in eukaryotes, are large double-ring complexes with a central cavity, which pro-
vide an isolated space for the folding of a specialized subset of proteins (TRiC: 5 %-10 %
of eukaryotic proteins) (Fig.1) [19].

In addittion to their translational folding capability, chaperones maintain protein struc-
ture especially under environmental stress conditions such as heat stress. Elevated tem-
peratures destabilize the tertiary structure of proteins by disrupting hydrogen bonds and
electrostatic interactions, increasing the propensity of mis- or unfolding and subsequent

accelerate aggregation [20].
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Cells react to this disturbance of proteostasis, not specifically to a change in temperature.
Thus, their countermeasure commonly termed heat shock response (HSR) is an universal
mechanism that can be applied to all sorts of stresses that elevate protein unfolding, such

as heavy metal exposure, nutrient deprivation, infections and inflammation [21].

The HSR and the associated chaperones are a conserved machinery that can be found
in all domains of life from archea to mammals [1]. On a cellular level heat stress af-
fects not only protein structures but also nuclear processes, leading to an accumulation
of incorrectly processed mRNAs which aggregate together with associated proteins in the
cytosol, forming stress granules. This corresponds to a decrease in overall translation,
an early hallmark of the heat shock response [22]. Additionally, cellular structures are
destabilized as increasing temperatures change membrane morphology and composition,

enhancing membrane permeability and fission [23][24].

To compensate these multiple disruptions of homoeostasis, cells enhance the expression
of stress induced chaperones, especially chaperones of the heat shock protein (HSP) fam-
ily, named after their initial discovery in heat-stressed Drosophila melanogaster in 1960
[25] [26]. Heat shock proteins are among the most conserved protein families in evolution,
comprising members of significant homology in all organisms. Many of them are classi-
fied according to their respective molecular weight in kDa: HSP40s, HSP60s, HSP70s,
HSP90s and HSP100s [3]. During stress conditions, stress-induced isoforms of HSPs
interact with unfolding proteins, keeping them in a folding-competent state and prevent-
ing aggregation until the stress subsides and clients can be channelled to constitutively
expressed chaperones for refolding or cleared via degradation pathways. For example,
small heat shock proteins (sHSP) act as a first line of defence against aggregation, being
optimized for the recognition of non-native proteins. The larger chaperones, like mem-
bers of the HSP70 family, include stress inducible variants like HSPATA and HSPA1B,
which are the major stress induced chaperones in mammals. HSP90, which assists pro-
tein folding under physiological conditions, is also upregulated in HSR and changes its
interaction to specific co-chaperones that stall substrate release, allowing HSP90 to con-
tain non-native clients for an extended period [21]. Similar functionality is provided by
the chaperonin GroEL from E.coli under stress conditions, containing aggregation-prone
substrates in its cavity. Interestingly, the eukaryotic functional homologue TRiC is not
heat induced, which might be due to its limited pool of potential substrates compared to
GroEL (binding up to 50 % of the E.coli proteins) [19].

In single cell organisms, components of the degradation pathway are also induced dur-
ing stress response to clear accumulated aggregates that could jeopardize survival of the
organism. Multi-cellular organisms seem to focus more on refolding and repair mech-
anisms than up-regulating degradation pathways, possibly because they can tolerate a
certain level of cell death [21]. The transcriptional up-regulation of HSPs depends on the

activity of transcription factors 032 in bacteria and heat shock factor 1 (HSF1) in eukary-
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otes. They bind to a heat shock element on the DNA and initiate transcription of HSPs.
The current model for HSF1 activation is that HSC70 and HSP90 bind monomeric HSF1
under physiological conditions, sequestering it into the cytosol and thereby preventing
it from activating the transcription of heat shock genes. Under stress conditions HSPs
are recruited to unfolding proteins, thus releasing HSF1 which initiates homotrimeriza-
tion and transport into the nucleus, where further modification like phosphorylation and

acetylation modulate the activity of the final transcription factor complex [27].

1.2.1 Heat shock protein 70 structure and function

In humans, members of the HSP70 family are the most ubiquitously occurring HSPs,
comprising thirteen gene products differing in tissue-specific and intra-cellular expres-
sion levels as well as in subcellular localisation. Among the thirteen members, HSPA1A
and HSPA1B (collectively referred to as HSP70) are the major stress-inducible chaper-
ones while the constitutively expressed HSPA8 (HSC70) exhibits essential housekeeping
functions in protein folding and polypeptide transport. Little is known about the other in-
ducible and constitutive members of the HSP70 family. Some are thought to be involved
in specialized functions like spermatogenesis (HSPA2, HSPA1L), endoplasmatic reticu-
lum protein transport (HSPAS), reaction to nutrient starvation (HSPA7) or promotion of
specific cancer types (HSPA14: hepatocellular carcinoma). For the other members the
function remains largely elusive and only sub-cellular localisation or tissue expression
patterns are known [28].

All thirteen members share a common domain structure, consisting of a N-terminal
nucleotide-binding domain (NBD) and a C-terminal substrate-binding domain (SBD),
connected by a highly conserved, hydrophobic linker region. The SBD contains a (3-
sandwich subdomain where the hydrophobic substrate binding pocket is located and an
o-helical lid that assumes open and closed conformations during the ATP-driven cycle
(Fig.2). The movement of the SBD lid is allosterically linked to the nucleotide turnover
in the NBD. In the ATP bound state the equilibrium is shifted towards an open conforma-
tion, in which the flexible interdomain linker is buried in a cleft of the NBD domain which
subsequently triggers docking of the SBD and opening of the «-helical lid. This state is
characterized by low substrate affinity and high dissociation rates. Substrates delivered
by J-domain proteins (JDP) of the HSP40 family, which bind the C-terminal IEEVD mo-
tif, promote substrate binding to the [3-sandwich subdomain and trigger closure of the
«-helical lid. Subsequently, the JDP stimulates the hydrolysis of ATP, inducing a struc-
tural rearrangement of the NBD which frees the interdomain linker. Thus the SBD can
detach from the NBD domain and the equilibrium in the ADP bound state, is shifted to-
wards the closed conformation with high substrate affinities [29][30]. Substrate release

is favoured by the binding of nucleotide exchange factors (NEF) to the NBD, releasing

7



CHAPTER 1. INTRODUCTION

ADP and thereby causing an opening of the «-helical lid, closing the active cycle by ATP
binding to the vacant NBD. Eukaryotic cells posses several families of NEFs, including
the Bcl-2-associated athanogene (BAG) domain proteins and HSP70 binding protein 1
(HSPBP1), which can act as positive and negative regulators of HSP70 [28].

Figure 2. The ATP-driven HSP70 cycle. The HSP70 cycle is characterized by states of ATP or ADP
association to the nucleotide-binding domain (NBD). In the ATP-bound state the hydrophobic linker is en-
gulfed in the NBD, leading to a docking of the substrate binding domain (SBD) and favouring the open
conformation of the «-helical lid domain (LID). Due to the open lid domain, substrates have high disso-
ciation/association rates with low affinity toward the SBD. Substrate delivery by J-domain proteins (JDP)
enhances substrate binding and triggers lid closure. Subsequent hydrolysis of ATP to ADP releases the
hydrophobic linker, undocking the SBD with the tightly bound substrate. Substrate release is governed by
the activity of nucleotide exchange factors (NEF), removing ADP from the NBD and enabling a new cycle
through ATP binding.

HSP70s perform a great variety of homoestasis and stress-induced tasks, shifting substrate
proteins between various folding states to prime them for de novo folding, complex as-
sembly, refolding of stress-denatured proteins, protein transport, membrane translocation
and protein degradation [3]. Addtionally, they have been found to be potent anti-apoptotic
proteins, blocking caspase dependent and independent pathways, faciliating single-strand
break DNA repair and are implicated in the dissasembly of protein aggregates in concert
with HSP110 (Fig.1) [31][28]. To fulfil all of these different cellular tasks, members of
the HSP70 family interact with other chaperones (HSP9O/HSP110) and are assisted by
a broad spectra of co-chaperones delivering substrates and regulating chaperone activity.
Aside from JDP, tetratricopeptide repeat (TPR) containing proteins can recognize the C-
terminal EEVD motif of HSP70 to regulate its activity. For example, HOP, a component
of the progesterone receptor complex, stabilizes HSP70 client proteins and links HSP70
to HSP90, facilitating the substrate transfer for coordinated folding [32].
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In contrast to HOP, the E3 ligase CHIP inhibits the ATPase cycle promoting substrate
ubiquitination and subsequent degradation [33]. Due to the importance of HSP70 in
maintaining proteostasis and enhancing cell survival, it also plays a crucial role in tu-
mor invasion and metastasis. HSPATA overexpression is frequently observed in many
cancer types and connected to a poor patient prognosis. HSPs promote cancer cell sur-
vival and confere resistance to stress-induced apoptosis. Additionally, it has been found
that tumors with high HSP70 expression are highly resistant to radiochemotherapy, most
likely due to blockage of the NF-kB, JNK, and ERK signaling pathways [28].
Surprisingly, despite the lack of a canonical transmembrane or lipid binding domain, var-
1ous HSP70s localise to the plasma membrane or the extracellular milieu in tumor cells
and viral or bacterial infected cells. Specifically, 15-20 % of HSPA1A was found in the
plasma membrane of several tumor cells but not in corresponding normal cells [34]. In
fact membrane density of HSP70AT1A is considerably higher in metastases compared to
primary and relapse tumors, making it a potent biomarker for agressive tumors. The mem-
brane association possibly protects the metastatic cell from enviromental stress induced
by the unfavorable milieu during migration [35]. The details of the insertion are still
under discussion and several mechanism for membrane insertion and export have been
proposed, including exosomal and endolysosomal transport [28].

Two studies claimed that membrane insertion by the C-terminal SBD of HSP70 is the
initial step in this export process, followed by oligomerization and release through vesi-
cles [36][37]. However, there are also opposing opinions claiming a peripheral attach-
ment to membranes by transient phospholipid anchorage [38]. Several works on HSP70
membrane interaction agree on the fact that the interaction is very specific for mem-
branes containing negatively charged phospholipids, particulary phosphatidylserine (PS)
[37][38]. Apart from the importance of membrane interaction in cancer, recent work has
shed light on additional functions. PS-enriched membrane binding of constitutively ex-
pressed HSC70 has been reported during endosomal internalization of cytosolic proteins
by endosomal microautophagy. However, membrane interaction is proposed to be of tran-
sient nature, mediated by positively charged residues at the C-terminus of the lid domain,
revealing another possible membrane contact surface [39]. Furthermore, it has been re-
ported that in a neuronal context Hsc70-4, a homolog from Drosophila melanogaster, can
bind PS containing giant unilamellar liposomes (GUV) and cause membrane deformation

needed for synaptic microautophagy [40].
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1.2.2 Heat shock protein 90 structure and function

The human genome encodes two cytosolic HSP90s, a constitutively expressed HSP90{3
and a heat shock induced HSP90«x [27]. Both proteins have 86 % sequence identity and
form an active homodimer in vivo [41]. Each monomer comprises an amino-terminal do-
main (NTD), connected to a middle domain and a C-terminal domain (CTD) by a flexible
linker region. During the ATP-driven cycle these domains undergo extensive structural re-
arrangements assuming open and closed functional states, ultimately releasing an active
protein [3].

In the absence of ATP, HSP90 homodimer assumes a V-shape, with CTDs dimerized at
the bottom [27]. Upon ATP binding to the NTD binding site, HSP90 adopts an inter-
mediate state interacting with a variety of co-chaperones that broaden HSP90s functional
range. Indeed, co-chaperones are the most important regulators of HSP90 functions dur-
ing its entire active cycle, as different co-chaperones complexing HSP90 are integrated in
the proceeding of the active cycle as well as in the selection, maturation and activation of
the client proteins. They bind to specific conformational states of HSP90 in a sequential
manner as they have overlapping binding sites on HSP90. One of these co-chaperones is
HOP, a TPR containing protein that recognizes the C-terminal MEEV motif of HSP90 to
bridge the binding of the HSP70:HSP40 complex to HSP90 during protein folding. Fur-
thermore, it stabilizes the V-shape conformation of HSP90 to facilitate substrate binding.
The partially folded, inactive polypeptide is transferred from the HSP70:HSP40 complex
to the middle domains of the HSP90 dimer.

Substrate binding results in the dimerization of the NTDs and switch HSP90 into the
"closed-state 1°. This process is assisted by the co-chaperone AHA1 which binds the
middle domain of HSP90 and stimulates its ATPase activity. Next, the NTDs contact
the middle domains, which twist to an X-shape completing ’closed-state 2’. This state
is stabilized by binding of p23 to NTDs, a co-chaperone reducing ATPase activity, thus
stalling client release and promoting its maturation. The dimerization of NTDs and con-
tact to MDs is crucial for ATP hydrolysis upon which HSP90 assumes the open V-shape
conformation and the client protein is released in its active state [27]. Depending on the
need of the client protein a different set of co-chaperones can interact with HSP90 to
promote folding, activation, complex assembly or ligand binding of the respective sub-
strate. Additionally, co-chaperones like CHIP can link HSP90 to downstream processing
machineries, for instance the 26S proteasome, to degrade the client protein in case of
unsuccessful folding. Due to its large conformational flexibility and cooperation with
diverse co-chaperones, HSP90 can access different substrates from diverse cellular path-
ways [27]. As mentioned before, HSP90 can activate its client and it has been reported to

be a major activator of human kinases.
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Figure 3. The HSP90 cycle. HSP90 is a homodimer, with each protomer consisting of the amino-terminal
domain (NTD) linked via a flexible linker to the middle domain (MD). The dimer interface is provided
by the carboxy-terminal domain (CTD), harbouring the MEEVD recognition motive. HSP90 assumes an
open conformation and transitions to an intermediate state upon ATP binding. Various co-chaperones act on
HSP90 to promote or inhibit cycle progression. The co-chaperone HOP stabilizes the open conformation,
in order to deliver HSP90 substrates by binding the C-terminal recognition motives and tethering HSP70
to HSP90. Activator of HSP90 ATPase homologue 1 (AHA1) promotes lid closure and cycle progression
by NTD dimerisation (closed state 1). Subsequent twisting of the HSP90 monomers leads to closed state 2
which is stabilized by co-chaperone p23. Reduction of ATPase activity by p23 stalls substrates in the closed
conformation. Upon p23 dissociation and ATP hydrolysis HSP90 monomers assume open conformation,
releasing the client protein.

Indeed, recent studies suggest that approximately 60 % of the human kinome associates
with HSP90 [42]. Furthermore, predictions of possible interaction partners of HSP90
revealed its importance in DNA repair, development, the immune response, neuronal sig-
nalling, protein secretion and heat shock response [3][43].

Owning to its central function in protein folding it is not surprising that HSP90 levels
are elevated in various cancer types and are linked to a negative prognosis in breast
cancer [44]. More specifically it was found that during malignant transformation, the
multi-chaperone HSP90:HSP70 complex is stabilized in over 50 % of tumours, present-
ing a platform to rewire the chaperone network for tumor cell survival [45]. Moreover,
HSP90 activity has been associated with a number of neurodegenerative diseases includ-
ing Alzheimer’s disease and Parkinson’s disease. The two diseases are characterised by
protein aggregation of either plaque-forming protein amyloid-3 (A3) or x-synuclein, re-
spectively, both being clients of HSP90. Thus, upregulation of HSP90 activity could
result in the stabilization of these targets reducing the aggregation-induced loss of neu-
ronal function. However, scientists are only beginning to grasp the effects of HSP90 on

neurodegenerative diseases and how it might be targeted for therapeutic approaches [27].
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1.3 The ubiquitin-proteasome-system

1.3.1 Ubiquitin

Ubiquitin is a 76 amino acid small protein that is unique to eukaryotes and is attached to
substrat proteins acting as a signalling moiety to alter the fate of its client. Interestingly,
NMR analysis revealed significant structural homology to the sulphur carrier protein ThiS
and MoaD from Escherichia coli. They display a conserved motif called the "ubiquitin
fold" and utilise similar sulphur chemistry, even though sharing only 14 % sequence ho-
mology with ubiquitin. This indicates to common ancestry for both proteins [46]. The
sequence of ubiquitin is strongly conserved in eukaryotes which is exemplified by only
three residues being different between yeast and human ubiquitin, reflecting its impor-
tance in essential biological processes [47].

Ubiquitin is attached to a substrate protein via an isopeptide bond between the C-terminal
glycine of ubiquitin and a lysine residue of the recipient protein or another ubiquitin.
There are versatile types of ubiquitylation that induce a different downstream process-
ing of the substrate. Ubiquitin can be linked as a monomer (monoubiquitination), as
multiple monomers on one substrate (multiubiquitination) or as isopeptide-linked poly-
mers (polyubiquitination). The polymer ubiquitin can be conjugated through one of its
seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63), either through
homotypic or heterotypic linkage, offering countless possibilities of polyubiquitin chain
versatility [48].

The canonical K48 ubiquitin chains target the substrate to proteasomal degradation [11]
while K63-linked chains are involved in DNA damage tolerance, protein kinase activation
and autophagy [47][49]. Recent research has also shed light on the biological relevance
of atypical chain linkages like K27, K29 and K33. The discovery of their participation
in diverse pathways, like DNA damage response, Wnt signalling and anterograde protein
trafficking, increases the understanding of the complexity of ubiquitin signalling [48] .
In the turnover of membrane proteins, monoubiquitylation initiates internalization and
further modulation of the ubiquitin code probably governs the protein’s fate throughout
the endocytic pathway, concluding in lysosomal degradation or recycling to the plasma
membrane. In contrast to the cytosolic protein quality control, formation K63-linked
polyubiquitin chains at the plasma membrane target the substrate to protein degradation
by the proteasome and/or lysosome in possibly interconnected pathways, further increas-
ing the diversity and complexity of ubiquitin signalling [50].

Moreover, polyubiquitin chains can be subjected to post-translational modifications like
phosphorylation and acetylation as well as shortening and linkage-alteration by deu-
biquitylating enzymes (DUB). In addition to ubiquitin, there are other small proteins,
like NEDDS8 and SUMO, that are utilised as post-translational modifications of macro-
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molecules. They display high structural similarity to ubiquitin and are conjugated via a
similar enzymatic cascade. Thus, these proteins are reffered to as ubiquitin-like (UBL)
proteins. However, they compete with ubiquitin for identical Lys-residues on substrates
and lead to different downstream prosessing of the substrate [51].

The conjugation of ubiquitin and UBL proteins to a substrate is catalysed by the se-
quential interaction of three enzymes: E1 (ubiquitin-activating enzyme), E2 (ubiquitin-

conjugating enzyme) and E3 (ubiquitin ligase).

Homotypic Heterotypic

() (@)
@ @ @

() ) @
@ @

Mixed/Branched
polyubiquitylation

Polyubiquitylation Ubiquitin-like/chemical
modification

Figure 4. The ubiquitin chain diversity. Ubiquitin can be linked as a monomer (monoubiquitylation)
or as multiple monomers on one substrate (multiubiquitylation), affecting protein interaction, localisation,
trafficking and activity. Monoubiquitylation can be extended by conjugating additional ubiquitins through
one of its seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, Lys63), yielding polyubiquitin
chains of different linkage types with distinct signalling properties [48]. Additional complexity is added
by polyubiquitin chains of mixed linkage types like K11-K48 mixed chains, enhancing the proteolytic
degradation signal of substrates [52]. Ubiquitin-like (UBL) proteins and chemical modifications can modify
an existing polyubiquitin chain further modulating the clients fate [S3][54].
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1.3.2 Ubiquitylation cascade

At the start of the ubiquitylation cascade an E1 enzyme primed with ATP-Mg?* catalyses
a C-terminal adenylation of ubiquitin, followed by a nucleophilic attack of the active site
cysteine, formation of the E1-Ub thioester and release of AMP+PP; [47]. With respect to
the evolutionary development of ubiquitin and its conjugation cascade, the initial adeny-
lation is the most ancient part. The crystal structure of MoeB, the E1 equivalent in E.coli,
which binds the ubiquitin-like protein MoaD, revealed that the catalytic amino acids are
conserved from E.coli to humans. However, the following thioester formation in eukary-
otes is absent in E.coli. This is likely due to the lesser complexity of the MoeB binding

pocket, lacking the ability to stabilize the oxyanion intermediate [55].

All known E1 enzymes display a complex architecture, forming a heterodimeric complex
derived from two polypeptides. Key features are an active and an inactive adenylation do-
main (AAD/IAD), a four helix bundle (4HB), a domain harbouring the active site cysteine
and a C-terminal ubiquitin-fold domain (UFD) [56]. The UFD is poorly conserved among
eukaryotic Els and is thought to be involved in discrimination of ubiquitin and the struc-
turally very similar UBL proteins. The provided specificity is necessary for downstream
processes, as following enzymes lack the capability to distinguish different UBL proteins
[47]. There are two E1 enzymes mediating ubiquitylation in humans, UBA1 and UBAG6.
They are capable of simultaneously binding two ubiquitin molecules. One ubiquitin is
non-covalently attached to the AAD after the initial ubiquitin formed the thioester with
the active-centre cysteine [56]. In the subsequent step of the cascade this E1-Ub, ternary
complex is engaged by a ubiquitin-specific E2 enzyme.

In Saccharomyces cerevisiae, eleven ubiquitin-conjugating E2s have been found while
the human genome encodes for more than 40 E2s [57]. All active E2s, whether dedi-
cated to ubiquitin or other UBL modifiers, share a conserved globular domain, termed the
ubiquitin-conjugation (UBC) domain, where the active site cysteine is located in a shallow
cleft. The first step of the E2 catalysis is the differentiation of E1-Ub, complexes from E1
bound to other UBL proteins. This selectivity is guaranteed by conformational changes
in the UFD of El, exposing cryptic binding sites, recognized only by the UBC domain of
the proper E2. However, other regions of E2 enzymes can also contribute to E1 binding
specificity. For example the NEDD8-conjugating E2 (UBE2M) bears a N-terminal ex-
tension that stabilizes the interaction with the respective E1 and simultaniously reduces
its affinity for the E1 harbouring ubiquitin. Many E2 enzymes have similar N-terminal
extensions, suggesting it to be a general recognition feature [58].

The second step is the transthiolation of the bound ubiquitin or UBL protein to the active-
site cysteine of the E2. Despite many trials, the elucidation of the molecular mechanism
underlying the thioester transfer remains largely elusive. Recently, a crystal structure
of an ubiquitin binding E1:E2(UBC4):Ub:ATP complex was published that gave a first
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glance on the interaction interface of E1 and E2 during thioester transfer [59]. The authors
identified several contact sites as well as a 25 degree rotation of the UFD to be obligatory
to bring both active site cysteines in close proximity .

After the thioester transfer, the E2 enzyme exposes binding sites in its UBC domain which
can be recognized by several E3 ligases that deliver the final protein target for ubiquityla-
tion. The E2~UD thioester is subjected to a nucleophilic attack of the presented substrate
lysine residue. Depending on the type of E3 ligase involved, the lysine originates either
from the substrate (RING ligase) or from the E3 ligase itself (HECT/RBR ligases). Con-
tinuous cycling of these steps with addition of various E3 and E2 enzymes leads to the

already mentioned diversity of ubiquitin chains (Fig.5).
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Figure 5. The ubiquitylation cascade. The ubiquitin-activating enzyme (E1) is specific for ubiquitin
(Ub) or one of the UBL proteins (UBL), which are bound similarly through formation of a thioester bond
consuming ATP. E1 can occupy two ubiquitin molecules simultaneously. Ubiquitin binding exposes El
motifs that are recognized by a specific ubiquitin-conjugating enzyme (E2) to which the ubiquitin thioester
is transferred. In turn, the E2 exposes residues recognized by the substrate delivering E3 ubiquitin ligase.
Ubiquitin ligases provide the substrate specificity either through intrinsic motifs or mediator proteins (M).
Depending on the nature of the E3 the conjugation of ubiquitin to the substrate is realized by a nucleophilic
attack of either a substrate lysine (as shown) or an E3 lysine residue from which ubiquitin is transferred in
an additional step to the substrate.
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1.3.3 E3ligases

The human genome encodes more than 600 E3 ligases which are classified on the basis of
their E2~Ub-binding domain and ubiquitin transfer mechanism into RING (really inter-
esting new gene), HECT (homologous to EOGAP carboxyl terminus) and RING-between-
RINGS (RBR) E3s. They provide substrate specificity for the ubiquitylation cascade,
binding substrates either through one or several protein-protein interactions or indirect
through an intermediate binding partner, whereas the E2 determines the specificity for
the recipient lysine in the formation of polyubiquitin chains (Fig.5) [47]. With 300 mem-
bers, RING-type ligases constitute the largest class [60]. They share a common archi-
tecture, consisting of the eponymous RING domain linked to a substrate-binding domain
(SBD). The RING domain complexes two zinc ions that are essential for proper folding
and RING-E2~Ub interaction. RING-type ligases do not catalyse the direct transfer of
Ub to the substrate lysine. Instead, the RING domain induces allosteric changes in the
E2~Ub complex, priming the thioester and orientating the substrate lysine for optimal
formation of the isopeptide bond [61]. NMR analysis of UBC13~Ub and UBCHS5c~Ub
displayed a very dynamic conformation of bound ubiquitin in the absence of a RING-
E3, opposing ubiquitin transfer. Upon RING E3 binding, ubiquitin is fixed in a closed
conformation proximal to the RING domain, activating the thioester for the isopeptide
bond formation [62]. The structural requirements for tranfer to the substrate lysine were
elucidated for substrate sumolation by human UBC9 [63]. The residues Asn85, Tyr87
and Asp127, located in a pocket of the UBC domain and surrounding the active-site cys-
teine, cooperatively orientate and deprotonate the substrate lysine, activating it for the
nucleophilic attack. The high conservation of the UBC domain suggests that this model
is broadly applicable (Fig.6A) .

U-box proteins resemble RING E3s in structure and ubiquitylation mechanism and are
therefore included in the RING category. Unlike the RING domain, the about 70 amino
acid U-box domain lacks the residues nessessary for complexing zinc ions but is instead
stabilized by a network of hydrogen bonds [61]. The initially identified U-box-containing
UFD2 in yeast mediates the E2-target interaction and is required for polyubiquitin chain
assembly in concert with E1, E2 and another E3. In contrast to UFD2, the eight human
U-box homologs serve as E3 ligases, mediating ubiquitylation of themselves and of het-
erologous substrates without the requirement of additional E3 ligases. The U-box domain
is essential for this E3 activity, as deletions and point mutations in conserved residues ab-
rogate any ubiquitylation activity [64]. Given the number of RING E3s and their central
role in controlling cellular homoeostasis, it is not surprising that dysfunction of RING
ligases like RNF11, MDM2 and BRCAT1 have been found to be key factors in the onset

and progression of various cancer types [65][66].
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The family of HECT ligases comprises 28 members in humans and is characterised
by a N-terminal substrate-binding domain and a C-terminal HECT domain of approxi-
mately 350 amino acids containing the catalytic components for ubiquitin conjugation
and transfer [67]. The HECT family is further divided into three sub-families based on
the structural composition of their N-terminal protein—protein interaction domains: The
NEDD4 family, which contains a WW-domian; the HERC family, which contains a reg-
ulator of chromosome condensation 1-like domain and the HECT familiy with other pro-
tein—protein interaction domains [61].

The ubiquitin transfer mechanism was elucidated by extensive structural studies, primar-
ily of NEDD4 family members [68]. In contrast to RING ligases, the HECT domain
directly participates in the transfer of ubiquitin. It is composed of a N-terminal lobe
which binds the E2~Ub complex and a C-terminal lobe containing the catalytic cysteine.
They are connected by a flexible joint that enables the C-lobe to act as a switch between
transthiolation of the E2~Ub complex and transfer of ubiquitin to the recipient substrate
[61]. The transthiolation is facilitated by hydrophobic interactions of the C-lobe with the
C-terminus of ubiquitin, constraining the flexibility of the thioester similarly as in RING
ligases. However, since the C-lobe shows low conservation between the HECT subfami-
lies, this mechanism is only confirmed for NEDD4 family members [69].

After transfer of the thioester, the C-lobe rotates about the flexible joint to juxtapose with a
substrate lysine. This conformation is then stabilized by C-lobe contacts with parts of the
N-lobe, further exposing the thioester for the substrate lysine (Fig.6B) [70]. Well-known
members of the HECT family, like NEDD4 which targets epithelial Na* channel subunits
and E6-AP, which targets p53 for ubiquitination, have been reported to contribute to the
onset of serveral human diseases like the Liddle’s syndrome, retroviral budding and the
development of cervical cancer [64] [65].

Members of the RING-between-RINGS (RBR) class of E3 ligases all possess the
RINGI1-IBR(In Between RING fingers)-RING2 domain architecture and are considered
as hybrids between HECT and RING ligases. In humans, fourteen RBR E3s have been
identified. Amongst them PARKIN, HHARI and HOIP are the best studied members.
They still lack a detailed elucidation of the ubiquitin transfer mechanism. The RING1
domain displays significant structural similarity with the canonical RING domain but dif-
fers in its functional capabilities. HOIP crystal structure revealed that the RING1 domain
lacks the arginine that promotes the closed conformation to activate the ubiquitin thioester
for transthiolation present in RING domains. Instead, the thioester is primed by multiple
interactions between RING1, RING2, IBR regions and ubiquitin is subsequently trans-
ferred to the catalytic cysteine present in the RING2 domain, resembling the functionality
of the N-lobe in HECT ligases [61]. Finally ubiquitin is transferred to a lysine residue of
the recipient substrate at the RING2 domain (Fig.6C).
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Figure 6. Structures and mechanisms of E3 ligases. (A) RING E3s are the most abundant type, consisting
of a RING and a substrate binding (SB) domain. The RING domain restrains the conformational flexibility
of the E2~Ub thioester to facilitate the nucleophilic attack of a lysine residue from the SB domain bound
substrate. (B) HECT ligases directly participate in the ubiquitin transfer. Their structure encompasses a
substrate binding (SB) domain connected to a N-lobe and a C-lobe. The E2~Ub complex binds the N-lobe
and is positioned in cooperation with the C-lobe to enable transthiolation of ubiquitin to the active site
cysteine of the C-lobe. Subsequently, the C-lobe switches to a contact site on the N-lobe to position the Ub
thioester next to the substrate bound to the SB domain, enabling transfer of ubiquitin to the substrate. (C)
RING-between-RINGS (RBR) ligases consist of two RING domains (RING1, RING2) and a connecting
in-between RING (IBR) domain. RINGI primes the E2~Ub thioester for transthiolation to the catalytic
cysteine of RING2. From there, it is transferred to the substrate bound to the RING2 domain, resembling
the mechanism of HECT ligases.

1.4 The E3 ligase CHIP

1.4.1 Canonical and non-canonical activity of CHIP

CHIP (C-terminal HSC70-interacting protein) is a 35 kDa dimeric E3 ubiquitin ligase
which is ubiquitously expressed in most mammalian tissues and cultured cell lines, with
exeption of cells of hematopoietic origin and undifferentiated neuronal cells [33]. It was
found to be a primarily cytosolic protein, though a fraction of CHIP can be found in the
nucleus, indicating the possibility of intracellular trafficking [71]. CHIP plays a crucial
role in the protein quality control system. As part of the protein triage it provides the
central link between chaperone mediated protein-folding and various degradation path-
ways. Moreover, CHIP has been reported to influence the regulation of various cellular
pathways, like autophagy, signalling, ageing, organism development and apoptosis [72].

In a pioneering work by Ballinger et al., CHIP was discovered in a yeast two-hybrid
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screen for tetratricopeptide repeat (TPR) containing proteins and was found to be a cy-
tosolic interactor of HSP/HSC70. Antagonizing other co-chaperones, like HSP40, which
promotes the substrate re-/folding cycle, CHIP negatively regulates HSP/HSC70 ATPase
activity and cycle progression [33]. Another major chaperone that interacts with CHIP
via the TPR domain is HSP90. In this interaction, CHIP again competes with other co-
chaperones, like p23, preventing progression towards an active HSP9O0 client [73]. Later
it was shown that CHIP contains a C-terminal U-box domain, classifying it as a U-box
E3 ligase. Experimental studies revealed CHIP as a central link between chaperones and
the degradation system, as a significant increase in degradation of HSP70/HSP90 clients,
like the cystic fibrosis transmembrane conductance regulator (CFTR) and glucocorticoid
receptor (GR), respectively, were observed in the presence of excessive CHIP in vivo [74].
Ubiquitylation of the disease-related, conformationally defective CFTRAF508 mutant by
CHIP could be confirmed at the plasma membrane in an HSC70-dependent manner [75].
Further evidence of CHIP directly participating in protein degradation of misfolded chap-
erone clients was provided when the E3 was shown to selectively ubiquitylate thermally-
denatured but not native luciferase in concert with HSC70 and HSP9O0 in vitro [76].

Downstream of the ubiquitylation pathway, CHIP has been implied to participate in the
transport of ubiquitylated substrates to the proteasome due to co-precipitation and co-
localisation with proteasome subunits, further consolidating its importance in linking

chaperone processes to the degradation machineries (Fig.7A) [74].

CHIP associates with HSP70 and HSP90 through their disordered and highly dynamic
C-termini which bind to the TPR domain of CHIP. In the TPR binding groove polar con-
tacts dominate, where Lys30 and Lys95 of CHIP form a dicarboxylate clamp around
the C-terminal Asp of HSP70/90 [77]. In contrast to HOP, which utilizes different TPR
domains to bridge HSP70 and HSP90 simultaneously, CHIP can only bind one of the
chaperones at a time. In an NMR based study the C-terminal EEVD motif of HSC70
was found to be both necessary and sufficient for CHIP association [78]. Additonally, the
authors claimed that no further specific interactions with domains of HSC70 contribute
to the binding, keeping CHIP loosly tethered to the disordered C-terminus of interacting
chaperones. However, a later study argued that the TPR domain of CHIP also engages
a part of the HSP70/HSC70 lid domain, docking and undocking during processing of
the chaperone client [79]. This CHIP-TPR:lid domain interaction was required for ef-
ficient ubiquitylation of HSP70/HSC70 clients and offered an additional surface for the
regulation of CHIP mediated ubiquitylation through posttranslational modification of the
HSP70/HSC70 lid domain. Whether CHIP association to HSP9O0 is also facilitated by
additional contact sites remained unclear [79]. The hypothesis of several contact site of
CHIP on HSC/HSP70 was supported by findings on CFTR ubiquitylation by CHIP in a
rabbit reticulocyte lysate [80]. The authors suggested an interplay of multiple domains of

both proteins and potentially CHIP oligomerization to regulate TPR affinity towards the

19



CHAPTER 1. INTRODUCTION

HSC70 C-terminal EEVD motif. Additionally, they proposed that substrate properties,
for example, stress-induced modifications, actively influence which type of co-chaperone
is recruited to HSC/HSP70 and hence determine the fate of the ternary complex.

The ubiquitylation activity of CHIP is not restricted to HSP70/HSC70 clients but also
acts on the client-free chaperones themselves. This is a necessity in stress recovery as the
elevated levels of stress-induced HSP70 need to be degraded when the stress subsides.
Indeed it was shown that CHIP is capable to distinguish between the highly homologous
HSP70 and HSC70 (>86 % sequence identity and 93 % sequence conservation), sug-
gesting the existence of CHIP-HSC70 contact sites apart from the disordered C-terminus.
Even though both chaperones are ubiquitylated only on a limited number of available
lysines, the inducible (HSP70), but not the constitutive form, is efficiently degraded. This
can be due to the distribution of ubiquitin linkage types attached to HSP70 and HSC70.
While HSC70 is primarily modified with an even distribution of K6, K11 and K48 chains,
the dominant chain type in HSP70 is K48, which is required for recognition by the 19S
subunit of the proteasome. This example highlights the importance of how subtle differ-
ences in substrates can be recognized by CHIP, leading to distinct downstream processing
of CHIP client proteins [81].

In addition to the canonical function of CHIP as co-chaperone which depends on substrate
delivery by HSP70 and HSP90, there have been studies claiming a direct interaction of
CHIP with native substrates. CHIP-mediated ubiquitylation regulated their turnover, lo-
calization and/or activity during normal growth conditions and cellular stress.

The transcription factor RUNX1, whose stability and mutagenesis has been frequently
implied in human leukemia, was found to be negatively regulated by CHIP-mediated
ubiquitylation in a chaperone-independent manner [82]. However, there is an ongoing
discussion about CHIP activity on RUNXI1, as a study from 2017 using the same CHIP-
K30A mutant, which is unable to bind molecular chaperones, found reduced affinity and
ubiquitylation activity on RUNX1 and suggested instead a CHIP:HSP90 complex to be
responsible for RUNXIT stability [83].

Another example is the turnover of the insulin receptor (INSR), suggesting a competitive
role between chaperone-free CHIP maintaining steady-state levels of INSR and stress-
induced channelling of CHIP to a chaperone-associated state, leading to an accumulation
and a detrimental hyperactivity of INSR signalling (Fig.7B; Fig.10) [84].

In 2011 Wang et. al reported chaperone independent ubiquitylation of SMADI by
CHIP [85]. SMADI is one of three receptor-regulated SMAD proteins (R-SMADs:
SMAD1/5/8) that modulate TGF-bone morphogenetic protein pathway (BMP), together
with other members of the SMAD protein family. TGF-BMP signalling is vital in cell
proliferation and specification of developmental fate, implying a role of CHIP in embry-
onic development. Through ubiquitylation and subsequent degradation of SMAD1, CHIP
inhibits the signalling activities of R-SMAD1/5/8. Heat shock proteins are not necessary
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for CHIP-mediated ubiquitylation of SMADI, as co-crystallisation of SMAD1 C-terminal
peptide, which is essential for direct association of SMAD1 with the CHIP TPR domain,
occupies the same binding cavity as heat shock proteins. In fact, HSP70 and HSP90 com-
pete with SMADI1 for TPR binding, antagonizing CHIP:SMADI1 complex formation and
suppressing subsequent ubiquitylation by CHIP (Fig7B).

Advancing this idea, a recent study proposed that the TPR domain mediates allosteric
effects on CHIP’s dynamic conformation and E3 ligase activity [86]. It was shown that
depending on the nature of the substrate, HSP70 (C-terminal peptide) binding to CHIP
can either facilitate or inhibit substrate ubiquitylation. While addition of HSP70/40 to
CHIP stimulated ubiquitylation of BAG-1, it suppressed activity on p53 and interferon
regulatory factor 1 (IRF-1). The authors reasoned that p53 and IRF-1 are engaged by
the TPR domain of CHIP and compete with HSP70 for this binding site. In this context,
HSP70 is not simply acting as a targeting moiety for CHIP in the canonical protein qual-
ity control pathways but would rather function as a negative regulator of IRF-1 and p53
ubiquitylation. Additionally, structural characterisation of the CHIP TPR domain in dif-
ferent binding modes revealed that HSP binding as well as mutation of Lys30 to alanine,
reduced TPR flexibility and increased the amount of "ordered’ structures. This solidifica-
tion of TPR was allosterically connected to structural changes in the U-box domains of
the CHIP homodimer, reducing its affinity for the E2 UBCHS5A. Thus, the TPR domain
can provide the necessary flexibility to engage client proteins but also acts as an allosteric

switch that can negativity regulate CHIP E3 activity.
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Figure 7. Chaperones and CHIP mutually influence their activity. (A) In the canonical pathways, CHIP
interferes with the progression of the chaperone active cycle by competing with co-chaperones for chap-
erone binding and recruiting E2s to ubiquitylate the substrate, channelling it to degradation machineries.
(B) The docking-dependent E3 ligase activity of CHIP entails binding of native substrates. Interacting
chaperones inhibit this function by occupying the same binding moiety in the CHIP TPR domain, block-
ing substrate access. (C) E4 ligase activity of CHIP has only been reported for one interaction so far and
activates another E3 ligase (PARKIN) by binding and dissociating HSC70 [87].

1.4.2 CHIP structure

The amino acid sequence of CHIP displays remarkable phylogenetic conservation in
higher eukaryotes as shown by the comparison of human, Mus musculus (mouse), Gal-
lus gallus (chicken), Danio rerio (zebra fish), Drosophila melanogaster (fruit fly) and
Arabidopsis thaliana (plant), with the C-terminal U-Box segment displaying the least
variance among these species [71]. In mammals, CHIP is located within chromosome
16 and there are several splicing variants predicted for CHIP which lacks experimental
confirmation to date. There has been no report of a CHIP homologue in any fungi or
bacteria [71]. The crystal structure of murine CHIP (PDB: 2C2L), which differs from
human CHIP by only one residue at the N-terminus, was solved in complex with human
HSP90 C-terminal decapeptide (DDTSRMEEVD) [77]. It revealed that CHIP forms a
homodimer, in which each protomer assumes a significantly different conformation. It is
thus one among only 5 % of all known homodimeric proteins with extensive asymmetry
[88].
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Figure 8. CHIP sequence alignment. Sequence alignment of amino acid sequence of CHIP from hu-
man, Mus musculus (mouse), Gallus gallus (chicken), Danio rerio (zebra fish), Drosophila melanogaster
(fruit fly) and Arabidopsis thaliana (plant), with secondary structure indicated for human CHIP. Conserved
residues are framed, identical residues underlaid black. This figure was produced by using ESPript 3.0
(http://espript.ibcp.fr/ESPript/ESPript/).

Each protomer comprises a C-terminal U-box domain and a N-terminal TPR domain, con-
nected via an o-helical coilded-coil (CC) domain. The TPR domain is formed by three
pairs of anti-parallel helices (a1-x6), with &1 and «2 displaying high degrees of flexi-
bility in deuterium exchange experiments [89]. Similarly, the 70 N-terminal amino acids
of CHIP exchanged 100 % of hydrogen atoms to deuterium within 10 sec of exposure,
indicating an intrinsically disordered patch. The third helix pair of the TPR domain is
closely packed against the first helix of the CC-domain (7), which forms an anti-parallel
hairpin with the second helix of the CC-domain (x8).

In one protomer the CC-domain assumes a straight conformation, while in the other pro-
tomer «7 is split into two separate helices (Asp134 to ArglS5 and Glul61 to Argl83),
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connected by an extended patch from residue Ile156 to Ser160. The x8 helix displays
less o-helical content in the "broken" protomer and connects the CC-domain, with an re-
spectively longer extended coil region, to the C-terminal U-box. The orientation of the
extended coil differs between the two protomers. In the "broken" protomer it is closely
packed against the second half of &7 (Glu161 to Arg183), while assuming a distal position
in the "straight" protomer.

The C-terminal U-box consists of a pair of (3- hairpins (31, [32), connected to a short o~
helical patch (n2), followed by a third hairpin (33) and leading to a C-terminal «-helix
(x10). U-box domains display no asymmetry and are juxtaposed in the dimer [77].

The dimerization of CHIP involves two separate segments in the U-box domain and the
distal segment of the CC-domain hairpins and is essentail for its ubiquitylation activity
[90]. All residues involved in both dimerization interfaces are strongly conserved even
though the length of the hairpins can vary between species.

One dimerization interface is a hydrophobic patch located in the CC-domain, comprising
Leul62, Tyr165, Leul66, Leul69, Ile170 from o7 and Tyr208, Met212, Leu215, Phe216,
and Val219 from «8. They form a four-helix bundle with their equivalents in the other
protomer.

The second dimerization interface is embedded in the U-box which forms a parallel dimer
through highly conserved clusters in each protomer, packing against each other. It has
been shown that isolated U-boxes form dimers of low stability in solution but have the
potential to bind two E2 enzymes at a time [77][91]. This binding however, is precluded
in full length CHIP due to the asymmetry generated by the broken hairpin and the U-box
dimerization.

The TPR domains of each protomer acquire different positions with respect to their U-
box. While the TPR of the "straight" protomer assumes a distal position, another TPR
domain contacts its U-box domain presenting an obstacle for successful E2 binding. The
result of this asymmetry induced conformation is the blockade of the E2 binding site, ren-
dering this U-box inactive. Thus, CHIP displays a “half-of-sites” activity and effectively
couples the formation of a monotonic polyubiquitin chain to a dimeric protein [77].

The exclusive occurrence of the asymmetric dimer is however subject to discussion, as a
crystal structure of zebra fish CHIP showed a symmetric dimer, with both CC-domains
assuming a straight conformation. However, a deletion of the TPR domain was necessary
to acquire this structure, suggesting some influence of the TPR domain on the dimer
conformation of CHIP. Arguing against the natural appearance of the symmetric dimer,
which would be able to form a 2:2 complex with E2s, a 2:1 complex was observed by
isothermal titration calorimetry for mouse CHIP. The authors of the zebra fish structure
suggest that CHIP might morph between conformations of differing symmetry, depending
on the nature of its interaction patners [92].
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Recent molecular simulations suggested a mechanism combining features of both struc-
tures [93]. The model proposes a chimeric inactive monomer of CHIP which is more
stable than either the straight or the broken protomer in the mouse CHIP crystal structure.
Those monomers initially form a symmetric dimer through hydrophobic interfaces in their
respective helical domains. The close proximity of U-box domains in this conformation
triggers U-box dimerization which, in turn, moves positively charged residues in oppos-
ing positions. The resulting repulsion is compensated by the breaking of a middle domain
helix in one of the protomers, forcing the formation of the active asymmetric dimer. Thus

claiming the formation of asymmetry as a mechanism of activation.

Figure 9. Crystal structures of the symmetric and asymmetric CHIP dimer. (A) Crystal structure of
the asymmetric homodimer of murine CHIP bound to HSP90 decapeptide (PDB: 2C2L). Each protomer
consists of a TPR domain (blue), a U-box domain (orange-red) and a connecting o-helical domain (green).
Dimerization interfaces are located in the U-box domain and the middle domain which assumes a straight
(HHs) and a broken (HHp) conformation. (B) Crystal structure of the symmetric CHIP homodimer from
Danio rerio (zebra fish) (PDB: 2F42). Both «-helical domains (blue) assume a straight conformation (HHg)
while displaying both dimerization interfaces (U-box domain and middle domain). The TPR domain was
removed by genetic modification.

As an E3 ligase of the U-box family, CHIP interacts with E2 proteins from the ubiqui-
tylation cascade and facilitates the transfer of ubiquitin from the E2~Ub complex to the
substrate. Initially, CHIP was discovered to interact with the stress associated UBCHS
family of E2s, attaching K48-linked polyubiquitin chains to substrate proteins and target-
ing them for proteosomal degradation [71].

The structural determinants for CHIP interaction with an E2 are two hairpin turns (234
to 239 and 269 to 274) and a short helix (n2) in the U-box domain, forming a hydropho-
bic groove. The equivalent interface on the interacting E2 inserts into this groove when
binding to CHIP. For the specific interaction of CHIP with certain E2s a serine-proline-
alanine motif (S-P-A) in the inserting interface of the E2 is necessary. CHIP-interacting
E2s from the UBCHS family contain this motif as well as E2s from the UBC4 family
and UBE2E1-3 [92]. Additionally, an association of CHIP with the UBC13-UEV 1A het-
erocomplex was reported, with S-P-A motif present in UBC13. The heterodimeric E2
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produces K63-linked polyubiquitin chains instead of K48, which have been implied to
have regulatory functions [94]. In contrast to the interaction with UBCHSA, CHIP does
not undergo autoubiquitylation in complex with UBC13-UEV 1A, suggesting a synthesis
of unanchored ubiquitin chains [95]. The auto-ubiquitylation of CHIP could not be linked
to its degradation but might serve as a regulatory element or a localisation signal [96].

1.4.3 CHIP regulation

Only a limited number of studies is available on the transcriptional regulation of CHIP in
different physiological and pathological contexts. An upregulation of CHIP and HSP70
mRNA levels was observed under various stress conditions, like heat shock and oxidative
damage. In several human malignancies, both protein and mRNA levels were shown to be
lower than in corresponding normal tissues and were linked to clinical prognosis. Similar
few examples are known of posttranscriptional regulation of CHIP mRNA. It has been
found that during differentiation of osteoblasts, CHIP is downregulated through inhibition
of translation by microRNA (miR-764-5p) which binds the 3’-UTR of CHIP mRNA [97].
Most post-translational modifications of CHIP are realised by interaction with other pro-
teins, even though N- and C-terminal regions of CHIP have been predicted to contain
functional phosphorylation sites. In this regard, the reported interaction with kinases such
as ERKS and LIM kinase 1 (LIMKT1), which increase CHIP ubiquitin ligase activity, seem
to offer an interesting possibility for a phosphorylation-depended regulation.

Another possibility of direct modification on CHIP is its ubiquitylation status. CHIP is
capable of auto-ubiquitylation with yet unknown functional consequences. One could
however speculate that a modulation of CHIP ubiquitylation offers a possibility for deu-
biquitylation enzymes (DUB) to act on CHIPs activity. The validity of this assumption has
been confirmed for the DUB ATAXIN-3, which limits the ubiquitin chain length attached
to substrates by CHIP~UBE2W through deubiquitylation of CHIP [98].

Another mechanism for the regulation of CHIP activity is the competition for binding
sites and inhibition of CHIP-chaperone complex formation. Recent studies have shown
that proteins of the S100 family (S100A2 and S100P) associate with the TPR domain
of CHIP and other TPR-containing proteins in a calcium dependent manner, interfering
with CHIP interaction towards HSP70 and HSP90 and subsequently suppressing complex
dependant substrate ubiquitylation [99]. A similar regulation of CHIP activity was found
for the ATPase OLA-1, which competes with CHIP for the HSP70 binding site, hence
protecting HSP70 from CHIP mediated ubiquitylation and subsequent degradation [91].
Indirect modification of CHIP activity through other proteins is realised by modulation of
CHIP:HSP70 complex formation. The Bcl-2-associated athanogen (BAG) proteins are a
protein-family comprising six members (BAG1 to BAG6) which act on the NBD domain
of HSC/HSP70 and can modulate activity in both, positive and negative, manners. BAG1
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stimulates CHIP:HSP70 complex formation and enhances CHIP induced degradation by
UPS, while BAG3 induces client degradation by autophagy. BAG?2 inhibits CHIP E3
ligase activity by disrupting association with E2s. BAGS5 has been reported to exhibit

specialized function, enhancing activity of CHIP on «-synuclein [3].

1.4.4 CHIP in physiology and disease

Due to its central function in the PN and despite its redundancy in some cellular pathways,
CHIP is involved in a wide array of cellular processes under resting conditions as well as
in response to stress. CHIP is of particular importance in clearing misfolded HSP70/90
clients that are prone to aggregate. Many of such aggregate-forming proteins like -
synuclein, huntingtin, and tau-protein, are implicated in severe human pathologies of the
neuronal system [100][101][102].

Due to its regulatory function on the abundance of proliferation-regulating proteins, CHIP
has been identified as a critical factor in various types of cancer, influencing progression
and malignancy of the disease. Pioneering work by Kajiro et al. identified CHIP as a
suppressor of tumour growth and metastasis in breast cancer [103]. Later studies on CHIP
mRNA levels confirmed the findings and linked high CHIP-expressing tumours to better
overall patient survival [104]. In recent years, several onco-proteins from various cancer
types have been reported to be negatively regulated by CHIP, supporting the role of CHIP
as a tumour suppressor [91]. A possible explanation for the negative regulation by CHIP
is that it shifts the chaperone cycle of HSP90, a highly expressed chaperone in many
cancers, towards degradation instead of refolding, by out-competing the co-chaperone
HOP [105].

On the other side, in a number of publications, high levels of CHIP were linked to poor
patient prognosis in several cancer types. For example, it was shown that the tumour
suppressor PTEN is a target of CHIP-mediated degradation in prostate cancer [106]. The
controversial role of CHIP regarding its oncogenic or tumour suppressive potential un-
derlines its versatile and complex role in cellular homoeostasis. The opposing functions
might originate from the relative interaction and abundance of HSP90 and HSP70 in dif-
ferent cancer cells and the competition with other diverse co-chaperones of which expres-
sion levels and identities are not completely understood at present time [91].

Exceeding its importance in various diseases, CHIP is also important for development and
longevity of mammals. CHIP deficient mice (CHIP—/—), show increased lethality and
sensitivity to thermal stress in embryonic stages [107]. Post-developmentally, knockout
of CHIP in mice results in a significantly reduced life span [108]. Even though ageing has
been linked to an accumulation of misfolded proteins and a collapse of the PN, the mice
that display premature ageing show no general increase of CHIP substrate stability, sug-

gesting that CHIP turnover of a specific target leads to accelerated ageing. A recent study
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proposed a scheme by which the turnover of insulin receptor (INSR) by CHIP could be
a major factor in understanding this phenotype and the role of CHIP in longevity. Under
normal growth conditions, CHIP is regulating INSR levels by ubiquitylation and sub-
sequent degradation in an HSP70/90-independent manner. Simultaniously, the pool of
CHIP maintains cellular proteostasis in concert with chaperones. Under stress conditions
and the elevation of proteotoxic stress during ageing, the available pool of CHIP is chan-
nelled towards proteostasis tasks, leading to accumulation of INSR and hyperactivity of
its signalling [109].

Beyond the function as an E3 ligase, CHIP can act as an E4 ligase, potentiating the ac-
tivity of other E3 ligases. Of particular interest regarding this function was a study that
found CHIP to enhance PARKIN ubiquitylation towards unfolded PAEL receptor (PAEL-
R) in vitro and in vivo. By promoting PAEL-R release from the HSC/HSP70 complex,
CHIP facilitates PARKINs access on PAEL-R. Furthermore, CHIP enhances ubiquilyla-
tion activity of PARKIN in vitro in a HSP70-independent manner. If not degraded by
PARKIN, PAEL-R accumulates at endoplasmic reticulum (ER) membranes of dopamin-
ergic neurons, inducing neuronal death and hence fostering juvenile Parkinson’s disease
[87].
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Figure 10. The impact of CHIP on various diseases. CHIP has a bivalent role in different types of
cancer. It can act as a tumour suppressor through release of onco-proteins from the stabilizing chaper-
one complex and their proteasomal degradation. In other cancer types, tumour suppressors are subjected
to CHIP-mediated degradation, thus fostering cancer progression. In the neurodegenerative Alzheimer’s
disease, CHIP has a protective function by mediating degradation of phospho-Tau which otherwise would
accumulate to toxic filaments. In Parkinson’s disease, it promotes activity of the E3 ligase PARKIN, in-
directly preventing the detrimental accumulation of PAEL-R at the ER-membrane. CHIP importance in
longevity has been shown by knock-out mice, which is possibly linked to the CHIP-governed turnover of
insulin receptor (INSR).

1.5 Objectives of this thesis

The E3 ligase CHIP is a central node in the maintenance of an intact and functional pro-
teome, a necessity for every living cell. It not only regulates chaperone-assisted folding
of client proteins but simultaneously selects irreversibly misfolded proteins for degrada-
tion by the proteasome or initiates their disposal by autophagy. Exceeding its function
in immediate proteostasis, CHIP has been implied in various cellular functions like sig-
nalling, ageing, development and apoptosis. The wide array of substrates, many of them
connected to life-threatening diseases, makes CHIP a promising candidate for future ther-
apeutic approaches.

Despite the significant progress in structural and functional understanding of this versatile
E3 ligase, many question surrounding its chaperone dependency and the bilateral regula-
tion of chaperone and ligase, remain unclear. This becomes especially important when
the capacity of the PN is challenged and chaperones are engaged with increasing amounts
of unfolding proteins and aggregates, a situation occurring during ageing and in several
human pathologies.

This thesis work was aimed to elucidate how CHIP participates in recognition of per-

29



CHAPTER 1. INTRODUCTION

turbed proteostasis during acute stress exposure and how this participation depends on
molecular chaperones. The later question is of special interest as an increasing number
of studies claimed a chaperone-independent function of CHIP, which partially contradicts
the current view and needs further investigations. With respect to the spatial distribution
of the protein quality control system, localisation of CHIP was investigated during stress
exposure and how it might impact cellular architecture. It has been mentioned that lit-
tle is known about the interconnection of PN components and the adjustment of cellular
structures upon stress. As a key protein in protein folding and degradation, CHIP was an
obvious choice to investigate possible connections, especially due to the unique variety
of CHIP substrates in diverse cellular pathways. The study of CHIP offers the possibil-
ity to convey discovered principles to regulatory loops involving other TPR-containing

proteins.
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Material and Methods

2.1 Materials

2.1.1 Chemicals

Table 1. Reagents

Specification Cat. Nr. Company
DAPI dihydrochloride D9542 Sigma Aldrich, St. Louis, MO
6-Carboxyfluorescein 21877 Sigma Aldrich, St. Louis, MO

7-Aminoactinomycin

ANS

Acetic acid

Adenosine triphosphate
Ammonium acetate

Ampicilin

Arsenite

Bovine serum albumin, FA free
Bovine serum albumin, FA free
Bradford Reagent

Bromphenol Blue

Calcium chloride
Chloramphenicol

Chloroform

Di-potassium phosphate
Dithiothreitol (DTT)

EDTA

EGTA

Ethanol

Ethanol 99.9 %

BML-AP400-0001
A1028

6755.1
A1852-1VL
7869.2
10835242001
S7400-100G
A7030
10775835001
B6916-500ML
T116.1
CN93.4
C0378-5G
1024451000
P749.2

D9779

03677

E3889

1.00974
P076.1

31

Enzo Life Sciences, Germany
Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Roche, Switzerland

Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Merck KGaA, Germany

Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
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Glutaraldehyde
Glycerol

Glycine

HEPES
Hydrochloric acid
IGEPAL®
Isopropanol

IPTG

Kanamycin
Magnesium chloride
Magnesium sulphate
Methanol
Paraformaldehyde
Potassium chloride

Potassium diphosphate

Potassium hydrochloride

Sodium chloride

Sodium citrate

Sodium dodecyl sulphate

Sodium hydroxide
Sodium molybdate
Staurosporine
Sucrose
Terbium(III)-chloride
Tergitol NP-40
TRIZMA® base
Tween-20
PreScission protease

Polyethylenimine

XTT sodium salt

Phenazine methosulfate

G6257
3783.5
3187.4
9105.4
H1758
18896
19516
10724815001
60615
KK36.2
0261.1
8388.1
158127
5346.2
3904.1
6781.1
9265.2
3580.3
0183.2
221465
243655
S5921
4621.3
451304
NP40S
T1503
9127.1
27084301
#23966-2

X4626
P9625

Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Sigma Aldrich, St. Louis, MO
Carl Roth GmbH, Germany
GE Healthcare, UK
Polysciences Inc., Warrington,

PA
Sigma Aldrich, St. Louis, MO

Sigma Aldrich, St. Louis, MO
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2.1.2 Equipment

Table 2. Laboratory equipment

Specification

Model

Company

Tabletop centrifuge
Tabletop centrifuge

Swing-Bucket centrifuge
Swing-Bucket centrifuge

Fixed-Bucket centrifuge

Ultracentrifuge
Thermomixer
Thermomixer
Block heater
Roller board
Platform shaker

Magnetic stirrer

Spectrometer

Incubator

Vacuum Concentrator
pH meter

Balance

Balance

PCR cycler

Sonicator
Imaging system
CO,Incubator
Sterile workbench

Electroporation system

Inverted confocal

microscope
Inverted microscope

Stereo microscope

SIM/PALM microscope

MIKRO 200R
accuSpin Micro 17R
MEGAFUGE 16R
Allegra X-15R
Avanti J-26
TL-100

comfort

TS1

SBH1300

TRM 50

Rotamax 120

MR Hei-Mix S

BioSpectrometer

basic
Ecotron

RVC 2-18 CO
PB-11

PCB

S-234

peqSTAR 2xGradient

SONOPULS
ChemiDOC™MP
HERACcell 1501
MAXISAFE 2020
GenePulser Xcell
LSM780

Observer Z.1
Motic SMZ-168
ELYRA PS.1

Hettich GmbH, Germany
Thermo Fischer, Waltham, MA
Thermo Fischer, Waltham, MA
Beckman Coulter, Brea, KA
Beckman Coulter, Brea, KA
Beckman Coulter, Brea, KA
Eppendorf, Germany

Biometra GmbH, Germany
Stuart Equipment, UK

IDL GmbH, Germany
Heidolph Instruments GmbH,

Germany
Heidolph Instruments GmbH,

Germany
Eppendorf, Germany

INFORS HT, Switzerland
Christ GmbH, Germany
Sartorius AG, Germany
KERN GmbH, Germany
Denver Instruments, Bohemia,

NY
PEQLAB Biotechnologie

GmbH, Bohemia, NY
BANDELIN, Germany

Bio-Rad, Hercules, CA
Thermo Fischer, Waltham, MA
Thermo Fischer, Waltham, MA
Bio-Rad, Hercules, CA

Carl Zeiss, Germany

Carl Zeiss, Germany
Carl Zeiss, Germany

Carl Zeiss, Germany
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Electrophoresis Mini-PROTEAN Bio-Rad, Hercules, CA

Tetra Cell
Western blot transfer Criterion Blotter Bio-Rad, Hercules, CA
Protein purification AKTApuriﬁer GE Healthcare, UK
Extruder LiposoFast-Basic AVESTIN Inc., Canada, ON
NanoSight LM10-HS Malvern Instruments, UK
Tecan plate reader infinite M200 Tecan, Switzerland
Spectropolarimeter J-810 Jasco, Easton, MD
Isothermal calorimeter Nano ITC TA instruments, New Castle, DE
Thermal cycler C1000 Bio-Rad, Hercules, CA

2.1.3 Kits

Table 3. Preparation and assay Kkits

Specification Company

PCR Mycoplasma test kit II Applichem, Germany
GenElute HP Endotoxin-free Plasmid Maxiprep Kit Sigma Aldrich, St. Louis, MO
GenJET Plasmid Miniprep Kit Sigma Aldrich, St. Louis, MO
NovaBright SEAP Detection System 2.0 Thermo Fischer, Waltham, MA
Luciferase Assay System Promega, Madison, W1

2.1.4 Plasmids and primer

Table 4. Plasmids

Specification Application Reference
EGFP-N1 Control 1-18
EGFP-C2 Cloning 1-19
L-EGFP Monomeric EGFP 1-388
EGFP-F Membranous EGFP 1-68
EGFP-CHIP Microscopy /MS 1-800
EGFP-CHIP-m2A Microscopy 1-802
EGFP-CHIP-K30A Microscopy/MS 1-828
EGFP-CHIP-K30A-m1A Microscopy 1-829
EGFP-CHIP-K30A-m2A Microscopy 1-830
Beta-1,4-galactosyltransferase I-EGFP  Microscopy 1-410
pcDNA3 Control/Cloning 1-10
pCMV10-CHIP Mammalian expression 1-813
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pCMV10-K30A
pcDNA3.1-HSP70
pcDNA3.1-HSP70AD
pcDNA/VS5-DEST-HSC70
pcDNA-HSC70
pEF-SEAP
6xNF-kB-Luciferase
Flag-TRAF6

pEF-luci

pGEX-CHIP
pETDuet-I-His-CHIP
pGEX-extTPR
pET15-UbE2W
pET17b-asynuclein
pET17b-Bsynuclein
pET17b-ysynuclein
pGEX-CHIP-24aa
pGEX-CHIP-ATPR
pGEX-CHIP-m2A

Mammalian expression
Mammalian expression
Mammalian expression
Mammalian expression
Mammalian expression
SEAP secretion assay
NF-kB induction assay
NF-kB induction assay
Luciferase assay
Protein purification
Protein purification
Protein purification
Protein purification
Protein purification
Protein purification
Protein purification
Protein purification
Protein purification

Protein purification

1-814
1-879
1-937
1-716
1-938
1-558
1-73

1-97

1-37

2-82

2-186
2-215
2-227
2-228
2-229
2-230
2-253
2-177
2-217

Table 5. Primer

Template Application Sequence 5°-3’

pGEX-CHIP  Deletion N-termial 24aa FW: CAGGGGCCCCTGGGATCCCC-
GAGCGCGCAGGAGCTC
REV: GCGGCCGCTCGAGCTAG-
TAGTCCTCCACCCAG

pcDNA/VS- Deletion of V5 region

FW: GAGGTTGATTAGGACCCAGC

DEST-HSC70 REV: GCTGGGTCCTAATCAACCTC

pcDNA3- Deletion C-termial D FW: GAGGAGGTATAGTAGGGGC-
CTTTCC

HSP70 REV: GGAAAGGCCCCTACTATAC-

CTCCTC
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2.1.5 Cell lines and bacteria strains

Table 6. Mammalian cell lines and bacteria strains

Specification Species Source

Murine embryonic fibroblasts Mouse Dr. A. Reichert

Hek293T Human ATCC, CRL-3216

DH5«x Escherichia coli Thermo Fischer, 18265017
BL21 Escherichia coli Thermo Fischer, C6000-03

2.1.6 Inhibitors

Table 7. Inhibitors

Specification Target Cat. Nr. Company

VER-155008 HSP70 SMLO0271  Sigma Aldrich, St. Louis, MO
Geldanamycin HSP90 G3381 Sigma Aldrich, St. Louis, MO
VUO0155069 PLD1 13206 Cayman Chemical, Ann Arbor, MI
Wortmannin PI3K/PI4K W1628 Sigma Aldrich, St. Louis, MO
CAY 10594 PLD2 13207 Cayman Chemical, Ann Arbor, MI
FIPI PLD1/2 13563 Cayman Chemical, Ann Arbor, MI
IN-10 PI4KIII-3  HY-100198 MedChemExpress Europe, Sewden
Protease inhibitors Proteases S8820 Sigma Aldrich, St. Louis, MO

2.1.7 Lipids

Table 8. Lipids

Specification Cat. Nr. Company
1,2-dioleoyl-sn-glycero-3- 850375 Avanti Polar Lipids,
phosphocholine Alabaster, AL

1,2-dipalmitoyl-sn-glycero-3-phosphate ~ 830855 Avanti Polar Lipids,

Alabaster, AL
1,2-dipalmitoyl-phosphatidylinositol-4-  P-4016 Echelon Bioscience, Salt Lake

phosphate City, UT
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2.1.8 Media, buffers and solutions

Table 9. Media and ready-to-use solutions

Specification Cat. Nr. Company

Dulbecco’s modified Eagle’s medium D5671 Sigma Aldrich, St. Louis, MO
Fetal bovine serum F0804 Sigma Aldrich, St. Louis, MO
L-glutamine solution 250030 Sigma Aldrich, St. Louis, MO
Streptomycin sulphate P4333 Thermo Fischer, Waltham, MA
Non-essential amino acids solution 11140 Thermo Fischer, Waltham, MA
Reduced Serum Medium 31985062 Thermo Fischer, Waltham, MA
OPTI-MEM 1

Hank’s Balanced Salt Solution H4641 Sigma Aldrich, St. Louis, MO
Phosphate buffered saline solution 10010023 Thermo Fischer, Waltham, MA
Trypsin-EDTA solution T4049 Thermo Fischer, Waltham, MA
LB-medium X964.3 Carl Roth GmbH, Germany
Glyoxal solution(40 %) 128465 Sigma Aldrich, St. Louis, MO
SuperSignal™West Pico PLUS 34577 Thermo Fischer, Waltham, MA
SYPRO Orange S5692 Sigma Aldrich, St. Louis, MO
Trypsin/Lys-C Mix 5071 Promega, Madison, WI

Table 10. Established Buffers

Name Application Composition

Electroporation buffer Cell culture 135 mM KCl

0.2 mM Ca(Cl,

2 mM Mg(l,

5 mM EGTA

10 mM HEPES-KOH pH 7.5
Sample buffer SDS-PAGE 0.5 M TRIS-HCI pH 6.8

10 % (v/v) SDS

50 % (v/v)glycerol

0.01 % (w/v) bromphenol blue
Running buffer SDS-PAGE 3g/l TRIZMA® base

14.4¢/1 glycine

1g/1 SDS
Transfer buffer Western Blot 3g/l TRIZMA® base

14.4¢/1 glycine

20 % (v/v) methanol
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TBS

Western Blot

50 mM TRIS-HCI pH 7.6
150 mM NacCl

CHIP lysis buffer

Purification

25 mM HEPES-KOH pH 7.5
150 mM KCl

5 mM MgCl,

10 % (v/v) glycerol

1 mM DTT

0.1 % (v/v) IGEPAL

1x protease inhibitors

HSP70 buffer

Purification

25 mM HEPES-KOH pH 7.5
150 mM KCl

5 mM MgCl,

10 % (v/v) glycerol

1 mM DTT

Osmotic shock buffer

Purification

30 mM TRIS-HCl1 7.2
2 mM EDTA

40 % (v/v) sucrose

Subcellular fractionation buffer

Cell fractionation

20 mM HEPES-KOH pH 7.5
10 mM KCI

250 mM sucrose

1.5 mM MgCl,

1 mM EDTA

1 mM EGTA

1 mM DTT

1x protease inhibitors

Reconstitution buffer

Liposomes

25 mM HEPES-KOH pH 7.5
50 mM NaCl

Tb-encapsulation buffer

Liposomes

20 mM HEPES-NaOH pH 7.5
100 mM NaCl

100 mM Na,(C;H50,)

15 mM TbCl,

CF-encapsulation buffer

Liposomes

20 mM HEPES-NaOH pH 7.5
150 mM NacCl
10 mM CF

Leakage assay buffer

Liposomes

20 mM HEPES-NaOH pH 7.5
150 mM NacCl
1 mM EDTA, only for Tb(DPA)

Ubiquitylation buffer
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50 mM NaCl
10 mM Mg(Cl,
2mM DTT

2 mM ATP

Lysis buffer MS-Interactome

MS

10 mM TRIS-HCI pH 7.4
150 mM NaCl

10 mM Na,MoO,

0.5 mM EDTA

0.5 % (v/v) NP-40

Dilution buffer interactome

MS

10 mM TRIS-HCI pH 7.4
150 mM NacCl

10 mM Na,MoO,

0.5 mM EDTA

MS wash buffer

MS

20 mM TRIS-HCI pH 7.5
150 mM NaCl

Lysis buffer proteome

MS

100 mM HEPES-NaOH pH 7.6
150 mM NaCl
10 % (v/v) SDS

2.1.9 Special consumables

Table 11. Resins and Columns

Specification

Cat. Nr.

Company

PD-10 Desalting column
HisTrap High Performance
HilLoad Superdex 200
HighPrep Q FF

VIVASPIN 15R 3,000 MWCO
VIVASPIN 15R 10,000 MWCO
Glutathion Sepharose 4B
EGFP-Trap-M magnetic beads

GE17-0851-01
GE29-0510-21
GE28-9893-35
28936543
VS15RH11
VS15RH22
17075605
gtm-20

GE Healthcare, UK
GE Healthcare, UK
GE Healthcare, UK
GE Healthcare, UK
Sartorius, Germany
Sartorius, Germany
GE Healthcare, UK

Chromotek, Germany
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Table 12. Membranes and Tools

Specification Cat. Nr. Company

Supported nitrocellulose membrane 10600098 GE Healthcare, UK
Amersham nitrocellulose membrane 10600012 GE Healthcare, UK
Amersham PVDF membrane 10600029 GE Healthcare, UK
Glass capillary 2l 552-0042 VWR, Randor, PA
0.4cm GenePulser cuvettes 552-0042 Bio-Rad, Hercules, CA

2.1.10 Antibodies

Table 13. Primary and secondary antibodies

Specification Dilution Company/Reference
C-terminal CHIP (rabbit) 1:1,000  Sigma Aldrich, C9243
N-terminal CHIP (rabbit) 1:1,000  Sigma Aldrich, C9118
C-terminal NQOI1 (rabbit)  1:1,000  Sigma Aldrich, N5288

HSP70 (mouse) 1:500 Enzo Life Sciences, C92F3A-5
HSC70 (mouse) 1:500 Enzo Life Sciences, N27F3-40
GAPDH (rabbit) 1:1,000  Cell Signaling, 2118
«-synuclein (rabbit) 1:1,000  Santa Cruz, sc-7011-R
Ubiquitin (mouse) 1:1,000  Santa Cruz, sc-8017

elFA4 (rabbit) 1:1,000  Cell Signaling, 9742S
anti-rabbit IgG 1:3,000  Sigma Aldrich, A9169
anti-rabbit Alexa Fluor 647 1:3,000  Cell Signaling, #4414
anti-mouse 1Gg 1:3,000  Sigma Aldrich, A4416

40



CHAPTER 2. MATERIAL AND METHODS

2.2 Methods

2.2.1 Cloning

Amplification of DNA was performed with a peqSTAR 2xGradient PCR cycler, using
Phusion DNA Polymerase, respective buffer, ANTP-mix and DMSO from New England
Biolabs (Ipswich, MA). A standard cycling program for Phusion DNA-Polymerase from
New England Biolabs was used with 18-25 cycles and annealing temperatures adjusted
to fit the respective primers. Restriction enzymes were purchased from New England
Biolabs and digestion mixes were assembled according to enclosed protocols. For the
mammalian expression of EGFP, the expression vector EGFP-N1 (Dr. Vabulas) was used.
N-terminal fusion of EGFP to CHIP and CHIP mutants was constructed by cloning hu-
man CHIP coding sequence in pEGFP-C2 vector using HindIIl and BamHI restriction
sites. Untagged human CHIP and CHIP-K30A were constructed by deletion of 3xFLAG-
tag from pCMV10-3xFLAG-CHIP expression vector (Dr. Schuster). EGFP fusions of
the farnesylation signal of C-HA-Ras (Dr. Vabulas) and 3-1,4-galactosyltransferasel (Dr.
Pohl) were used as markers for the plasma membrane and the Golgi apparatus respec-
tively. HSP70 was amplified from human cDNA and cloned without a tag into pCMV10
expression vector. HSP70AD, lacking the C-terminal aspartic acid, was prepared by shift-
ing the stop codon with site directed mutagenesis. HSC70 without tag was constructed by
site directed mutagenesis from pcDNA/V5-DEST-HSC70 (Dr. Vabulas) shifting the stop
codon to delete the C-terminal V5 region. For bacterial expression of GST-tagged CHIP
and CHIP mutants, respective coding sequences were cloned into pGEX-6P1 expression
vector using BamHI and Xhol restriction sites. Deletion of the N-terminal 24 amino acids

of CHIP in bacterial expression vector was prepared using the fast cloning method [110].

2.2.2 Cell culture and transfection

Immortalized murine embryonic fibroblasts (MEF) were a gift from Dr. A. Reichert
(Diisseldorf University). The identity of the cells was confirmed by highly polymor-
phic short tandem repeat loci (Microsynth, Switzerland). Human embryonic kidney cells
transformed with large T antigen (HEK293T) were from ATCC. Cell lines were free of
mycoplasma contamination, confirmed by Mr. H. Wang, using the PCR Mycoplasma
test kit IT (Applichem, Germany). Unless stated otherwise all cell lines were cultured in
Dulbecco’s modified Eagle’s medium -high glucose- (DMEM), supplemented with 10 %
fetal bovine serum (FBS), 2 mM L-glutamine solution (200 mM), 100 IU/ml penicillin G,
100 pg/ml streptomycin sulphate and non-essential amino acids at 37°C and 5 % CO, in
a humidified incubator. MEF clones lacking CHIP (MEF K.O.) were engineered by Mr.
Wei-Han Lang, using CRISPR/Cas9 system according to the protocol described in Ran
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etal. 2013 [111]. pSpCasn(BB)-2A-GFP (PX461) and pSpCas9n(BB)-2A-Puro (PX462)
plasmids were a gift from Feng Zhang (Addgene # 48140 and # 48141). Mammalian
cells were transfected with DNA, acquired from GenElute HP Endotoxin-free Plasmid

Maxiprep Kit, using either electroporation or polyethylenimine (PEI, 25kDa, linear).

PEI transfection

For transfection with polyethylenimine (PEI), DNA was mixed with OPTI-MEM I Re-
duced Serum Medium. The volume of OPTI-MEM was equal to 10 % of the final culture
vessel’s volume. PEI was added from a sterile stock solution (1 mg/ml H,O) in indicated
amounts and the suspension was briefly vortexed. After incubation at RT for 10 min, the
transfection mix was added dropwise to a ~70 % confluent culture. Cells were processed
24 h to 48 h after transfection.

For live cell imaging during heat stress, 0.1 x 10° wild-type MEF cells were seeded per
well in a 24-well Cell Imaging Plate with clear film bottom (Eppendorf, Germany). Cells
were transfected ~12 h after seeding, with 1 pg of EGFP-CHIP or EGFP as control,
using PEI transfection in a 9:1 PEI to DNA ratio. Transfected cells were incubated for
24 h before transfer to the microscope incubator at 37°C and 5 % CO,. Distinct positions
were imaged during quiescent conditions, followed by their observation during heat shock
at 43°C and 5 % CO, for 120 min. Similar processing was applied for co-transfection of
EGFP-CHIP with HSC70 and subsequent heat exposure. Transfection was carried out
with 0.5 png EGFP-CHIP and 0.5 pug HSC70 (9:1 PEI:DNA).

For the treatment with wortmannin and IN-10 inhibitors, 0.05 x 10° wild-type MEF cells
were seeded per well in 24-well Cell Imaging Plate with clear film bottom and transfected
with 0.5 ng EGFP-CHIP-K30A or EGFP-F respectively (9:1 PEI:DNA ratio). 24 h after
transfection distinct positions were imaged at the microscope incubator at 37°C and 5 %
CO,. Following, serum-free medium containing either 0.1 uM, 10 uM wortmannin or 10
uM IN-10 was added. Treated cells were imaged at distinct positions after 10 min and
20 min for wortmannin and after 20 min for IN-10. For CHIP localisation under arsenite
stress and visualisation of stress granules, cells were seeded and transfected under similar
conditions. Medium was exchanged containing 0.5 mM arsenite and incubated at the
microscope incubator for 30 min at 37°C and 5 % CO, before imaging or processing for
immunofluorescence.

For the analysis of cellular localisation of EGFP-CHIP, EGFP-CHIP-K30A, EGFP-CHIP-
K30A-m1A and EGFP-CHIP-K30A-m2A, 0.2 x 10° wild-type MEF cells were seeded per
well on poly-lysine coated cover slides in a 12-well plate. Transfection was carried out
~12 h after seeding with 1 pg DNA respectively (9:1 PEI:DNA ratio) and cells were
mounted for microscopy 24 h after transfection. For the analysis of CHIP mobilisation to
the plasma membrane upon HSP70/90 inhibition, cells were transfected similarly, with 1
ug of EGFP-CHIP or EGFP as control. 20 uM VER-155008, 20 uM 17-AAG or DMSO
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as control, were added in serum-free medium 24 h after transfection and incubated for
4 h before mounting. For the microscopic analysis of EGFP-CHIP-K30A localisation
upon PLD inhibitor treatment, cells were transfected as described with 1 ng EGFP-CHIP-
K30A or EGFP-F respectively. PLD inhibitors or DMSO as control were added in serum-
free medium at a concentration of 1 uM FIPI, 500 nM VU0155069 (PLD1) or 500 nM
CAY 10594 (PLD2) for 12-16 h before mounting.

For microscopy of staurosporine treated cells, 0.5 x 10° MEF K.O. were transfected by
means of PEI with 1 pug EGFP-CHIP or EGFP as control (6:1 PEI:DNA ratio). 24 h
after transfection medium was exchanged to serum-free medium containing 2 uM stau-
rosporine from Strepomyces sp or an equivalent volume of DMSO as control and incu-
bated for 12 h before mounting.

For microscopy of Golgi apparatus morphology upon CHIP or CHIP-m2A overexpres-
sion, 0.2 x 10® MEF K.O. cells were seeded per well on poly-Lys coated cover slides
in a 12-well plate. At 70 % confluence and ~12 h past seeding, medium was refreshed
and cells were transfected with a 200 ng [3-1,4-galactosyltransferase1-EGFP and 800 ng
CHIP or CHIP-m2A (9:1 PEL:DNA ratio). For the influence of HSP70 and CHIP co-
expression on Golgi morphology, transfection was performed as described with 0.4 ug f3-
1,4-galactosyltransferase1-EGFP, 1 ug CHIP and 1 ug HSP70 or HSP70AD respectively.
At least 24 h after transfection cells were processed for confocal microscopy. For the mor-
phology of Golgi apparatus under heat stress conditions, 0.1 x 105 MEF K.O. and wild-
type MEF cells were seeded per well on poly-Lys coated cover slides in a 12-well plate.
Transfection was performed ~12 h after seeding with 1 pug 3-1,4-galactosyltransferasel-
EGFP using a 9:1 PEI to DNA ratio. At least 24 h after transfection cells were subjected
to 43°C heat for 30 min, followed by fixation and DAPI staining.

For the MS interactome analysis of chaperone-free CHIP 4 x 105 MEF K.O. cells were
seeded on 10 cm dishes. Transfection was carried out 12 h after seeding by means of
PEI (6:1 PEI to DNA ratio) with 10 pg EGFP-CHIP-K30A or empty vector. Medium
was exchanged 24 h after transfection to serum -free DMEM, supplemented with 500 nM
PLD1 inhibitor (VU0155069) or DMSO. After 12 h treatment cells were washed with
PBS and harvested with a cell scraper for MS processing.

Electroporation

For electroporation cells were trypsinized and washed once with 10 ml PBS. Following,
the cells were resuspended in cold electroporation buffer, supplemented with 25 % FBS
and transferred together with DNA to cold 0.4 cm GenePulser cuvettes. Murine embry-
onic fibroblasts (MEF) were transfected with 350 V, 950 pF and human embryonic kidney
cells transformed with large T antigen (HEK293T) were transfected with a 240 V, 950 uF
using a GenePulser Xcell. Avoiding the transfer of cellular debris, transfected cells were
washed once with DMEM before seeding in the respective culture dishes.
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For analysis of EGFP-CHIP-m2A localisation, 5 x 10° wild-type MEF cells were trans-
fected by means of electroporation with 10 ng DNA and seeded on poly-lysine coated
cover slides in a 12-well plate. About 24 h after transfection, cells were mounted in PBS.
For the localisation of EGFP-CHIP and EGFP under nutrient starvation, wild-type MEF
cells were transfected similarly. 24 h after transfection cells were rinsed with PBS and
incubated in Hank’s Balanced Salt Solution at 37°C and 5 % CO, for 6 h before mounting.
For visualisation and FACS analysis of CHIP and CHIP-K30A overexpression on
Hek293T viability, 3 x 10° cells were continuously split for seven days in a 1:2 dilu-
tion before using for experiments. Cells were transfected by means of electroporation
with 3 png L-EGFP and 10 pug CHIP or CHIP-K30A respectively.

Ex vivo subcellular fractionation of transiently transfected CHIP and CHIP-K30A was
performed with 10 x 10° MEF K.O. cells, electroporated with 20 ug DNA respectively
and seeded on 10 cm culture dishes. 24 h after transfection cells were processed for
subcellular fractionation.

For secreted placental alkaline phosphatase (SEAP) assay 6 x 10°® MEF K.O. cells were
transfected by means of electroporation with 10 pug SEAP, 5 pg luciferase and 30 ug
CHIP. Controls were transfected with equivalent amounts of empty plasmid and seeded
in triplicates on a 12-well plate.

Membrane distribution of EGFP-CHIP-K30A was analysed in wild-type MEF cells (4 x
10%) transfected with 10 pg of EGFP-CHIP, EGFP-CHIP-K30A or EGFP respectively.
Transfected cells were incubated O/N on a 10 cm dish before seeding on poly-Lys coated

cover-slides. 12 h after seeding cells were processed for TIRF microscopy.

2.2.3 Confocal fluorescence microscopy

A Zeiss LSM780 inverted confocal microscope with a 63x oil immersion objective was
used for fluorescence microscopy if not stated otherwise. For analysis of CHIP localisa-
tion cells were not fixed and the cover slides with the living cells were mounted in growth
medium on glass slides with parafilm spacers. Cover slides were sealed with vaseline and
immediately imaged at RT. For live cell imaging during heat stress and inhibition of lipid
metabolism (PLD, wortmannin, IN-10) a black 24-well Cell Imaging plate was incubated
at the microscope at 37°C and 5 % CO, or indicated temperatures and images were ac-
quired at distinct positions on the slide before and after treatment. Photobleaching was
avoided by low laser intensities and minimal acquisition time. ImageJ was used to quan-
tify localisation phenomenons from an average number of cells noted at the respective
figure and in the appendix (Tab.14).

For the analysis of Golgi morphology, cells were rinsed twice with PBS and fixed with 4
9% (wlv) paraformaldehyde (PFA) for 20 min at RT, at least 24 h after transfection. Fixed
cells were washed two times with PBS, followed by 1 pg/ml DAPI staining for 3 min at RT
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and three washing steps with PBS before mounting in PBS and sealing with nail polish.
For quantification purposes the acquired image size was set to fit the maximal amount
of cells and provide enough details to distinguish the respective phenotypes. ImageJ was
used to quantify membrane localisation and Golgi morphology from an average number

of cells noted at the respective figure and in the appendix (Tab.14).

2.2.4 Brightfield microscopy

For the analysis of heat stress on cell viability, 0.3 x 10° wild-type MEF and MEF K.O.
were seeded per well in a 24-well plate. Each well was marked with a centred cross,
ensuring imaging of the same cell population before and after treatment. Immediately
after exposure to 43°C for 2 h in 1 ml medium containing 25 mM HEPES pH 7.5, cells
were imaged with a 10x objective on a Zeiss Observer Z1 equipped with a Axiocam 503
mono camera, using brightfield illumination.

Analysis of Hek293T morphology after overexpression of CHIP and CHIP-K30A was
performed at a magnification of 4.3x with a Motic SMZ-168 stereo zoom microscope,
equipped with a Leica M165FC camera. The field of vision was centred to the middle of

the a well, minimizing reflection effects.

2.2.5 TIRF microscopy

Cells were mounted alive in growth medium with parafilm spacers and sealed with vase-
line. A SIM/PALM Zeiss ELYRA PS.1 microscope with a 63x oil immersion objective
was used to acquire epifluorescent and total internal reflection fluorescence (TIRF) images

on single, representative cells.

2.2.6 Immunofluorescence

For stress granules visualisation, arsenite treated cells were fixed 10 min at RT with 4 %
(w/v) PFA after aspiration of growth medium and rinsing with PBS. Cells were perme-
abilized with acetone for 5 min at -20°C, followed by two times 5 min washing with PBS.
Blocking with 1 % (w/v) BSA in PBS for 1 h was followed by addition of primary anti-
body anti-eIFA4 in a 1:100 dilution in blocking buffer for 1 h at RT. Remaining primary
antibody was removed by three wash steps with PBS for 5 min each and replaced with
anti-rabbit Alexa Fluor(R) 647 at 1:1000 in blocking buffer for 1 h at RT. Aspiration of
secondary antibody was followed by three wash steps with PBS and DAPI staining.
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2.2.7 Fluorescence-activated cell sorting (FACS)

Hek293T cells co-transfected with CHIP or CHIP-K30A and EGFP-L were harvested 24
h after transfection in PBS with a cell scraper. To prepare cells for flow cytometry the
suspension was filtered using 5 ml round-bottom tubes with cell-strainer cap and subse-
quently stained with 10 pg/ml 7-AAD for 30 min on ice. FACS analysis was run on a S3
cell sorter (Bio-Rad, Hercules, CA). Analysed cells were gated from a FCS/SSC dot plot
to determine cell population and subsequently analysed for cells with simultaneous exhi-
bition of green and red fluorescence. A total of 50,000 events was counted and analysed
using FCSexpress 5 software (Fig.59).

For the selection of CHIP overexpressing cells for mass spectrometry, MEF K.O. cells
were co-transfected with 3 ug EGFP and 30 pg CHIP expression vectors by electropo-
ration. 24 h past transfection cells were trypsinized to yield a concentration of 10 x 10°
cells/ml and processed as described for FACS sorting. Green fluorescence cells were
sorted using a S3 Cell Sorter to a purity of 87-92 %. The sorted cells were centrifuged at
21,000 x g for 1 min at 4°C. The supernatant was discarded and the pellet was frozen at

-80°C until processing for mass spectrometry.

2.2.8 SDS-PAGE and immunoblotting

Samples were boiled at 95°C for 5 min in 2x sample buffer supplemented with (3-
mercaptoethanol before separation with a self-cast 10 % polyacrylamide gel, if not stated
otherwise, at 120-200 V in running buffer. Following transfer to 0.45 pum nitrocellulose
or PVDF membranes was performed at 100 V for 35-40 min in a cooled Criterion Blotter
filled with transfer buffer at 4°C. Membranes were blocked in 5 % (w/v) milk powder in
TBS for 1 h at RT, before addition of primary antibody in indicated dilutions and incu-
bation over night at 4°C. Membranes were washed trice with TBS followed by addition
of secondary antibody in a 1:3,000 dilution in blocking buffer for 1 h at RT. Finally,
membranes were washed trice with TBS + 0.1 % Tween-20. Chemiluminescence was de-
veloped with SuperSignal™West Pico PLUS and images were acquired with a ChemiDoc

MP imaging system and quantified using Image Lab 5.0 software.

2.2.9 Recombinant protein purification

Human recombinant full length CHIP as well as mutants and truncated versions were pu-
rified from 2-4 1 Escherichia coli BL21 cells inoculated at ODggg of 0.1 in LB-medium
and incubated at 37°C. Protein expression was induced with 0.5 mM IPTG at ODgq 0.4-
0.6 and incubation proceeded at 18°C over night. Bacterial cultures were harvested in
a 1 1 bucket centrifuge Avanti J-26 XP at 9000 x g and the resulting pellet was resus-
pended in CHIP lysis buffer. Bacteria were opened using French Press followed by probe
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sonication MS72 at 90 % power in five cycles of 30 sec sonication plus 90 sec pause.
Bacterial debris were removed by centrifugation at 45,000 x g for 30 min and supernatant
was rotated with Glutathion Sepharose 4B for 2 h at 4°C. Sepharose-bound GST-tagged
protein was subjected to overnight treatment with 500 pg PreScission protease yielding
the released tag-free protein. Further purification was achieved by repeated size exclusion
chromatography using a HiLoad Superdex 200 column on an AKTApurifier equipped
with a UPC-900 detector, a P-900 flow system, a INV-907 injection module and a M-925
mixing unit. The volume of Glutathion Sepharose elution was reduced to 2-3 ml using
VIVASPIN 15R 10,000 MWCO and injected onto the column at a flow rate of 1 ml/min.
All CHIP variants were concentrated and stored in HSP70 buffer. Purifications of CHIP-
ATPR and CHIP-m1A , following the described protocol were provided by Mr. Adrian
Martinéz-Limon and Mr. Viktor Pfeifer.

Human his-tagged C-terminal, N-terminal and full-length HSP70 were purified from Es-
cherichia coli BL21 cells as described but using 1 ml HisTrap column (GE Healthcare,
UK) for affinity chromatography. Elution of bound protein was achieved by applying
an imidazole gradient from 1 mM to 500 mM over 40 min. The respective fractions
were subjected to repeated size exclusion chromatography using HilLoad Superdex 200
in HSP70 buffer until sufficient purity was achieved. Human his-tagged NQO1 wild-
type and mutants, UBCHSA, UEV1A, UBC13 were purified equivalently by Mr. Adrian
Martinéz-Limon and Dr. Martin Vabulas but using PBS supplemented with 1 mM DTT
for size exclusion chromatography.

For human wild-type «-synuclein and A30P mutant purifications, Escherichia coli BL21
cells were cultivated and induced as described. Following harvest in PBS, cells were sub-
jected for 10 min at RT to osmotic shock buffer and centrifuged at 9000 x g and 4°C for 20
min in a Avanti J-26 XP. The pellet was resuspended in ice-cold water supplemented with
2 mM MgCl, and incubated on ice for 3 min. The lysed periplasm was separated from
cellular material by centrifugation at 9000 x g and 4°C for 20 min and loaded without con-
centration or dialysis onto a HiPrep Q FF anion exchange column at 2 ml/min with a 20
mM TRIS-HCI pH 8.0 running buffer. Protein was eluted by a 0-500 mM NaCl gradient
over 140 min at 1 ml/min. Respective fractions were pooled and injected on a desalting
column prior to a second HiPrep Q FF run. «-synuclein containing fractions were con-
centrated using VIVASPIN 15R 3000 MWCO and boiled at 95°C for 30 min, followed
by centrifugation at 17.000 x g and 4°C for 30 min. The supernatant was injected on a
HiLoad Superdex 200 column at 1 ml/min in PBS and final concentration of respective
fractions. Purified x-synuclein AS3T mutant was provided by Dr. Martin Vabulas.
Purity of all recombinant proteins was verified by coomassie-blue staining and concen-
tration was determined by absorbance at 280 nm with a BioSpectrometer basic. Protein

aliquots were snap frozen in liquid nitrogen and stored at -80°C.
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2.2.10 Subcellular fractionation and chemical crosslinking

Wild-type MEF cells or transiently transfected MEF cells were cultured on a 10 cm dish
to 80-90 % confluence and lysed in subcellular fractionation buffer to yield a 20 x 10°
cell/ml suspension. Cells were disrupted by passing thirty times through a 26G needle.
The suspension was cleared from nuclei by centrifugation at 720 x g and 4°C for 5 min,
followed by two centrifugation steps at 10,000 x g for 5 min to clear mitochondria. The
cytosolic fraction was acquired by ultracentrifugation of the supernatant at 100.000 x g,
1 h, 4°C in a TLA 120.1 fixed angle rotor. The transparent membrane pellet was washed
once by addition of 400 ul subcellular fractionation buffer, followed by ultracentrifuga-
tion 100.000 x g, 45 min, 4°C. The washed pellet was resuspended in 80 ul CHIP-lysis
buffer. 20 pl of total lysate, cytosolic fraction and membrane fraction were incubated
with 800 uM HSP70 C-terminal octapeptide (GPTIEEVD) for 30 min at 37°C followed
crosslinking with 0.025 % glutaraldehyde for 10 min at 30°C. Crosslinking reaction was
quenched by addition of 100 mM TRIS-HCI pH 7.5 and analysed by western blotting

with C-terminal reactive anti-CHIP antibody.

2.2.11 Liposome preparation

Liposomes were prepared by mixing 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
with either 5 %, 20 % (wt/wt) 1,2-dihexadecanoyl-sn-glycero-3-phosphate (DPPA) or 1
9% (wt/wt) Phosphatidylinositol 4-phosphate diC16 (PI4P) in a 1.5 ml reaction tube. Lipid
mixtures were dried under a nitrogen stream and kept for 1 h under vacuum to remove
residual organic solvent. Liposomes were rehydrated in 1 ml reconstitution buffer to a
concentration of 10 mM lipids. Liposomes were resuspended by shaking 1 h at 50°C
2000 rpm in a Thermomixer, followed by 1 h at 50°C in a sonication-waterbath. The li-
posome suspension was subjected to five freeze-thaw cycles in liquid nitrogen to promote
unilamellar vesicle formation. Aliquots of 200 pl were pulse-sonicated for 8 sec at 45
9% MS72 sonotrode to create a population of homogeneously sized liposomes. Sonicated
liposomes were pooled, aliquoted, snap-frozen and stored at -80°C. For the analysis of
size dependent binding, sonicated liposomes were subjected to twenty one times extru-
sion using a LiposoFast-Basic extruder with filter membranes of 100 nm, 50 nm and 30
nm pore size.

For the encapsulation of terbium citrate, 95 % (wt/wt) POPC and 5 % (wt/wt) DPPA
were dried under a nitrogen stream and rehydrated in 20 mM HEPES-NaOH pH 7.5, 100
mM NaCl, 100 mM Na,(C¢H;0,), 15 mM TbCl,. For the encapsulation of Tb(DPA),*-
complexes the dried lipid were resuspended in 20 mM HEPES-NaOH pH 7.5, 100 mM
NaCl, 50 mM Na;(C,H50,), 10 mM TbCl;, 50 mM DPA before processing as described
to gain unilamellar vesicles. Additionally, liposomes were washed with a PD-10 Desalt-

ing column using a spin protocol with a liposome wash buffer (20 mM HEPES-NaOH pH
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7.5, 100 mM NaCl) supplemented either with Na,(C.H;0,) for Tb(citrate) encapsulating
liposomes or EDTA for Tb(DPA),*>~ complex encapsulating liposomes. Quality of lipo-
somes after encapsulation and desalting was confirmed by Nanoparticle tracking analysis.
Encapsulation of carboxyfluorescein (CF) based on the published protocol, rehydrating a
lipid film of 80 % (wt/wt) POPC and 20 % (wt/wt) DPPA with 20 mM HEPES-NaOH
pH 7.5, 150 mM NaCl, 10 mM CF [112]. Next, liposomes were processed to unilamellar
vesicles as described and frozen at -80°C. Immediately before usage CF encapsulating
liposomes were washed with PD-10 Desalting column using 20 mM HEPES-NaOH pH
7.5, 150 mM NaCl and 0.1 mM EDTA as wash buffer.

2.2.12 Nanoparticle tracking analysis

For nanoparticle analysis of liposome quality a LM10-HS instrument, equipped with sC-
MOS camera was used (NanoSight Ltd, Malvern, UK). Sonicated liposomes were diluted
1:1000 in filtered reconstitution buffer (25 mM HEPES-KOH pH 7.5, 50 mM NacCl) and
injected into the instrument. A minimum of 6000 valid tracks were recorded at 25°C
and analysed by Nanoparticle Tracking Analysis (NTA) using FTLA algorithm with a
threshold set to 10 and a sample viscosity of 0.9 cP.

2.2.13 Liposome leakage assay

For CHIP induced leakage of Th(DPA),*~ complex, POPC+5 %PA liposomes were mixed
with assay buffer (20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 1 mM EDTA) and
transferred to a black 96-well plate with half of the final assay volume. 10 uM CHIP was
added in assay buffer to a separate well. Immediately before measurement of fluorescence
at Tecan infinite M200 plate reader CHIP, or only buffer for controls, was mixed with
liposomes to yield the final assay volume of 100 pl per well. Decrease of fluorescence
was measured with 272 nm excitation and 490 nm emission with a gain of 160-220 over
30 min at 25°C. Finally, liposomes were lysed by the addition 0.1 % (v/v) triton X-100 to
gain 100 % release of encapsulated Tb(DPA)33‘ complexes [112]. The extent of released
material (R;) was calculated with the following equation.

Iy — 1
Iy — I,

Rt = 100 *

Where I, is the fluorescence at a time ¢, [, is the initial fluorescence intensity of the
Tb(DPA);*~ encapsulating liposomes and I, is the fluorescence intensity after lysis of the
liposomes with triton X-100.

For leakage of carboxyfluorescein (CF) from POPC+20 %PA liposomes, 2.5 mM lipids
were mixed with 10 uM CHIP in assay buffer (20 mM HEPES-NaOH pH 7.5, 150 mM

NaCl) to a final volume of 200 pl, immediately before measurement at Tecan infinite
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M?200 plate reader. Fluorescence was measured with 490 nm excitation and 530 nm emis-
sion with a gain of 51 over 30 min at 25°C. Liposomes were lysed by the addition 0.1 %
(v/v) triton X-100 to gain 100 % release of encapsulated CF [112]. The relative amount

of released material (R;) was calculated with the following equation.

I, — Iy
R, = 100
t T2,

Where I is the fluorescence at a time ¢, I is the initial fluorescence intensity of the CF
encapsulating liposomes and I+ is the fluorescence intensity after lysis of the liposomes
with triton X-100.

2.2.14 Lipid binding assay

Membrane-immobilized lipids were purchased from Echelon Research Laboratories.
Each membrane was processed according to manufactures protocol and incubated with
blocking buffer (3 % fatty acid free BSA, 0.1 % (v/v) Tween-20 in PBS pH 7.5) 1 h at
RT. 0.5 pg/ml (14 nM CHIP) of recombinant protein was added in blocking buffer and
incubated 1 h at RT. For competition experiments on PIP-strips, ten times molar excess
C-terminal HSP70 recombinant protein or 10 uM of C-terminal HSP70 octapeptide were
added to CHIP in blocking buffer. Strips were washed trice with PBST and bound protein
was detected by anti-C-CHIP or anti-N-CHIP antibody.

2.2.15 Preparation of lipid strips

Lipid strips were prepared from supported nitrocellulose membranes (GE Healthcare,
UK) by cutting 1.5x8.5cm strips. The strips and the enclosed coversheet were put on
a glass plate and spotted from DPPA in CHCl; or PI4P in 1:1 CHCI;:MeOH solutions on
the membrane using a 2 pl glass capillary. Spotted strips were covered and dried at RT for
at least 2 h before using or storing in a closed plastic bag at 4°C. Dried strips were blocked
with blocking buffer for lipid strips (3 % fatty acid free BSA, 0.1 % (v/v) Tween-20 in
PBS pH 7.5) 1 h at RT. 1 pg/ml of recombinant protein was added in blocking buffer and
incubated 1 h at RT. Strips were washed trice with PBST and bound protein was detected
by anti-C-CHIP antibody.

2.2.16 Flotation assay

1 mM liposomes and 0.5 uM CHIP were incubated in 150 pl reconstitution buffer 30
min at 37°C. The suspension was adjusted to 30 % sucrose by adding 100 ul of a 75
% (w/v) sucrose solution in reconstitution buffer. The resulting high-sucrose solution

was transferred to a 500 ul ultracentrifugation tube and overlaid with 200 pl of a 25 %

50



CHAPTER 2. MATERIAL AND METHODS

(w/v) sucrose solution and 50 pl reconstitution buffer. The gradients were centrifuged
at 240,000 x g in a TLA 120.1 fixed angle rotor for 1 h at 25°C. The bottom (250 ul),
middle (150 pl) and top (50 ul) fractions were manually collected from bottom to top
using a 100 pul Hamilton syringe. Resulting fractions were analysed by western blotting

using anti-C-CHIP after normalizing protein loading of respective fractions.

2.2.17 Co-sedimentation assay

2 mM of indicated liposomes were mixed with 2 uM recombinant protein in 50 pl recon-
stitution buffer. The suspension was incubated shaking at 450 rpm for 30 min at 37°C.
Liposomes with bound protein were pelleted by ultracentrifugation at 100,000 x g for
30 min at 25°C. The liposome pellet was washed with 50 ul of reconstitution buffer and
sedimented by ultracentrifugation at 100,000 x g for 30 min at 25°C. The pellet was resus-
pended in 10 ul reconstitution buffer, resolved by SDS-PAGE and analysed by overnight
coomassie-blue staining. Controls were processed accordingly without addition of lipo-
somes. For competition assays on liposomes indicated amounts of peptide or C-terminal
HSP70 recombinant protein were incubated with 2 uM CHIP for 30 min at 37°C prior to
co-sedimentation. For the release of liposome-bound recombinant protein by increasing
ionic strength, the washing buffer was supplemented with indicated amounts of NaCl.
Images were acquired with ChemiDoc MP (Bio-Rad, Hercules, CA) and quantified with
Image Lab 5.0 software.

2.2.18 Chemical crosslinking in vitro

5 uM of recombinant CHIP were crosslinked with 0.025 % glutaraldehyde for 10 min
at 30°C unless stated otherwise. Crosslinking reaction was quenched by addition of 100
mM TRIS-HCI pH 7.5. Crosslinking on 20 % (wt/wt) DPPA containing liposomes was
performed after co-sedimentation on the resuspended pellet. Controls lacking liposomes
were crosslinked with recombinant protein correlating to the determined binding capac-
ity of the respective liposome. Samples were resolved by SDS-PAGE and analysed by
overnight coomassie-blue staining. Images were acquired with ChemiDoc MP (Bio-Rad,

Hercules, CA) and quantified with Image Lab 5.0 software.

2.2.19 In vitro ubiquitylation assay

In vitro ubiquitylation reactions were carried out in ubiquitylation buffer and contained
2.5 uM substrate (NQO1-P187S), 100 nM UBEI, 1 uM UBCHS5A, 1 uM UBC13, 1 uM
UEV1A respectively, 2.5 uM CHIP for samples without liposomes and 100 nM ubiquitin
from bovine erythrocytes. For liposome containing samples a co-sedimentation with 5
uM CHIP and 2 mM of 20 % (wt/wt) DPPA containing liposomes was carried out and
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the resulting pellet was resuspended in the ubiquitinylation reaction mix. Reactions were
incubated at 37°C for 1 h and eventually stopped by addition of reducing sample buffer
and boiling at 95°C for 5 min. Analysis was done by western blotting using rabbit anti-
C-CHIP, anti-C-NQO1 and mouse anti-ubiquitin antibodies.

2.2.20 CD spectroscopy

Far-UV CD spectra of 10 uM CHIP with and without 2 mM 20 % (wt/wt) DPPA con-
taining liposomes were recorded an a Jasco J-810 spectropolarimeter at 37°C in 10 mM
KH,PO, pH 7.5. Prior to measurement samples were incubated 30 min at 37°C. Com-
pensating reconstitution buffer influences, on the spectra controls lacking liposomes, were
supplemented with an equivalent amount of reconstitution buffer. Three repeated scans
were obtained for each sample and subtracted from the buffer (10 mM KH,PO,) baseline.
Data was collected in 1 mm path cell (Helma Analytics) from 250 nm to 200 nm in 0.2-1
nm steps at 50 nm/min if not indicated otherwise.

2.2.21 Protease sensitivity assay

2 uM CHIP pelleted with 20 % (wt/wt) DPPA containing liposomes was subjected to
0.5 ng/ul trypsin treatment at 37°C. The reaction was eventually stopped by addition of
reducing sample buffer and boiling at 95°C for 5 min. Controls lacking liposomes were
incubated with recombinant protein correlating to the determined binding capacity of the
respective liposome. Samples were resolved by SDS-PAGE and analysed by overnight
coomassie-blue staining. Images were acquired with ChemiDoc MP and quantified with

Image Lab 5.0 software.

2.2.22 Isothermal titration calorimetry

ITC was carried out using a Nano ITC. The calorimetric cell was filled with 10 uM
recombinant CHIP or CHIP-K30A protein in HSP70 buffer at a temperature of 37°C.
HSP70 octapeptide (GPTIEEVD) was titrated from a 500 pl syringe at 350 rpm stirring
speed in 25 injections of 8 ul every 3 min. Measurements were corrected for dilution
heats as determined by titration of peptide into buffer. The acquired data was processed

with Nano-Analyse Software and fitted to a independent binding model.

2.2.23 Thermal denaturation assay

Thermal denaturation assays were carried out on a C1000 Thermal cycler with a CFX
real-time system. 5 pM recombinant protein in HSP70 buffer was supplemented with 10x
SYPRO Orange in a 96-well PCR plate. Fluorescence of SYPRO Orange at 570 nm was

monitored during stepwise increase of incubation heat from 20°C to 80°C. The resulting
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relative fluorescence units (RFU) were corrected for controls lacking recombinant protein
and melting temperatures (T,,,) were identified as the highest part of the curve by plotting

the first derivative of the fluorescence emission as a function of temperature (T):

_ ARFU
AT

T

2.2.24 Secreted placental alkaline phosphatase assay

SEAP assay was performed in triplicates with the NovaBright SEAP Enzyme Reporter
Gene Chemiluminescent Detection System 2.0. 24 h after transfection 200 pl growth
medium was collected and centrifuged at 1000 x g for 10 min at 4°C. 25 ul of the su-
pernatant was transferred to a reaction tube, mixed with 25 pl assay buffer (CompA) and
incubated at 65°C for 5 min in a Thermoshaker. Following 50 pl reaction buffer (CompB)
was added, the suspension was transferred to a black flat-bottom 96-well plate and incu-
bated at RT for 20 min. Luminescence was measured at a Tecan infinite M200 plate reader

with 1 sec acquisition per well.

2.2.25 Luciferase reporter assay

The luciferase assay system from Promega was used. For the luciferase assays performed
in parallel with SEAP assays transfected cells were washed twice with PBS before addi-
tion of 150 pl luciferase lysis buffer. Cells were lysed by a freeze-thaw cycle at -80°C for
20 min. 50 pl of lysate were mixed with luciferase assay buffer in a black 96-well plate
immediately before luminescence measurement with a Tecan infinite M200 plate reader

for 5 sec per well.

2.2.26 XTT cell proliferation assay

For XTT assays, 0.05 x 10° wild-type MEF cells and MEF K.O. cell were seeded in
triplicates per well in a 24-well plate. Growth medium was aspirated ~12 h after seeding
and exchanged by 500 pl or 250 ul DMEM supplemented with 25 mM HEPES-KOH pH
7.5. Following cells were subjected to heat stress at 43°C for 2 h while controls remained
at 37°C. Medium was exchanged after heat shock by DMEM containing 0.3 mg/ml XTT
and 12.5 pg/ml 5-Methylphenazinium methyl sulfate (PMS) proceeding incubation for
1:30 h at 37°C and 5 % CO,. Absorbance was measured at 475 nm and 660 nm for
each well at a Tecan infinite M200 plate reader after orbital shaking for 5 sec with an
amplitude of 3 mm. To ensure effective heat stress, only experiments that displayed 10-
20 % viability in wells with 250 pl during heat shock were taken into account. For

determination of viability, absorbance at 660 nm was subtracted from absorbance at 475

53



CHAPTER 2. MATERIAL AND METHODS

nm from wells that contained 500 pul during heat stress and normalized to controls not

exposed to heat stress.

2.2.27 Mass spectrometry

Sample preparation

For interactome analysis cells were lysed with 300 ul lysis buffer and DNA was sheared
by sonication for 5s with a MS72 sonotrode at 50 % power. The lysate was cleared by
centrifugation at 12,000 x g for 15 min at 4°C and protein amount was normalized with
Bradford reagent to 1.25 png/pl using dilution buffer. Lysate was incubated with 20 pl
EGFP-Trap-M magnetic beads rotating for 90 min at 4°C. Beads were washed trice with
dilution buffer and twice with MS wash buffer before snap-freezing with liquid nitrogen
and storage at -80°C until further processing. Following processing of MS samples was
done by Dr. Giulia Calloni. Beads were resuspended in 50 pul 8 M urea in 50 mM
TRIS-HCI pH 8.5, reduced with 10 mM DTT for 30 min and alkylated with 40 mM
chloroacetamide for 20 min at 22°C. Urea concentration was diluted to 2 M using 25
mM TRIS-HCI pH 8.5 with 10 % (v/v) acetonitrile. Proteins were digested over night
with trypsin/lysC at 24°C. Peptides were acidified with 0.1 % (v/v) trifluoroacetic acid,
desalted and fractionated on combined C18/strong cation exchange StageTips. Finally
peptides were dried and resuspended in 1 % acetonitrile, 0.1 % formic acid.

For proteome analysis of CHIP overexpression, cells sorted by FACS were lysed in 200
ul lysis buffer and DNA was broken by sonication for 5 sec. The lysate was cleared
by centrifugation and 100 pug of total protein were diluted in 4 % (w/v) SDS, 100 mM
HEPES-NaOH pH 7.6, 150 mM NaCl, 0.1 mM DTT and heated for 5 min at 95°C. Fol-
lowing processing of MS samples was done by Dr. Giulia Calloni. The samples were
then mixed with 200 pl 8 M urea in 50 mM TRIS-HCI pH 8.5 and loaded onto spin filters
with 30kDa cut off (Microcon). The filter aided sample preparation protocol (FASP) was
essentially followed ([113]). Proteins were digested overnight with trypsin (sequencing
grade, Promega). According to ([114]), acidified peptides (0.1 % (v/v) trifluoroacetic acid
final concentration) were desalted with C18 Stage Tips (3 M) and fractionated with strong
cation exchange (SCX) StageTips. The C18 trans-elution fraction was combined with the
first of 6 SXC fraction. Peptides were dried and resolved in 1 % (v/v) acetonitrile, 0.1 %
(v/v) formic acid.

LC-MS/MS

LC-MS/MS was performed by Dr. Giulia Calloni on a Thermo ScientificTM Q Exca-
tive Plus equipped with an ultra-high performance liquid chromatography unit (Thermo

Scientific Dionex Ultimate 3000) and a Nanospray Flex lon-Source (Thermo Scientific).
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Peptides were loaded on a C18 reverse-phase pre-column (Thermo Scientific)and sepa-
rated on an in-house packed column (100 pm inner diameter, 30cm length, 2.4 um Re-
prosil C18 resin (Dr. Maisch GmbH, Germany)) using a two-step gradient from mobile
phase A 1 % (4 % acetonitrile, 0.1 % formic acid) to 30 % mobile phase B (80 % ace-
tonitrile, 0.1 % formic acid) for 30 min followed by a second step to 60 % B for 60 min,
with a flow rate of 250 nl/min. MS data was recorded in data dependent mode selecting
the 10 most abundant precursor ions for HCD fragmentation. The full MS scan range was
set to 300 to 2,000 m/z with a resolution of 70,000. Ions with charge >2 were selected
for MS/MS scan with a resolution of 17,500 and an isolation window of 2 m/z. Dynamic
exclusion of selected ions was set to 30s. Data were acquired using Xcalibur software

(Thermo Scientific). The LC Unit was controlled by Chromeleon Xpress software.

Data analysis

MS data files were analysed by Dr. Giulia Calloni using MAX Quant (version 1.5.3.30)
[115]. For protein identification the spectra were compared with UniProtKB mouse
FASTA database (Jan. 2016) with a false discovery rate of 1 %. Unidentified features
were matched between runs in a time window of 2 min. Identified hits of the categories
false positive, only identified by site and known contaminants were excluded from fur-
ther analysis. For label-free quantification (LFQ) the minimal ratio count was set to 1.
Bioinformatic analysis was performed with Perseus (1.5.2.6) [116]. Statistical analysis
between different conditions was done on logarithmic LFQ intensities for quantified pro-
teins found at least in four out of five biological replicates for the interactome analysis
and at least three out of four times for the analysis of proteome changes. All mass spec-

trometry methods were applied and mostly written by Dr. Giulia Calloni.
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Results

3.1 Chaperone-free CHIP interacts with cellular mem-

branes in vivo and ex vivo

In order to investigate how the E3 ligase CHIP localisation participates in early stress
response, murine embryonic fibrobasts (MEF) were subjected to heat stress, inducing a
perturbation of cellular proteostasis. In live cell confocal fluorescence microscopy, local-
isation of transiently transfected EGFP-CHIP was observed at 43°C for a duration of 120
min. During the exposure a significant fraction of MEF cells (21 %) displayed a mobiliza-
tion of cytosolic EGFP-CHIP to the plasma membrane. In a small fraction of cells (3.6
%), EGFP-CHIP was already present at the plasma membrane under physiological condi-
tions. A mobilization to the plasma membrane due to the EGFP fusion could be excluded,
as EGFP transfected cells did not display membrane localisation under physiological and
stress conditions (Fig.11A).
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Figure 11. Heat stress induces CHIP mobilisation to cellular membranes in vivo. (A) Live cell mi-
croscopy of transiently transfected murine fibroblasts (MEF) during heat shock at 43°C for a duration
of 120 min mobilised EGFP-CHIP to plasma membrane (mean £ SD). One representative of three inde-
pendent experiments is shown. Scale bar 10 um. ***p<0.001, chi-square analysis; N = 3 independent
experiments. (B) Steady-state levels of endogenous CHIP and EGFP-CHIP 24 h after transfection (mean +
SD). ***p<0.001, t-test analysis, N = 3 independent experiments.
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For the quantification of cells with the membrane phenotype, an average of ninety cells
was evaluated for each condition. Sufficient transfection efficiency was verified by west-
ern blot quantification of EGFP-CHIP expression levels. The transfected fusion protein
displayed a four times increase over endogenous CHIP levels (Fig.11B). Due to the weak
interaction between HSPs and CHIP [117], a preliminary hypothesis was established: Due
to the stress induced disturbance of proteostasis, the chaperones would be channelled to
unfolding proteins to prevent protein aggregation. During this immediate stress response
holdase functions of the respective chaperones would be preferred over ubiquitylation and
degradation of client proteins [1]. Thus, freeing CHIP to perform chaperone independent
tasks until the HSP pool increases through transcriptional up-regulation.

To simulate the temporal deficiency of heat shock proteins in vivo and exclude the influ-
ence of metabolic changes on CHIP localisation during heat shock, EGFP-CHIP express-
ing murine fibrobasts were treated with specific inhibitors of HSP70 (VER-155008) and
HSP90 (17-AAG) under quiescent conditions. A similar phenotype as in heat-stressed
cells could be observed after 4 h treatment for both inhibitors in EGFP-CHIP trans-
fected cells, but not in EGFP transfected controls (Fig.12). A sufficient knock-down of
HSC70/HSP70 levels by means of siRNA, to supplement the results acquired by inhibitor

treatment, could not be achieved (data not shown).
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Figure 12. HSP70 and HSP90 inhibitor treatment induces CHIP localization to membranes. Intra-
cellular localisation of CHIP changed, upon treatment for 4 h with HSP70 inhibitor (20 pM VER-155008)
or HSP90 inhibitor (20 uM 17-AAG) to the plasma membrane of murine fibroblasts (mean + SD). EGFP-
transfected cells were used as control. One representative experiment out of three is shown. Scale bar 10
um. ***p<0.001, chi-square analysis; N = 3 independent experiments.
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The abundance and activity of chaperones was hypothesised to be a major determinate
for the change in subcellular localisation of CHIP. Thus, supplementing cells with addi-
tional HSPs, could obstruct the transition to membranes during exposure to heat stress.
Accordingly, heat shock at 43°C mobilized EGFP-CHIP to the plasma membrane in 16
% of cells, while membrane localisation was reduced by half in cells co-transfected with
HSC70, as determined by live cell imaging (Fig.13A). The successful expression of trans-
fected HSC70 surpassed endogenous protein levels by at least 2 fold, as shown by western
blot analysis using anti-HSC70 specific antibody. GAPDH antibody was used as a control
for equal loading of total protein (Fig.13B).
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Figure 13. Chaperone abundance is linked to CHIP localisation in vivo. (A) Co-expression of HSC70
with EGFP-CHIP under heat shock conditions (43°C, 2 h) reduced translocation of cytosolic EGFP-CHIP to
cellular membranes, as determined by live cell imaging (mean 4 SD). **p<0.01, chi-square analysis; N =3
independent experiments. (B) Steady-state levels of HSC70 24 h after transfection, in murine fibroblasts, as
determined by means of western blotting with anti-HSC70 antibody. One representative of two independent
experiments is shown.

In order to determine if localisation of CHIP to cellular membranes was a general re-
sponse to proteotoxic stress, different stressors were applied on MEF cells, transiently
transfected with EGFP-CHIP. The toxic metalloid arsenite is a commonly applied chemi-
cal to induce proteotoxic stress, as it interferes with protein folding by acting on unfolded
polypeptides and inducing protein aggregation. Moreover, arsenite induced aggregates
might act as a seed promoting the aggregation of other labile proteins [118]. Treatment
of murine fibroblasts with 0.5 mM arsenite for 30 min did not induce any mobilization of
transiently transfected EGFP-CHIP to cellular membranes, nor did it affect EGFP-CHIP
subcellular distribution in general. To ensure that proteostasis was challenged by arsen-
ite treatment, the formation of stress granules was monitored in arsenite treated cells and
control cells (Fig.14). Stress granules were observed only in arsenite treated cells by im-
munofluorescent staining of eukaryotic initiation factor-4A (eIF4A), a typical component

of stress granules [22].
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Figure 14. Arsenite treatment does not mobilise CHIP to membranes. Treatment of murine fibroblasts
with 0.5 mM arsenite for 30 min did not induce EGFP-CHIP translocation to membranes, as determined by
live cell imaging (mean + SD). #, no statistically significant difference according to chi-square analysis; N
= 3 independent experiments. Immunofluorescent staining of e[F4A (red) was used to confirm proteotoxic
stress and stress granule formation. DAPI staining in blue. Scale bar 10 pm.

A different kind of stressor that disturbs proteostasis is the starvation for serum and amino
acids, which induces serval pathways of autophagy [119]. Localisation of EGFP-CHIP
was investigated during starvation in Hank’s balanced saline solution (HBSS), as CHIP
has been reported to influence autophagic flux [120]. No mobilisation of EGFP-CHIP to
cellular membranes was observed during 4 h starvation with HBSS. A redistribution of
cytosolic CHIP to granule compartments in the cytosol and intranuclear bodies was ob-
served (Fig.15). However, controls transfected with EGFP displayed similar distribution,
suggesting a late stage of macroautophagy with unspecific encapsulations of cytosolic

material [12].
Control HBSS 6h

Figure 15. CHIP localisation during severe starvation. Murine embryonic fibroblasts (MEF) transiently
transfected with EGFP-CHIP displayed increased granularity and localisation to intranuclear compartments
after 6 h starvation in Hank’s balanced saline solution (HBSS), as determined by live cell imaging. EGFP

was used as control and displayed similar localisation. Scale bar 20 pm. One representative of two inde-
pendent experiments is shown.
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In order to investigate subcellular localisation of CHIP biochemically and to further gain
insight into possible CHIP oligomerization in membranes, subcellular fractionation was
combined with chemical crosslinking. In the total lysate and the cytosol of MEF cells,
endogenous CHIP appeared in high molecular weight species, when crosslinked with glu-
taraldehyde. These CHIP:chaperone/substrate complexes could be dissociated by addi-
tion of C-terminal HSP70 octapeptide (GPTIEEVD), yielding the chaperone-free, dimeric
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form of CHIP. In the membrane fraction this "empty" CHIP dimer could be found even
without the addition of HSP70 octapeptide. This result supports the microscopy findings
that CHIP can localise at cellular membranes, even under physiological conditions and
is, at least partially, chaperone-free (Fig.16A). In total lysate and in membrane fractions,
but not in the cytosol, distinct high molecular-weight species of CHIP were observed,
which were resistant to SDS solubilisation. The molecular weight according to the ap-
plied protein ladder ranged from 100 kDa to over 200 kDa. A successful separation of
cytosol and membranes was controlled by GAPDH western blot. Similar observations
were made by subcellular fractionation of transiently transfected CHIP, which was used
to establish the conditions for successful fractionation. In contrast to the fractionation of
endogenous CHIP, no SDS-insoluble CHIP complexes could be observed in transiently
transfected MEF cells (Fig.16B).
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Figure 16. A fraction of cellular CHIP resides at membranes as chaperone-free dimer. Subcellular
fractionation and chemical crosslinking of (A) endogenous CHIP and (B) transiently transfected CHIP
in murine fibroblasts. Xlink, crosslinked samples; Pept, C-terminal HSP70 octapeptide (GPTIEEVD); *,
SDS-insoluble CHIP oligomers; D, dimer; M, monomer. For endogenous CHIP one representative out of
three experiments is shown.

In order to study the membrane localised CHIP in more detail and consolidate the hy-
pothesis of its chaperone-independent function at membranes, mutagenesis was used to
create a CHIP mutant that is unable to bind chaperones. A point mutation from lysine 30
to alanine (K30A) in the TPR domain of CHIP, is known to impede HSP70/90 association
with CHIP and was confirmed by isothermal titration calorimetry (ITC) (Fig.17A). Sub-
sequent titration of 200 uM HSP70 octapeptide to 10 uM recombinant wild-type CHIP
saturated all available binding sites after 25 injections of 8 pl, as indicated by the reduc-
tion of released heat rates. In contrast, titration of the octapeptide to 10 pM recombinant
CHIP-K30A resulted in little overall release of heat and a moderate slope of the curve to-
wards saturation. The acquired heat rates were fitted by means of an independent binding
model and Kp of wild-type CHIP and CHIP-K30A were calculated to be 5 pM and 15
uM respectively.

In order to identify possible differences in protein folding between mutant and wild-type
protein, secondary structure content was compared by means of CD spectroscopy. Global
«-helical content was similar in both proteins, confirming proper folding of the mutant

protein (Fig.17B). Further assessment of the structural properties of the K30A mutant
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revealed a reduced sensitivity to heat induced unfolding, as determined by thermal denat-
uration assay (Fig.17C). The K30A mutant remained stable until 49.5°C while wild-type
protein unfolded already at 45°C, as displayed by the increased binding of SYPRO Or-
gane dye to exposed hydrophobic patches. The values acquired for wild-type CHIP and
CHIP-K30A in the thermal denaturation assay matched previous examinations [86].
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Figure 17. CHIP-K30A mutant resembles CHIP wild-type structurally but not functionally. (A)
Mutation of lysine 30 to alanine in the TPR domain of CHIP aggravated binding of C-terminal HSP70
octapeptide to recombinant CHIP-K30A, as determined by isothermal titration calorimetry at 37°C. (B)
Global secondary structure content of CHIP-K30A and wild-type CHIP protein were similar as shown by
means of CD spectroscopy. (C) Thermal denaturation assay using SYPRO Orange revealed CHIP-K30A to
be less sensitive to heat induced unfolding than wild-type CHIP.

After confirming structural integrity of CHIP-K30A, subcellular localisation was assessed
by live cell confocal fluorescence microscopy. As expected, the chaperone-free EGFP-
CHIP-K30A localised in 93 % of MEF cells to the plasma membrane, while EGFP-CHIP
remained cytosolic. Similarly, to the data set from Fig.11, about 3 % of wild-type EGFP-
CHIP displayed membrane localisation. For both samples an average of 140 cells was
evaluated. Differences in steady-state levels of the fusion-proteins could be excluded
by western blot analysis 24 h after transfection. Fixation of EGFP-CHIP-K30A trans-
fected cells for confocal fluorescence microscopy using 4 % paraformaldehyde resulted
in a loss of the membrane localisation. As paraformaldehyde is a commonly applied
method it offers an explanation why this striking phenotype was not observed so far. For
a biochemical confirmation of CHIP-K30A membrane localisation, ex vivo fractionation
was performed from MEF cells transiently transfected with a non-tagged CHIP-K30A.
Steady-state protein levels of non-tagged, wild-type CHIP and CHIP-K30A were anal-
ysed by western blot 24 h after transfection, displaying no differences. Fractionation of
MEEF cells expressing CHIP-K30A confirmed membrane association of the mutant pro-
tein (Fig.16B). In contrast to wild-type CHIP, but in agreement with the binding properties
of CHIP-K30A, addition of HSP70 octapeptide could not completely release CHIP com-
plexes into the dimeric form. This reflected also the microscopical observation that not
the entire pool of EGFP-CHIP-K30A localised to the plasma membrane of the respective
cell. With respect to the SDS-insoluble CHIP complexes, distinct bands were observed
in total lysate and membrane fraction but not in the cytosol fraction of the subcellular

fractionation, resembling the observation for endogenous CHIP in Fig.16A.
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Figure 18. EGFP-CHIP-K30A localises to the plasma membrane of murine fibroblasts. (A)Transiently
transfected EGFP-CHIP-K30A localised to plasma membranes of MEF cells in live cell confocal fluores-
cence microscopy (mean £ SD). The localisation can not be observed in cells fixed with 4 % paraformalde-
hyde (PFA) for 20 min. One representative out of three independent experiments is shown. Scale bar
10 um. ***p<0.001, chi-square analysis; N = 3 independent experiments. Steady-state levels of EGFP-
CHIP-WT and EGFP-CHIP-K30A 24 h after transfection as determined by western blotting. GAPDH
was used as loading control. One representative out of three independent experiments is shown. (B) Sub-
cellular fractionation and chemical crosslinking of transiently transfected MEF cells with CHIP-K30A.
Xlink, crosslinked samples; Pept, C-terminal HSP70 octapeptide (GPTIEEVD); *, SDS insoluble CHIP
complexes; D, dimer; M, monomer. (C) Steady-state levels of transfected non-tagged CHIP-K30A and
CHIP-WT as determined by western blotting. GAPDH was used as loading control. One representative out
of three independent experiments is shown.

In order to visualize the distribution of transiently transfected EGFP-CHIP-K30A on
membranes in vivo, total internal reflection fluorescence (TIRF) microscopy was applied.
Live cell TIRF microscopy is particularly suited to image proteins in close proximity to
the plasma membrane, as TIRF is selectively illuminating regions within ~100 nm dis-
tance of the cover-slide, with fluorescence exponentially decaying for objects with grow-
ing distance to the evanescent field, which reduces background fluorescence [121][122].
TIRF has also been widely used to analyse membrane associated proteins and was ap-
plied here in order to reveal the characteristics of CHIP-K30A association with the plasma
membrane in vivo. EGFP control displayed homogeneous distribution in epifluorescence
and TIRF images. In EGFP-CHIP transfected cells a slight difference between epifluo-
rescence and TIRF was observed, with CHIP displaying accumulation in small punctae
in proximity to the nucleus (Fig.19, white arrows). EGFP-CHIP-K30A revealed a non-
homogeneous distribution at the membrane in TIRF images. In the epifluorescence im-
ages, the membrane localised protein appeared as a near homogeneous green line, while

being clearly separated into distinct punctae along the membrane (Fig.19).
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Figure 19. Distribution of EGFP-CHIP-K30A on the plasma membrane. TIRF microscopy of EGFP-
CHIP revealed faint localisation to small punctae (white arrows). EGFP-CHIP-K30A displayed strong
localisation to the plasma membrane and was separated into larger punctae along the membrane in MEF

cells. EGFP controls displayed homogeneous distribution in epifluorescence and TIRF images. Scale bar
10 um. One representative out of two experiments is shown.

3.2 Lipid specificity of CHIP

To analyse the details of membrane interaction, an in vitro reconstitution was attempted
utilizing recombinantly purified wild-type protein in lipid overlay assays and liposome
co-sedimentation. The lipid specificity of CHIP was examined by lipid overlay assays
using commercially available lipid strips, featuring the most abundant cellular lipids. In-
cubation of recombinant wild-type protein revealed a specific binding to phosphatidic
acid, phosphatidylinositol-4-phosphate (PtdInositol-4-P) and phosphatidylinositol-4,5-
bisphosphate (PtdInositol-4,5-bisP), but not to phosphatidylinositol-3,4,5-bisphosphate
(PtdInositol-3,4,5-trisP) and phosphatidylserine (PS), arguing against a trivial electro-
static interaction. CHIP-K30A mutant utilized in microscopy experiments displayed the
same lipid specificity, thus excluding the possibility of an artefactual binding to mem-
branes in vivo, due to changed affinity towards cellular lipids and supporting the impact

of chaperone association as the driving force for the phenomenon (Fig.20A).
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Figure 20. CHIP specifically binds to a subset of cellular phospholipids. Recombinant CHIP-WT and
CHIP-K30A proteins bound specifically phosphatidic acid and phosphatidylinositol-monophosphates as
determined by lipid overlay assay on commercial strips with a spectra of (A) General cellular lipids and (B)
phosphatidylinositols. One representative result of three independent experiments is shown.
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The spectra of lipid specificity was further defined by strips spotted with the most
prominent cellular phosphatidylinositols (PIP-strips). Binding of CHIP to phospha-
tidic acid, phosphatidylinositol-4-phosphate and phosphatidylinositol-4,5-bisphosphate
could be confirmed. Additionally, a binding to all phosphatidylinositol-monophosphates
was observed, while increasing phosphorylation of inositol impeded CHIP binding such
that phosphatidylinositol-3,4,5-tisphosphate displayed no binding. Similar to the pre-
viously used general lipid strip, signal intensities suggested an increased binding to
phosphatidylinositol-4-phosphate and phosphatidic acid (Fig.20B). However, one has to
be cautious to quantify binding affinities from lipid stips, as this has been reported to
be error prone and the spotted lipids fail to naturally represent lipids in biological mem-
branes [123][124]. This is supported by the fact that self-prepared lipid strips could repro-
duce CHIP binding to phosphatidic acid in a concentration-depend manner but binding to
phosphatidylinositol-4-phosphate was absent (Fig.21). Thus, it was necessary to validate

the findings from lipid overlay assays using liposomes.
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Figure 21. CHIP binds to phosphatidic acid spotted on nitrocellulose supported membranes. Recom-
binant wild-type CHIP and CHIP-K30A bound to phosphatidic acid (PA) but not phosphatidylinositol-4-
phosphate (PI4P) manually spotted on supported nitrocellulose membranes.

Liposomes were prepared by thin-film hydration from chloroform stock solutions to a
concentration of 10 mM with 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC). Fol-
lowing the specificity results from lipid overlay assays, the liposomes were supplemented
with either 1 %, 5 % or 20 % of phosphatidic acid (PA) or phosphatidylinositol-4-
phosphate (PI4P). Flotation assay was used in order to test CHIP binding to DOPC li-
posomes containing 20 % PA. Supporting the results from lipid overlay assays, CHIP dis-
played enhanced binding to liposomes spiked with PA, indicated by migration of CHIP
to the top fraction of the applied sucrose gradient. This migration could not be observed
for the gradient containing no liposomes, excluding a distribution of CHIP throughout the
gradient by diffusion. Thus, the observed migration of CHIP in the gradient containing
DOPC liposomes without PA must be due to interaction with these liposomes (Fig.22A).
The amount of CHIP that migrated with DOPC liposomes was much less than in those
supplemented with PA, reproducing the lack of binding of CHIP to phosphatidylcholine
in lipid overlay assays. A significant difference of CHIP binding to PA containing lipo-

somes compared to DOPC liposomes was confirmed and quantified by co-sedimentation
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with about 58 % of CHIP bound to liposomes containing 20 % PA and only 13 % to li-
posomes without (Fig.22B). No significant difference between binding to liposomes with
1 % PI4P and DOPC liposomes could be observed. This could be due to insufficient
occurrence of appropriate binding sites, possibly enhanced by sonication-induced ester
hydrolysis [125]. Controls containing no liposomes confirmed that CHIP did not sed-
iment on its own, but only in a liposome-dependent manner. Considering the intense
binding of CHIP to PI4P in lipid overlay assays, the amount of PI4P supplemented to
DOPC liposomes was increased to 5 % to overcome sensitivity limitations. Additionally,
to enable a direct comparison in binding preferences, 5 % PA liposomes were used simul-
taneously with 5 % PI4P liposomes in a co-sedimentation assay. The interaction of CHIP
with 5 % PA (11 %) was similar to DOPC liposomes (12 %), while 5 % PI4P supple-
mented liposomes displayed 51 % binding, which is similar to protein-binding observed
for liposomes containing 20 % PA (Fig.22C). Thus, CHIP binding to membranes is more
sensitive to the amount of PI4P present than to phosphatidic acid. However, a cooperative
or synergistic effect of PA and PI4P could not be excluded at this point. To clarify a possi-
ble synergy of both lipids, mixed liposomes containing 5 % PA and 1 % PI4P were used in
co-sedimentation assays. No effect neither additive nor synergistic could be determined

between mixed liposomes and those containing only phosphatidic acid (Fig.23).
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Figure 22. CHIP binds to liposomes spiked with phosphatidic acid (PA) and phosphatidylinositol-
4-phosphate (PI4P). CHIP displayed enhanced binding to 1,2-Dioleoyl-sn-glycero-3-phosphocholine
(DOPC) liposomes spiked with different amounts of phosphatidic acid (PA) or phosphatidylinositol-4-
phosphate (PI4P) as determined by (A) flotation assay and (B,C) co-sedimentation assay (mean + SD).
**p<0.01, ***p<0.001, t-test analysis; N = 3 independent experiments. One representative western blot
(A) or coomassie blue-stained gel (B,C) is shown.
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Figure 23. CHIP binding to mixed liposomes. Recombinant wild-type CHIP bound comparably strong
to liposomes supplemented with only 5 % PA or both 5 % PA and 1 % PI4P. #, indicates no statistically
significant difference. One representative coomassie blue-stained gel out of three independent experiments
is shown.

After demonstrating CHIP specificity for phosphatidic acid and phosphatidylinositol-4-
phosphate in vitro, it was aimed to deplete CHIP interacting lipids in vivo to reverse
membrane association. For this purpose, membrane localised EGFP-CHIP-K30A mutant
was transiently transfected to CHIP-deficient MEF cells (MEF K.O.). The CHIP knock-
out cell lines were created with CRISPR/Cas9 by Mr. Wei-Han Lang and utilized in this
setup to avoid cross-dimerisation of endogenous wild-type CHIP with transfected K30A.
As anticipated, the mutant was localised to the plasma membrane of cells, but could be
released into the cytosol by treatment with inhibitors of phospholipase D (PLD). The in-
hibition of phospholipase D blocks the hydrolysis of phosphatidylcholine to phosphatidic
acid and thus reduces the pool of available binding sites for CHIP. Mammalian cells en-
code at least two isoforms of phospholipase D, PLD1 and PLD2, with specific inhibitors
available for both isoforms [126]. Surprisingly, undocking of EGFP-CHIP-K30A from
the plasma membrane could only be observed for the isoform-independent inhibitor FIPI
and the PLD1 isoform-specific inhibitor (VU0155069) but not for the PLD2 specific in-
hibitor (CAY 10594). The relocalisation to the cytosol was CHIP specific, as farnesylated
EGFP (EGFP-F) remained at cellular membranes despite treatment with PLD inhibitors.
The transition from membranes to the cytosol could be quantified by evaluating an aver-
age of 130 cells per condition, resulting in a significant localisation change in 13 % for
VUO01550609 treated cells (Fig.24A). Western blot analysis revealed no significant change
in steady-state protein levels of CHIP upon PLD inhibitor treatment (Fig.24D).

A similar setup was utilized for the depletion of cellular PI4P levels by inhibition of the
PI4P producing kinases (PI4K). There are four PI4Ks in mammals, two type II kinases
(PI4KIIx/@) and two type III kinases (PI4KIIIo/[3), residing at the plasma membrane,
the golgi network and endosomal compartments and controlling local PI4P pools [127].

Wortmannin is a mycotoxin that acts as a specific inhibitor for phosphoinositol-3-kinase
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(PI3K) at nanomolar concentrations but becomes an isoform independent inhibitor for
type III phosphoinositol-4-kinases at micromolar concentrations [128]. Indeed, 10 uM
wortmannin induced a significant mobilisation of EGFP-CHIP-K30A from membranes
to the cytosol in a time dependent manner, while no significant change could be ob-
served with a PI3K specific concentration, supporting the importance of PI4P specificity
in CHIP localisation (Fig.24B). To further distinguish between the two PI4KIII isoforms,
a PI4KIII-(3 specific inhibitor was applied for 20 min to EGFP-CHIP-K30A transfected
cells and induced a significant reduction in membrane localisation. Unspecific toxic ef-
fects were excluded by EGFP-F control which did not change localisation despite in-
hibitor treatment (Fig.24C).

A Control .20
®
E *
o
5 151
EGFP-K30A R
o
T 10 1
o
Qo
S 5
ie]
>
EGFP-F O 04
a = o
| o [a)
o & P
B Cc D T o«
c 00 A0
127 ¢ Samga

(fold of control)
o
o

CHIP at the plasma membarne
CHIP at the plasma membarne

L
o
Time (min) é

EGFP-K30A

Figure 24. Depletion of PA and PI4P causes undocking of EGFP-CHIP-K30A from cellular mem-
branes. (A) Inhibition of phospholipase D (PLD) for 12 h undocked EGFP-CHIP-K30A but not farne-
sylated EGFP (EGFP-F) from cellular membranes, as observed with live cell microscopy. FIPI, isoform
independent inhibitor of PLD; VU0155069, CAY 10594, specific inhibitors for PLD1 and PLD2, respec-
tively (mean + SD). Scale bar 20 pm. *p<0.05, chi-square analysis; N = 4 independent experiments. (B)
Inhibition of type III phosphatidylinositol-4 kinases (PI4KIII) by wortmannin released EGFP-CHIP-K30A
from cellular membranes (mean £ SD). #, indicates no significant difference, ***p<0.001, t-test analysis;
N = 3 independent experiments. EGFP-F was used as control. (C) Inhibition of PI4KIIIf by its specific in-
hibitor IN-10 for 20 min undocked EGFP-CHIP-K30A from cellular membranes (mean £ SD). #, indicates
no significant difference, ***p<0.001, t-test analysis; N = 3 independent experiments. EGFP-F was used
as control. (D) Steady-state levels of EGFP-CHIP-K30A were not significantly effected by PLD inhibitor
treatment in MEF cells, as demonstrated by means of western blotting. One representative out of three
western blots is shown.
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The PLD inhibitor setup was subsequently used to clarify the impact of localisation
changes on the interactome of CHIP-K30A. To this end, transiently transfected MEF K.O.
cells were treated with PLD inhibitors, lysed and subjected to EGFP pulldown. Lysates
were precleared by centrifugation, normalized and incubated on GFP-Trap-M magnetic
beads for 90 min at 4°C. On-beads digestion for mass spectrometry analysis was resumed
after all biological replicates were acquired. In label-free mass spectrometry performed by
Dr. Guilia Calloni, 19 proteins were significantly enriched in control cells, whereas PLD
treated cells displayed an increase to 47 significantly enriched proteins (Fig.25A). Among
the 19 significantly enriched interactors of membrane localised EGFP-CHIP-K30A, most

were plasma membrane proteins.
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Figure 25. Interactome of chaperone-free CHIP at membranes. (A) Volcano plot of significantly
changed EGFP-CHIP-K30A interactors (red) in control MEF K.O. cells and cells treated with 500 nM
VUO0155069. Label-free quantitative mass spectrometry was used and analysis was performed with MAX
Quant (version 1.5.3.30). N = 5 biologically independent experiments. Significance was determined by
two sample t-test p<0.05. (B) Venn diagram displays minimal overlap between CHIP interactors of mem-
branous and cytosolic EGFP-CHIP-K30A. (C) Subcellular localisation of EGFP-CHIP-K30A interactors of
treated and control cells, assigned by GeneCards database (www.genecards.org). According to the database,
proteins may display multiple localisations. The scales of y-axis were adjusted according to the interactome
sizes (19 versus 47). MS evaluation was done by Dr. Giulia Calloni.
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Additionally, proteins with reported localisation at the endosomes, the endoplasmic retic-
ulum, and other membranous compartments were identified (Fig.25C). The identified in-
teractors of PLD treated cells revealed little overlap with controls cells and contained
typical cytosolic proteins, confirming the microscopically observed change in localisa-
tion (Fig.25B).

Next, the reconstitution of chaperone-lipid competition for CHIP binding was performed.
For this purpose co-sedimentation assays using DOPC-20%PA liposomes and lipid over-
lay assays were combined with preincubation of CHIP with HSP70 octapeptide. As
demonstrated in ex vivo subcellular fractionation, HSP70 octapeptide efficiently dispersed
CHIP complexes. Thus, incubating the peptide with CHIP prior to co-sedimentation with
liposomes, would possibly block CHIP-lipid interaction.

Analysis of coomassie blue-stained gels revealed, however, that even excessive amounts
of 200 uM octapeptide could reduce CHIP-liposome association only by 35 %. Lower
concentration reduced association less efficiently (100 uM) or not at all (50 puM)
(Fig.26A). Similar observations could be made from lipid overlay assays, incubating lipid
strips with recombinant CHIP pre-incubated with HSP70 octapeptide. Since the strips
are more sensitive than co-sedimentation assays, 10 pM peptide were sufficient which

corresponds to a 50 fold excess of peptide over recombinant protein used (Fig.26B).
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Figure 26. CHIP association to lipids is impaired by excessive amounts of C-terminal HSP70 octapep-
tide. (A) CHIP displayed reduced association with DOPC+20%PA liposomes at 50-100 times molar ex-
cess of C-terminal HSP70 octapeptide in co-sedimentation assays. #, no statistically significant difference,
*#¥p<0.01 according to t-test analysis; N = 4 independent experiments (mean + SD). (B) CHIP displayed
no reduced association with lipids when bound to C-terminal HSP70 octapeptide in lipid overlay assays.

The insufficient blocking of CHIP-lipid association by the HSP70 octapeptide implied
that additional residues of HSP70 are involved in CHIP binding, as it has been proposed
previously [79]. These additional motifs could possibly cover the interface of CHIP-
lipid interaction. Hence, a truncated version of HSP70 was cloned, encompassing the
260 C-terminal amino acids. This C-terminal HSP70 was recombinantly purified and
used as competitor for CHIP-lipid interaction during co-sedimentation. Indeed, already
a half-molar ratio of C-terminal HSP70 reduced CHIP association with DOPC+20%PA
liposomes by 46 % and an equimolar ratio reduced docking to liposomes by 72 %, while
similar concentrations of peptide displayed no significant reduction (Fig.27A). Supple-

menting the co-sedimentation, a qualitative assessment of CHIP binding in lipid over-
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lay assays was examined. The use of 10-fold molar excess of C-terminal HSP70 com-
pletely abrogated the binding to phosphoinositol-monophosphates and phosphoinositol-
4,5-diphosphate (Fig.27B). Only binding to phosphatidic acid could be detected but with

clearly reduced intensities compared to wild-type CHIP binding (Fig.20B).
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Figure 27. C-terminal HSP70 blocks CHIP association with liposomes. (A) CHIP association to
DOPC+20%PA liposomes was reduced by pre-incubation with C-terminal HSP70 (260 amino acid frag-
ment) as determined by co-sedimentation assay (mean £ SD) . #, no statistically significant difference,
***p<0.001, **p<0.01, t-test analysis; N = 4 independent experiments. One representative coomassie
blue-stained gel is shown. (B) Ten-fold molar excess of C-terminal HSP70 blocked CHIP binding to phos-
pholipids as determined by lipid overlay assay. One representative out of three independent experiments is
shown.
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3.3 Contact interfaces for lipid binding

Considering the results from competition experiments with C-terminal HSP70 (Fig.27), it
is reasonable to assume that the TPR domain of CHIP is involved in the association with
lipids, as obstruction of this domain by HSP70 octapeptide and C-terminal HSP70 binding
blocked co-sedimentation of CHIP with liposomes. TPR domains are present in numerous
proteins and usually mediate protein-protein interaction. However, one example of of
a TPR-mediating interaction with lipids was reported for protein phosphatase 5 [129].
Surprisingly, when trying to detect wild-type CHIP binding to lipid strips with a TPR
sensitive antibody (recognizing 18-37 aa of CHIP), instead of the usually used C-terminal
epitope (recognizing 251-268 aa of CHIP), it failed to detect any binding (Fig.28B). Given
that C- and N-terminal antibody have similar sensitivity for recombinant CHIP, it was
reasonable to assume that access of the N-terminal antibody to its epitope was obstructed
by the contact of TPR domain with lipids or covered by the rest of CHIP though the

lipid-binding induced orientation.
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Figure 28. TPR domain mediates CHIP binding to lipids. (A) Schematic of recombinant protein variants
used in liposome binding experiments to elucidate the impact of the TPR domain on lipid binding. (B) Wild-
type CHIP could not be detected on commercial lipid strips by N-terminal CHIP reactive antibody. One
representative out of three independent experiments is shown.

In order to confirm this assumption, isolated TPR domain and a TPR-free CHIP (ATPR)
were cloned and purified. The neighbouring N- and C-terminal regions were included in
the TPR construct to increase structural stability of the recombinant protein [89][77].

Indeed the requirement of the TPR domain for the lipid interaction of CHIP could be con-
firmed, as the TPR deletion displayed significantly reduced association with liposomes
containing 20 % PA and 1 % PI4P. Both, the isolated TPR domain and the truncated
deletion, remained soluble and did not pellet during ultracentrifugation excluding aggre-
gation (Fig.29B). Notably, the isolated TPR domain bound even stronger to liposomes
containing PA than the wild-type protein. The high amount of available phosphatidic acid
seemed not to be the reason for this effect as the TPR domain still exceeded wild-type
binding in liposomes with 5 % PA (Fig.29A). It is more likely that the asymmetric dimer
of the full length protein exerts some degree of restraint on the otherwise very flexible

TPR, influencing membrane association [89][77].
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Figure 29. The TPR domain is a decisive determinant for liposome association of CHIP. (A) TPR
domain was necessary for binding of CHIP to indicated liposomes, as determined by co-sedimentation
(mean £ SD). *p<0.05, **p<0.01, ***p<0.001, t-test analysis; N = 3 independent experiments. One
representative coomassie blue-stained gel of three independent experiments is shown. (B) Indicated recom-
binant proteins did not pellet in co-sedimentation assays in the absence of liposomes. One representative
coomassie blue-stained gel of three independent experiments is shown.

Indeed, a structural adaptation of isolated TPR domain upon liposome binding could be
observed by means of CD spectroscopy. TPR domain displayed a reduction of secondary
structures upon binding, independent of the presence of CHIP specific lipids. DOPC
liposomes without PA induced a similar structural change as liposomes supplemented
with 20 % PA, suggesting that the TPR domain is not providing lipid specificity (Fig.30A).
The results from CD spectroscopy also offered an explanation for the excessive binding
of isolated TPR to liposomes compared to wild-type. The unspecific interaction of the

TPR domain enables binding not only to PA but to the entire liposome.
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Figure 30. Isolated TPR domain displays reduced gobal secondary structure upon liposome associa-
tion. (A) Global content of secondary structure elements was reduced for liposome-bound TPR domain, as
determined by CD spectroscopy. Mean values of three independent experiments are plotted against respec-
tive wavelengths. (B) TPR domain displayed unspecific binding as determined by lipid overlay assay using
a TPR reactive antibody (anti-N-terminal CHIP). Wild-type CHIP and ATPR were detected by C-terminal
CHIP reactive antibody.
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Next, the specificity of isolated TPR and truncated wild-type (ATPR) were examined
by lipid overlay assays. In agreement with the results form co-sedimentation and CD
spectroscopy, the isolated TPR domain bound unspecifically to all lipids on the strip. The
TPR deletion, on the other side, exerted a similar binding pattern as the wild-type protein,
suggesting that lipid specificity is mediated though an additional motif outside of the TPR
domain (Fig.30B).

In search for the determinant mediating the residual lipid interaction of ATPR in co-
sedimentation and lipid overlay assays, two positively charged patches in the hairpin
middle domain of CHIP were identified as possible candidates. Often such patches
of basic amino acids play an important role in the association with negatively charged
phospholipids [130]. The two patches, named m1 (143-146: KKKR) and m2 (221-225:
KRKKR), comprised lysine and arginin residues that were found to be evolutionary con-
served (Fig.8). Mutation of the m1 site to alanines in EGFP-CHIP-K30A did not disturb
the localisation to cellular membranes. However, partial exchange of m2 to alanines ef-
fectively released chaperone-free EGFP-CHIP-K30A from cellular membranes into the
cytosol (Fig.31A). Additionally, EGFP-CHIP-K30A-m2A was observed to mobilize the
nucleus of transiently transfected MEF K.O. cells, a phenomenon absent in wild-type
CHIP. A difference in localisation due to varying steady-state protein levels could be ex-

cluded by western blot analysis (Fig.31B).
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Figure 31. A positively charged patch in the middle domain is required for CHIP binding to mem-
branes in vivo. (A) EGFP-CHIP-K30A-m2A undocked form cellular membranes in live cell microscopy.
Scale bar 10 um. #, no statistically significant difference according to chi-square analysis; N = 3 indepen-
dent experiments (mean 4 SD). (B) There was no difference in protein levels between EGFP-CHIP-K30A,
mlA and m2A mutants in MEF cells as determined by western blot analysis, using a hairpin-domain reac-
tive CHIP antibody.

After in vivo confirmation of the involvement of the m2 patch in membrane association,
lipid overlay assays and co-sedimentation were used to support the findings in vitro. For
this purpose CHIP-m1A and CHIP-m2A were cloned and purified. Indeed, as expected
mlA displayed no difference in lipid association on strips compared to wild-type CHIP.
Mutation of m2A however did not bind phosphatidylinositol-diphosphates and had con-
siderably weakened affinities for phosphatidylinositol-monophosphates and phosphatidic
acid. This could be confirmed by co-sedimentation of CHIP-m2A , where it showed re-
duced binding to liposomes containing 20 % PA. Surprisingly, an increase of unspecific

binding to DOPC liposomes was observed, resembling the excessive binding to DOPC,
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observed in co-sedimentation of isolated TPR. To check if CHIP-m2A had similar charac-
teristic as isolated TPR and to clarify the influence of the K30A mutation on K30A-m2A
localisation, EGFP-CHIP-m2A was analysed microscopically and recombinant CHIP-

m2A was subjected to activity and stability analysis.
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Figure 32. m2 mutation affects binding of CHIP to specific phospholipids in vitro. (A) Mutation of
m?2 reduced CHIP capability of binding phosphatidic acid and phosphatidylinositol-4-phosphate in vitro
as determined by lipid overlay assay. One representative out of three independent experiments is shown.
(B) Binding of CHIP-m2A to phosphatidic acid (PA) containing liposomes was reduced, while binding to
DOPC liposomes was enhanced as determined by co-sedimentation.

Chaperone-associated wild-type EGFP-CHIP and EGFP-CHIP-m2A displayed the ex-
pected cytosolic localisation. Similarly to EGFP-CHIP-K30A-m2A, EGFP-CHIP-m2A
additionally localised to the nucleus (Fig.33A). Thus, concluding that the transition to
the nucleus is independent of CHIP association with chaperones and only induced by
the mutation of the m2 patch. Thermal denaturation assay revealed that CHIP-m2A is
more sensitive to heat-induced unfolding with unfolding temperature shifted from 45°C
to 39°C. The tendency to unfold at lower temperatures is an indication of a higher de-
gree of structural flexibility. In vitro ubiquitylation assays showed that CHIP-m2A lost its
ability to ubiquitylate the model substrate NQO1. However, production of K63 ubiquitin
chains was not impaired, arguing against general unfolding and destabilisation of CHIP-
m2A structure. Since the K30A mutation increased thermal stability (Fig.17), one could
assume that CHIP-m2A was stable and not misfolded.
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Figure 33. Wild-type CHIP-m2A in vivo and in vitro. (A) EGFP-CHIP-m2A localised to the nucleus of
transiently transfected MEF cells, as determined by fluorescence microscopy. (B) CHIP-m2A was incapable
of attaching K48 ubiquitin chains to the model substrate NQO1 but could produce free K63 chains in in
vitro ubiquitylation assays. (C) CHIP-m2A was more sensitive to heat-induced unfolding as determined by
thermal denaturation experiments.

3.4 CHIP structure and stability on membranes

In order to investigate the characteristics of CHIP-liposome association and to define li-
posome and CHIP properties that might influence the association, liposome preparations
were subjected to Nanoparticle Tracking Analysis (NTA). The instrument tracked the
movement of each particle in the flow chamber, based on its Brownian motion. This
revealed size distribution of the unilamellar vesicles preparation after probe sonifica-
tion. The diluted liposome preparation of both PA- and PI4P-supplemented liposomes
displayed a near-homogeneous size distribution. The mode diameter of PA-containing
liposomes was measured at 127 nm with slight tailing to 200 nm. PI4P-containing lipo-
somes displayed a larger mode diameter at 161 nm with a second population of 230 nm
diameter with about half abundance than the mode particle size. Thus, liposome prepara-
tions can be defined as large unilamellar vesicles (LUV) ranging from 100 nm to 200 nm
diameter size (Fig.34A) [125].

To examine if CHIP binding to liposomes induced a change in size distribution, due to
liposome fusion or fission, NTA was applied for liposomes containing 20 % PA, preincu-
bated and co-sedimented with 10 uM and 20 uM CHIP respectively. Despite the appear-
ance of smaller peaks beside the mode diameter, no significant shift could be observed,
suggesting no influence of CHIP binding on liposome size. The smaller peaks possibly
resulted from preparation heterogeneity and size variation induced by probe sonification
(Fig.34B) [131].

In order to examine if liposome size is a determinant for CHIP binding, liposomes with

75



CHAPTER 3. RESULTS

and without 20 % PA were subjected to size extrusion with 100 nm, 50 nm and 30 nm
filters as well as probe sonification to produce LUV. Subsequently, the resulting liposomes
were utilized in co-sedimentation assays with recombinant wild-type CHIP and quantified
from coomassie blue-stained gels. It became obvious, that a diameter larger than 100
nm is required to detect statistically significant differences between pure DOPC and PA
containing liposomes, because despite increased mean binding with decreasing liposome

size, the system exhibited increasing fluctuation with repeated extrusions (Fig.34C).
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Figure 34. CHIP binding to PA-containing liposomes is size dependent and does not induce fission or
fusion of liposomes. (A) Liposome size distribution after sonication was uniform as determined by particle
analysis with Nanoparticle Tracking Analysis (NanoSight). (B) Wild-type CHIP binding to DOPC+20%PA
did not significantly induce fission or fusion of liposomes, as determined by Nanoparticle Tracking Analysis
(NanoSight). Mean abundance of particles is plotted against respective diameters from two independent
experiments. (C) A liposome size larger then 100 nm is required to differentiate between binding to DOPC
liposomes and liposomes supplemented with PA as determined by co-sedimentation. LUV, large unilamellar
vesicle; N = 3 independent experiments (mean 4 SD).

After examining the impact of CHIP binding on liposomes and ensuring sufficient qual-
ity of liposome preparations, the impact of membrane association on CHIP structure and
stability was assessed by means of CD spectroscopy and limited proteolysis. Global sec-
ondary structure of wild-type recombinant CHIP did not change in presence of liposomes,
as determined by CD spectroscopy, measuring recombinant CHIP in solution with or
without 2 mM DOPC+20%PA (Fig.35A). It has to be noted that CD spectroscopy in the
presence of liposomes underlies limitations concerning the unfavourable influence of ele-
vated liposome concentrations on HV values, which can reduce accuracy of the obtained
data.

Similarly, no change during limited proteolysis was observed upon CHIP-membrane as-
sociation in vitro (Fig.35B). Recombinant CHIP was subjected to co-sedimentation with
DOPC+20%PA liposomes, followed by up to 10 min digestion with trypsin. The con-
centration of CHIP in control digestions, lacking liposomes, was estimated from previous
co-sedimentation assays and quantification was achieved by measuring the fraction of

CHIP that remained undigested after trypsin treatment.
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Figure 35. Characterisation of CHIP structure on liposomes. (A) CHIP (5 uM) did not change its
global content of secondary structures upon liposome binding, as determined by CD spectroscopy. Mean
values of three independent experiments are plotted against the respective wavelengths. (B) CHIP binding
to liposomes did not affect its sensitivity to proteolysis (mean &= SD). #, indicates no statistically significant
difference, t-test analysis; N = 3 independent experiments. One representative coomassie blue-stained gel
of three independent experiments is shown.

In order to differentiate between insertion and transient attachment of proteins to mem-
branes, a commonly used method subjects the bound protein to solutions of increasing
ionic strength. Thus, if the interaction is electrostatically-driven and transient, the protein
can be eluted from liposomes at high ion concentrations, whereas a resistance indicates
an influence of hydrophobic effects, possibly through partial protein insertion into the
membrane. Recombinant wild-type CHIP on DOPC+20%PA liposomes was collected
by ultracentrifugation and the resulting pellet was sequentially washed with buffers of
increasing sodium chloride concentrations. An increase to 500 mM NacCl released only
50 % of bound CHIP from DOPC+20%PA liposomes, indicating the involvement of hy-
drophobic interactions or a particularly strong electrostatic interaction.
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Figure 36. CHIP can not be entirely released from liposomes by increasing ionic strength. CHIP could
not be released completely from liposomes by increasing sodium chloride concentrations, as determined by
co-sedimentation assay (mean + SD). *p<0.05, **p<0.01, t-test analysis; N = 3 independent experiments.
One representative coomassie blue-stained gel of three independent experiments is shown.
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3.5 CHIP oligomerization on membranes

CHIP has been reported to form high molecular weight oligomers stabilized by crosslink-
ing with glutaraldehyde [90]. The function and significance of these oligomeric species
remains largly elusive. The subcellular fractionation shown in Fig.16A displayed high
molecular weight SDS-insoluble oligomers in membrane-containing fractions even with-
out addition of crosslinker. One study reported the formation of these oligomers in re-
sponse to oxidative stress [132]. This sparked the idea of a physiological function of
CHIP oligomers at membranes. Although CHIP oligomers can only be detected at un-
physiological high concentrations, membranes offer a relevant interface, enabling high
local concentrations and functional assembly of cytosolic proteins [133]. Furthermore,
stabilisation of oligomeric proteins through membrane association was reported previ-
ously [134].

In a first attempt to understand CHIP oligomerization, 5 uM recombinant wild-type CHIP
was crosslinked with different amounts of glutaraldehyde for 10 min at 30°C. At the low-
est concentration of crosslinker CHIP displayed monomeric conformation at ~ 32 kDa,
dimeric form at about 63 kDa and also two distinct bands, corresponding to hexameric and
higher-oligomeric states. By increasing the amount of glutaraldehyde, CHIP monomers
disappeared and a third oligomeric conformation appeared above the already observed
oligomers (Fig.37A).

Though commonly applied, chemical crosslinking can produce an artefactual rep-
resentation of the situation in solution, as it influences the equilibrium distribu-
tion of species. To minimize, artificial crosslinks, zero-lenght corsslinker 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) in combination with N-
hydroxysulfosuccinimide (Sulfo-NHS) was applied, which only crosslinks within the
range of a hydrogen bond. Similarly to the crosslinking with glutaraldehyde, four con-
formations could be identified: a monomer, a dimer and two oligomers. In contrast to
GA crosslinking, the sizes corresponded to tetrameric and hexameric oligomers. One can
speculate that the different chemical properties of the crosslinkers, captured slightly dis-
tinct conformations with different access to SDS which resulted in the divergent migration
in the gel.

In order to confirm the existence of oligomeric CHIP in solution, wild-type CHIP was
analysed by means of native mass spectrometry in a collaboration with the laboratory of
Dr. Nina Morgner (Goethe University Frankfurt). As expected, the dimeric form of CHIP
was found to be most abundant in solution. Unexpectedly, also monomeric CHIP was
found and a population of masses matching a tetrameric CHIP were identified in solution.
Considering the low intensity of masses matching the tetramer, the data supported the
idea, that CHIP oligomers are of negligible importance in solution [90]. The detection of

monomers in solution offered an explanation for oligomer formation, as the asymmetric
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dimer can not act as building block of tetrameric or higher oligomeric states due to steric
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Figure 37. Oligomerization of CHIP in solution. (A) Chemical crosslinking of recombinant CHIP with
glutaraldehyde. One representative coomassie blue-stained gel is shown. (B) Zero-length crosslinking
of CHIP with EDC/Sulfo-NHS. One representative result of two independent experiments is shown. (C)
Native mass spectrometry of untagged CHIP wild-type at 37°C, performed by Mr. Kudratullah Karimi. ESI
with high collision energy was used to improve spectra resolution.

Following this hypothesis, monomerisation of CHIP was attempted by different treat-
ments without introducing aggregation or misfolding. Among the tested monomerisa-
tion conditions, addition of the steroid deoxycholate effectively monomerised CHIP in
agreement with previous studies [90]. In order to understand how deoxycholate affected
secondray structural elements of CHIP, CD spectroscopy was performed in presence and
absence of deoxycholate. The CD spectra of CHIP with 0.2 % deoxycholate displayed a
partial reduction of secondary structure between 215 and 230 nm. Analysis of the spectra
with the online tool BestSel predicted 84 % helical structures, 6.2 % turns and 9.7 % 3-
sheets under control conditions [135]. Even though CHIP does not have (3-sheets it can
be assumed that this prediction relates to the pair of 3-hairpins present in the U-box [77].
Upon treatment with 0.2 % deoxycholate helices and [3-structures transitioned into the
prediction category "Others", which entails (3-bridges, irregular/unstructured loops and
hidden regions of the structure. Structures classified as turns remained unaffected. In
agreement with the oligomerization initiated by monomers, native MS of deoxycholate-
treated CHIP enabled the detection of hexameric CHIP in solution. The amount of DC
used for MS was limited as it produced strong background signals at higher concentra-
tions, preventing the direct comparison of oligomeric distributions in MS and the changes
observed in CD spectroscopy. These preliminary results support the idea of oligomeriza-

tion through CHIP monomers.
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Figure 38. Deoxycholate-induced oligomerization of CHIP. (A) CD spectroscopy of wild-type CHIP
in presence and absence of 0.2 % deoxycholate. (B) Estimation of secondary structures from CD-spectra
using the online tool Bestsel [135]. (C)Native mass spectrometry of untagged CHIP wild-type at 37°C, in
presence of 0.2 % deoxycholate performed by Mr. Kudratullah Karimi. ESI with high collision energy was
used to improve spectra resolution.

Since deoxycholate is a steroid resembling the membrane component cholesterol, it can
be hypothesised that the membrane association of CHIP facilitates or promotes formation
of oligomers. Additionally, as already mentioned the membrane surface would enable
high local protein concentrations, necessary for oligomer formation.

Chemical crosslinking experiments of liposome-bound CHIP showed that the fraction of
oligomers increased, compared to CHIP in solution. It was speculated that especially the
presumed hexamers might form a pore-like structure, in immediate stress response, due to
the abrupt increase of chaperone-free CHIP at membranes. Subsequently those hexamers
could increase membrane permeability, allowing the uncontrolled influx of extracellu-
lar ions and ultimately leading to cell death (Fig.39A). The hypothesis is supported by
reports of increased oligomerization of CHIP through heat exposure [80][136]. Addition-
ally, a CHIP-mediated alteration of membrane permeability was suggested in Arabidopsis
thaliana, conferring an increased temperature sensitivity [137].

In an effort to analyse permeabilization in vitro, different experimental strategies with
DOPC+5%PA liposomes were applied. It has to be noted that the setup was limited to a
direct influence of CHIP on lipid and membrane properties, for examples by forming a
pore-like complex or disturbing membrane integrity.

In a modification of the method of Wilschut et al. 1980, terbium (III) chloride (TbCl) was

encapsuled as Tb(C,H;O,) in liposomes [138]. The liposomes were then mixed with a
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buffer containing dipicolinic acid (DPA), which would form fluorescent Tb(DPA) com-
plexes, if the encapsulated Tb(C,H;O,) would leak from the vesicles. To archive maxi-
mum release of the encapsulated material, liposomes would be lysed by the addition of
0.1 % Triton X-100. However, despite the combination of several stoichiometries of en-
capsulated Tb and exterior DPA, no substantial quantum yield could be measured. On the
contrary, upon addition of Triton X-100 which should have resulted in a massive increase
in fluorescence, quenching was observed. Different buffers were examined to exclude the
possibility that components, like calcium, prevent complex formation even after liposome
lysis. A remaining obstacle that was not intensively followed up, were osmolaric effects
on the liposomes which could possibly have interfered with stable encapsulation.
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Figure 39. CHIP effects on membrane permeability in vitro. (A) Chemical crosslinking of CHIP
with 0.025 % glutaraldehyde in presence of DOPC+20%PA liposomes displayed increased oligomeriza-
tion. (B) Hypothesis of CHIP inducing membrane permeabilization. Chaperones are displayed in green,
CHIP dimers and barrel-shaped oligomers in red. Unfolding/disordered proteins in grey. UPR, Unfolding
protein response. (C) Strategies applied to investigate membrane permeability by CHIP oligomers. Li-
posomes are displayed as unilamellar bilayer spiked with red CHIP dimers and oligomers. Tb, terbium
(III) ion; DPA, dipicolinic acid; CH50,, citrate; CF, carboxyfluorescein. (D) CHIP-induced leakage of
Tb(DPA) complexes from POPC+5%PA liposomes (mean £ SD). (E) CHIP-induced leakage of CF from
POPC+5%PA liposomes (mean £ SD). SD of control, displayed in dark grey and SD of CHIP-containing
samples in light grey.

As alternative, an opposite strategy was applied, were the Tb(DPA) complexes were en-
capsulated into liposomes. Upon release into a buffer containing a stronger chelator
(EDTA) [112], they would decay and subsequently a fluorescence decrease would be
measured. In this system, the assay principles worked properly, as addition of Triton X-
100 abolished fluorescence completely, replacing the DPA in all Tb(DPA) complexes by
EDTA. However, a constant leaking of Tb(DPA) was noticed, when controlling for the im-
permeability of DOPC+5%PA liposomes. A possible explanation offered the high degree
of unsaturated fatty acids in the liposomes incorporated by 95 % DOPC, making the lipo-

somes more susceptible to leakage induced by osmolaric fluctuations. In order to rigidify
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the liposomes and increase their impermeability for Tb(DPA) complexes, DOPC was sub-
stituted with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) containing only
one unsaturated fatty acid chain. Indeed, after substitution no leakage was observed in
control conditions. However, in a setup to determine CHIP influence on liposome leak-
age, no significant difference was examined compared to control conditions (Fig.39D).
Eventhough an initial increase to 10 % leakage after 2 min was observed in CHIP con-
taining samples, the subsequent steepness of both curves was similar. Three independent
experiments displayed huge fluctuations, resulting in overlapping standard deviations for
both conditions.

Finally, a classical approach was followed, where the fluorophore carboxyfluorescein was
encapsuled in liposomes. Carboxyfluorescein is quenched by dilution upon leaking from
the liposome into the exterior buffer [112]. Addition of 10 uM CHIP increased leakage
to about 9 % after 15 min incubation but did not increase it further. Repetition revealed
that the difference to controls was not significant. In conclusion, no effect of CHIP on

membrane permeability could be detected in the used in vitro systems.

3.6 CHIP activity on membranes

With regard to the described increase in CHIP oligomerization at membranes, it was
speculated that oligomers could display enhanced ubiquitylation of membrane localised
substrates [133]. One might assume that CHIP oligomers form functional machineries,
efficiently shuttling E2s from one U-box in the oligomer to another, producing large quan-
tities of ubiquitin chains. To this end, the physiological impact of CHIP-mediated K63
ubiquitylation was investigated, as its functional consequences are insufficiently under-
stood.

Recently, K63 ubiquitin chains have been found to act in various signalling events like
NF-kB (nuclear factor kappa enhancer binding protein) activation. NF-kB is a transcrip-
tion factor that controls many processes including immunity, inflammation and apoptosis.
Its activation is regulated by a chain of kinases and E3 ubiquitin ligases [139]. The E3
RING ligase TRAF6 is on of these ligases and essential in the inflammatory pathways. It
indirectly activates IKK by generation of K63-linked ubiquitin chains and TAK1 kinase
activation [140]. One might speculated that K63 chains produced by CHIP oligomers
serve a similar purpose.

In an initial experiment, a luciferase reporter plasmid containing NF-kB binding sites, was
co-transfected with CHIP and membrane localised CHIP-K30A in MEF cells. FLAG-
tagged TRAF6 was used as a positive control. In MEF cells, a suppression rather than
an activation of NF-kB was observed for CHIP expressing cells (Fig.40A). Moreover, no
TRAF6-induced activation of NF-kB was observed in MEF cells, likely due to insufficient
steady-state levels of TRAF6 (Fig.40B). The lack of a proper positive control prevented
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the comparison with CHIP-transfected cells.

Since MEF cells proved to be an inadequate expression system for TRAF6 as a positive
control of NF-«B activation, Hek293T cells were utilized. Hek293T cells displayed high
expression of TRAF6 (Fig.40) which strongly activated NF-kB reporter. NF-kB activa-
tion by CHIP expression was negligible (Fig.40A) and no difference between cytosolic
CHIP and membrane-localised CHIP-K30A could be identified. It seems that K63 ubiq-
uitin chains produced by CHIP have little influence on the NF-kB signalling in the tested
cell lines.
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Figure 40. NF-«kB activation is not influenced by CHIP-mediated K63 ubiquitylation. (A) Luciferase
reporter assay of MEF and Hek293T cells co-transfected with a NF-kB reporter and CHIP, CHIP-K30A or
FLAG-tagged TRAF6, respectively (mean £ SD of two independent experiments). Controls of respective
cell lines were set as 1. (B) Steady-state levels of CHIP and TRAFG6 24 h after co-transfection, as determined
by western blot analysis.

In order to examine if the presence of CHIP-interacting lipids had an influence on the ca-
pability of CHIP to ubiquitylate substrate proteins, DOPC+20%PA liposomes were added
to in vitro ubiquitylation assays. As a model substrate, the human NAD(P)H:quinone ox-
idoreductase 1 P187S mutant was used because it has been reported to be a substrate
of CHIP [141]. NQOI is a flavoprotein which is important in maintaining the cellular
redox-state. NQO1-P187S mutant is of special interest as it has been associated with in-
creased susceptibility to various age-related pathologies and is increasingly ubiquitylated
by CHIP compared to wild-type NQO1 [141].

Liposome-associated CHIP displayed no difference in K48 ubiquitylation of NQOI-
P187S compared to CHIP in solution. An increase in CHIP auto-ubiquitylation could be
observed in presence of UBCHSA, when DOPC+20%PA liposomes were supplemented
to the reaction. Production of K63 ubiquitin chains was slightly impaired on liposomes,
suggesting an obstruction of E2 binding sites through liposome binding. However, bind-
ing of UBCHSA was unaffected as demonstrated by efficient attachment of K48 chains
to NQOI1-P187S. Auto-ubiquitylation of CHIP was not observed in presence of the E2
heterodimer UBC13/UEV 1A, consistent with observations from others [95].

83



CHAPTER 3. RESULTS

UbcH5a Ubc13/Uevia
Lipos Lipos
CHIP: + - + + - + + - + + - +

NQOT: - + + - + + - + + - + +

58]
—
@) 46 — .- -
S on 0B oo @B
z | o= o» o=
v
100
75
c .
£ 58 -
S 46 -
° -
D %2 -
25 - - -
22 — —_—— -
17 — —— =
75 . ‘
Q. s3] -
I - - -
O %] =m =
2|0 e O e °

Figure 41. CHIP maintains its ubiquitylation activity on liposomes. CHIP bound to liposomes is ca-
pable of auto-ubiquitylation and can attach K48 ubiquitin chains to the pathogenic NAD(P)H:quinone oxi-
doreductase 1 P187S mutant (NQO1-P187S) in concert with the E2 UBCHSA. CHIP is able to synthesize
free K63 chains in concert with E2 heterodimer UBC13/UEV1A when liposome bound, as determined
by in vitro ubiquitylation assay. One representative out of three independent experiments is shown. The
ubiquitylation assays in this figure were performed by Mr. Adrian Martinéz-Limon.

Since CHIP mobilisation to the plasma membrane was induced by heat stress, it was
speculated that the presence of misfolded substrate proteins at membranes is necessary
to trigger membrane-specific activity. Surprisingly, a striking difference in lipid binding
was observed when comparing fatty acid-free bovine serum albumin (BSA) from Sigma
Aldrich and Roche. The previously observed binding pattern could not be reproduced,
when PIP-strips were developed with fatty acid-free BSA from Roche (Fig.42A). Analysis
of the purification process of fatty acid-free BSA prompted a possible explanation.
While the exact process was not revealed by the companies, the data sheets suggested
a heat shock fractionation for Sigma BSA, while no indication for heat exposure could
be found for BSA from Roche. Assuming that Roche BSA was void of misfolded BSA
species, present in Sigma BSA, a 3 % solution of Roche BSA was subjected to heat for 3
h at 65°C. It was safe to assume significant unfolding under the applied heat conditions,
especially due to the visible formation of aggregates [142]. In the following development
of a lipid strip with the heat-treated BSA from Roche, specific binding of CHIP to PA was
observed, connecting the presence of misfolded proteins to CHIP association with lipids
(Fig.42B).
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Figure 42. CHIP binding to lipids is enhanced by the presence of misfolded proteins. (A) CHIP bound
to PIP-strips when using heated fatty acid-free BSA (Sigma Aldrich) during incubation but did not bind
when fatty acid-free BSA from cold-ethanol purification (Roche) was used. One representative blot of
two independent experiments is shown. (B) Heating of cold-ethanol purified BSA (Roche) restored CHIP
binding to lipid strips. One representative blot of two independent experiments is shown.

In order to test if ubiquitylation activity of CHIP was enhanced on membranes in the pres-
ence of heated BSA, in vitro ubiquitylation assay was performed with DOPC+20%PA and
DOPC liposomes. Fatty acid-free BSA from Roche was heated separately for 3 h at 65°C
and centrifuged to remove visible aggregates. The treated and untreated BSA was incu-
bated with liposomes at 37°C for 30 min to enable association. Next, the ubiquitylation
mix containing CHIP was added and incubated for another 1 h at 37°C. Only heated BSA
displayed significant ubiquitylation but with no sensitivity to the presence of liposomes
(Fig.43A). The analysis with an ubiquitin-specific antibody displayed enhanced signal for
all samples with heated BSA matching the result of the anti-BSA western blot. The slight
increase in the sample with DOPC+20%PA is probably of little specificity, as it does not
match with observations on BSA and was also observed for K48 ubiquitylation of NQO1-
P187S mutant in Fig.41. The selective ubiquitylation of heated BSA could be assumed
to be driven by the exposure of hydrophobic patches present in many unfolding proteins
[143]. Since the mechanism of substrate recognition by CHIP is not clear to date, a final
conclusion can not be drawn in this regard.

Flotation assays were applied to control for BSA binding to liposomes. The samples
were treated similarly as the in vitro ubiquitylation, with the addition of CHIP after in-
cubation of BSA and DOPC+20%PA liposomes. Association of BSA with liposomes
was confirmed and a striking increase in association of heat shocked BSA was observed
(Fig.43B). Determinants for BSA association with lipids remain to be clarified. There

was no enhanced recruitment of CHIP to liposomes with heated BSA.
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Figure 43. CHIP ubiquitylates heat-treated BSA independently of lipids. (A) In vitro ubiquitylation
assay of CHIP, in concert with UBCHS5A, displayed activity preferably on fatty acid-free BSA from Roche,
subjected to 3 h 65°C heat shock. The presence of DOPC+20%PA or DOPC liposomes had no significant
influence on the efficiency of ubiquitylation. One representative blot of two independent experiments is
shown. (B) BSA subjected to heat treatment bound increasingly to DOPC+20%PA liposomes in flotation
assays. No significant change of CHIP association with liposomes depending on amount or quality of BSA
present, could be observed (mean £ SD). Only the top fractions of the flotation gradients are shown. # ,
no statistically significant change according to t-test; N = 3. One representative blot of three independent
experiments is shown.

With respect to a physiologically more relevant setup connected to heat-stress response, it
was examined if ubiquitylation of a natural cytosolic substrate, would display a sensitiv-
ity to membrane presence. To this end, recombinant wild-type and P187S mutant NQO1
protein were heated at 43°C for 1 h in the presence of DOPC+20%PA and DOPC lipo-
somes. It can be assumed that wild-type NQO/1 is sufficiently affected by heating at 43°C,
as melting temperatures have been determined previously and shown to be about 45°C
[144]. Wild-type NQOI1 was less ubiquitylated than mutant in solution under control con-
ditions (Fig.44A). However, ubiquitylation of heated wild-type NQO1 was increased in
the presence of DOPC+20%PA liposomes. Heated wild-type NQO1 supplemented with
DOPC liposomes displayed no increased ubiquitylation by CHIP. In contrast, it led to a
subtle but significant reduction of ubiquitylation. As already described, DOPC liposomes
did not effectively associated with CHIP, thus it can be assumed that ubiquitylation was
depended on the presence of the CHIP-specific lipid PA. The mutant protein displayed no
sensitivity to the presence of membranes, probably because it is already less structured
and partially unfolded under physiological conditions (Fig.44A) [144]. Yet, a decreased
ubiquitylation could be observed in controls and DOPC containing samples, subjected to
heat. One might speculate that upon heat exposure the already unstable NQO1 P187S
aggregates reducing its access for CHIP.

To verify the presence of NQOI1 on the utilized liposomes, co-sedimentation was ap-

86



CHAPTER 3. RESULTS

plied under equal conditions as for the in vitro ubiquitylation. Both wild-type and mu-
tant protein bound with high efficiency to DOPC+20%PA liposome. Contrary to wild-
type NQOI, the mutant associated also with DOPC liposomes. Heat treatment induced
increasing recruitment of both wild-type and mutant NQOI1 to liposomes, resembling
association-preference of heated BSA, also indicating unspecific interactions of motifs
exposed by unfolding.

Through the increased ubiquitylation of unfolded wild-type NQO1 at CHIP-bound li-
posomes, the localisation change during heat shock can be connected to the effective
processing of substrates.
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Figure 44. CHIP ubiquitylates unfolded proteins on PA-containing liposomes. (A) CHIP bound to
DOPC+20%PA liposomes displayed increasing attachment of K48 ubiquitin chains to heated wild-type
NQOI1. NQO1 P187S was more efficiently ubiquitylated than wild-type but showed no sensitivity to the
presence of PA-containing liposomes and reduced ubiquitylation when exposed to heat at 43 °C for 1 h
(mean £ SD). *p<0.05, **p<0.01, ***p<0.001, t-test analysis; N = 3 independent experiments. One
representative out of three independent experiments is shown. (B) Wild-type and mutant NQO1 bound to
DOPC+20%PA liposomes, but only NQO1 P187S bound to DOPC liposomes in co-sedimentation. Heat
treatment at 43 °C for 1 h unspecifically increased binding of wild-type and mutant NQO1 to liposomes.
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3.7 Physiological consequences of CHIP association with

membranes

3.7.1 CHIP influences cellular architecture

After finding chaperone-free CHIP at cellular membranes and characterisation of the
CHIP-lipid interaction in vitro, the physiological consequences were investigated. It has
already been clarified, that heat stress mobilized CHIP to the plasma membrane due to
reduced chaperone association. The plasma membrane localisation was further validated
by the discovery of lipid specificity of CHIP, as PA and PI4P are abundant phospholipids
in the plasma membrane. Another organelle that has characteristically high amounts of
phosphoinositol-monophosphates, especially PI4P, is the Golgi apparatus. Thus, it was
intriguing to examine the influence of chaperone-free CHIP on the Golgi apparatus.

In a first approach, the effect of CHIP overexpression on the proteome of transiently trans-
fected MEF cells after 24 h was quantified by label-free mass spectrometry. To selectivly
analyse CHIP expressing cells, MEF cells were co-transfected with EGFP and sorted by
FACS. The lysates were prepared for MS using the filter-aided sample preparation proto-
col (FASP). Final sample preparation, operating and analysis of mass spectrometry was
performed by Dr. Giulia Calloni.
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Figure 45. Label-free quantitative mass spectrometry shows specific proteome changes in MEFs upon
overexpression of CHIP. (A) Volcano plot of significantly changed protein levels upon CHIP overexpres-
sion in MEF cells. Red marks significantly reduced, blue significantly enriched proteins, as determined by
two sample t-test (p-value<0.05, N = 4 biologically independent experiments). (B) GOBPslim terms re-
vealed Golgi organisation proteins to be enriched above two in the group of proteins significantly changed
upon CHIP overexpression. Fisher exact test was used to determine statistical significance. (D) Examples
of significantly changed proteins with connection to Golgi morphology. MS measurement, analysis and
blots were prepared by Dr. Giulia Calloni.
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Among the 59 significantly changed proteins, 19 were upregulated upon CHIP overex-
pression and 40 were downregulated (Fig.45A). In agreement with PI4P localisation and
CHIP specificity, GO term analysis of CHIP interactors scored "Golgi-organisation" as
second highest enrichment among the significantly changed proteins (Fig.45B). Amongst
the proteins linked to "Golgi-organisation" in GO term analysis, Golgi integral membrane
protein 4 (GOLIM4) was reduced to 62 % of its physiological level, while other protein
levels, like Rab GDP dissociation inhibitor beta (GDI2) doubled. Interestingly, proteins
that scored in "Golgi-organisation" and exhibted reduced levels upon CHIP overexpres-
sion are often connected to the maintenance of cellular architecture and membrane teth-
ering, like Golgi phosphoprotein 3 (GOLPH3), GRIP and coiled-coil domain-containing
protein 2 (GCC2) and atlastin-2 (ATL2) [145][146].

To verify the effect of CHIP overexpression on the Golgi apparatus, CHIP was co-
transfected with the Golgi marker [(3-1,4-galactosyltransferase|-EGFP in MEF cells. A
significant fragmentation of Golgi stacks was observed 24 h after CHIP transfection in 30
% of cells, reflecting a 3-fold increase of disrupted Golgi architecture compared to control
conditions (Fig.46A). For quantification, an average of 211 cells were analysed for their
Golgi apparatus morphology.

The fragmentation of Golgi structure was especially interesting, as it is known to dissoci-
ated under heat stress conditions, which would connect to the observed release of CHIP
from chaperones under heat [147]. To test this idea, Golgi morphology was analysed un-
der 43°C treatment for 2 h in wild-type MEF cells (WT) and CHIP-deficient MEF cells
(CHIP K.O.). A 6-fold increase of Golgi dissociation could be observed in wild-type MEF
cells after heat shock but no significant change was present in MEF K.O. cells, affirming

the participation of CHIP in this phenomenon (Fig.46B).
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Figure 46. Chaperone-free CHIP distorts Golgi morphology. (A) Morphology change of the Golgi appa-
ratus upon transient CHIP overexpression, monitored by co-transfection of an EGFP-tagged Golgi marker
(mean £ SD). DAPI stain of the nucleus in blue. Scale bar 5 um. ***p<0.001, chi-square analysis; N =3
independent experiments. (B) Disruption of Golgi apparatus in MEF wild-type (WT) and CHIP knock-out
(CHIP K.O.) cells after heat shock. Values are normalised for Golgi fragmentation at 37°C. Increase of cells
with fragmented Golgi after 30 min at 43°C are plotted as mean 4= SD from three independent experiments.
*#*p<0.01, t-test analysis.
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In a complementary setup, HSP70 was co-transfected with CHIP and the Golgi marker
to rescue Golgi morphology. The addition of excessive HSP70 should saturate the
chaperone-free CHIP in the cell, thus abrogating CHIP binding to Golgi and prevent-
ing subsequent fragmentation. Indeed, simultaneous overexpression of CHIP and HSP70
significantly reduced the abundance of dissociated Golgi apparatus compared to control
conditions (Fig.47A). For quantification of microscopy pictures an average of 137 cells
were evaluated with ImageJ. Western blot analysis was used to confirm successful over-
expression of HSP70. To control the specificity of the observed rescue of the Golgi appa-
ratus through HSP70, a mutant HSP70 was created lacking the C-terminal aspartate. This
mutant is supposed to have low affinity to CHIP [148][149]. As expected, the mutant
HSP70 could not rescue Golgi fragmentation (Fig.47A).

In an attempt to connect lipid specificity of CHIP with the effect on the Golgi apparatus,
the CHIP-m2A mutant was co-transfected with the Golgi marker in MEF K.O. cells. As
expected, no significant distortion of Golgi stacks could be observed for this mutant, as
it can not associate with PI4P on the Golgi apparatus. However, examination of protein
levels revealed CHIP-m2A expression to be only about 25 % of wild-type CHIP, rendering
a comparison of the effect on Golgi morphology not straight forward (Fig.47B).
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Figure 47. Excessive HSP70 rescues Golgi apparatus from CHIP-induced distortion. (A) Golgi
fragmentation by transient overexpression of CHIP was reduced by co-transfection of HSP70 but not by
CHIP-binding-impaired HSP70AD in MEF cells (mean £ SD). #, no statistically significant difference,
**%%p<0.001, chi-square analysis; N = 3 independent experiments. Expression levels determined by means
of western blotting. (B) CHIP-m2A displayed reduced Golgi fragmentation and protein levels in CHIP
knock-out MEF cells 24 h after transfection (mean =+ SD of three independent experiments). Protein steady-
state levels determined by means of western blotting.

In an effort to uncover the physiological consequences of CHIP-induced Golgi distortion,
an effect on the secretion system of the cell seemed plausible. The Golgi apparatus is a
major organelle involved in the shuttling and processing of cargo proteins to the plasma
membrane, thus one can speculate that its structural disintegration has detrimental effects
on protein secretion [150].

For this purpose, a chemiluminescence-based reporter system, measuring secretion of pla-
cental alkaline phosphatase (SEAP) was utilized. SEAP is a truncated form of the human
placental alkaline phosphatase (PLAP), which is secreted into the cell culture medium.

MEEF K.O cells were co-transfected with CHIP and a SEAP-containing reporter plasmid.
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In order to examine secretion defects the medium of transfected cells was mixed with as-
say buffers, containing CSPD® chemiluminescent substrate Emerald-III"™luminescence
enhancer, 24 h past transfection. The amount of SEAP induced luminescence measured
in the growth medium was reduced by about 80 % in CHIP expressing cells, supporting
the CHIP-induced inhibition of secretion. However, a luciferase reporter assay performed
by lysis of the remaining cells, displayed similar reduction of luciferase luminescence
upon CHIP overexpression. Since both luciferase and SEAP were regulated by the same
promotor, a transcriptional effect of CHIP overexpression on SEAP levels could not be
excluded.

A complementary analysis of SEAP and luciferase transcripts with real-time quantitative
PCR (qPCR) would have been necessary to evaluate the results. Moreover, luciferase
is a known substrate of CHIP and the reduced luciferase levels might result from by
CHIP-mediated degradation [33]. Treatment with the proteosome inhibitor MG132 would

provide an indication of luciferase degradation.
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Figure 48. Overexpression of CHIP impairs SEAP secretion in MEF cells. NovaBright reporter gene
detection system 2.0 from invitrogen was used to measure transiently transfected SEAP in growth medium
24 h after transfection in MEF K.O. cells. Significant reduction of SEAP luminescence in cells transfected
with CHIP was observed. Luciferase activity, measured in parallel to SEAP from lysate of adherent cells
displayed a similar reduction (mean £+ SD). ***p<0.001, **p<0.01, t-test analysis; N = 3 independent
experiments.
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3.7.2 Membrane localisation of CHIP is linked to cell survival

One possible reason of CHIP mobilisation to cellular membranes is its involvement in
cellular survival. A protective role against cell death has been reported for CHIP in several
occasions [151][107]. However, recent work in cells treated with staurosporine indicate
that CHIP has the capability to enhance cell death [152].

The CHIP-induced dispersion of the Golgi apparatus was an indication that supported
the later, as disassembly of Golgi stacks was reported to be an symptom of apoptosis
[153]. Hence, cell viability of wild-type MEF cells and MEF K.O. cells subjected to 2
h 43°C heat shock treatment was examined. As reported previously in this work, CHIP
transitioned to the plasma membrane of wild-type MEF cells when exposed to heat stress
(Fig.11). Observations of stressed cells with brightfield microscopy revealed a drastically
different cell morphology of wild-type MEF and CHIP deficient MEF K.O. cells immedi-
ately after heat exposure. While wild-type MEF cells were severely affected by heating,
displaying shrinking and rounding of almost all cells, the CHIP deficient MEF K.O. cells
remained mostly unaffected (Fig.49A).

In a similar setup, the increased resistance to heat stress of cells lacking CHIP could
be confirmed by an XTT assay. CHIP deficient MEF K.O. cells displayed statistically
significant increased cell viability immediately after heat stress compared to wild-type

MEF, supporting the idea of CHIP as a key component of cell survival in early stress

response (Fig.49B).
A B
t=0 43°C
s ] : 1.57 *
MEF WT S
5 1.01
E
©
>
T 0.57
o
MEF K.O. |
0.0-

MEF WT
MEF K.O

Figure 49. The presence of CHIP negatively influences cell viability in MEF cells exposed to heat
stress. (A) Brightfield microscopy of wild-type MEF and CHIP-deficient MEF K.O. cells before and after
heat stress for 2 h at 43°C. Images were taken on the same spot of the plate, indicated by a cross marking
on the plate (shadows in the left and lower corners of each image), before and after treatment. One repre-
sentative of three independent experiments is shown. (B) Quantification of heat induced cell death after 2 h
43°C by means of XTT assay, showed a statistically significantly more cell viability in CHIP deficient MEF
K.O. compared to wild-type cells (mean 4 SD). *p<0.01, t-test analysis; N = 3 independent experiments.
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To specify the relationship between membrane-associated CHIP and decreased cell sur-
vival, EGFP-CHIP localisation during apoptosis induction was observed. Wild-type MEF
cells were treated for 12 hours with 2 uM staurosporine, a common inducer of apoptotic
cell death and a stressor that has been directly linked to CHIP-promoted cell death [152].
Transiently transfected EGFP-CHIP migrated to the plasma membrane after staurosporine
exposure, similar to the phenotype observed for heat stress (Fig.50). In EGFP-transfected
cells, no change in subcellular localisation could be observed, excluding an unspecific
mobilization due to EGFP.

Control 2uM STSP

EGFP-CHIP

EGFP

Figure 50. Induction of apoptosis correlates with the plasma membrane localisation of CHIP in MEF
cells. Live cell imaging of transiently transfected EGFP-CHIP displayed transition from the cytosol to
the plasma membrane in wild-type MEF cells treated with 2 uM staurosporine (STSP) for 12 h. Controls
transfected with EGFP did not display changed localisation upon treatment with staurosporine. Scale bar
10 pm.

To further confirm the importance of CHIP localisation on cell viability, the chaperone-
free and membrane-localised mutant EGFP-CHIP-K30A was transiently transfected into
MEEF cells. However, staining with 7-Aminoactinomycin (7-AAD) and subsequent FACS
analysis revealed no significant change in cell viability 24 h after transfection (data not
shown). The processing of samples for FACS could be one reason for the absence of an
effect, as cells that died and detached from the flask were not included in the analysis.
Another possibility for the absence of an effect could be the relatively low amount of
protein expressed in MEF cells, which was not sufficient to generate a cell death-inducing
signal. Especially, considering that a portion of transfected EGFP-CHIP-K30A possibly
cross-dimerised with endogenous CHIP, reducing effective membrane localisation.

In order to circumvent the effects of relatively low protein expression, CHIP-K30A mu-
tant was transfected into Hek293T cells, which have a highly active translation and
metabolism. It was speculated that the amount and speed of CHIP overexpression could
be enough to collapse the PN and trigger a signal for cell death. Transfection of EGFP-
CHIP-K30A in HEK293T cells confirmed its membrane localisation (Fig.51A). In con-
trast to MEF cells, EGFP-CHIP-K30A displayed a more heterogeneous distribution at the

plasma membrane, concentrating to distinct spots at the plasma membrane. In brightfield
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microscopy it became apparent that cells expressing CHIP-K30A displayed increased
cell death, while the cytosolic localised wild-type CHIP had no significant effect on vi-
ability (Fig.51B). This observation could be confirmed by FACS analysis of transfected
cells. To analyse these cells and avoid procedure-related fluctuations, CHIP-K30A was
co-transfected with EGFP. Apoptosis was detected by staining with 7-AAD. For quan-
tification purposes, only cells that showed both 7-AAD and EGFP fluorescence, were
counted by FACS. In agreement with the visual assessment using brightfield microscopy,
membrane localised CHIP-K30A increased cell death significantly 24 h after transfection
(Fig.51C). Even though CHIP-K30A displayed only about half of steady-state levels of
wild-type protein, it induced a more pronounced effect on cell survival, supporting that
CHIP-induced cell death depends on CHIP dissociation from chaperones and changed
subcellular localisation (Fig.51D).
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Figure 51. Membrane-localised CHIP-K30A induces cell death in Hek293T. (A) Live cell microscopy
of Hek293T stable cell line expressing EGFP-CHIP or EGFP-K30A. Scale bar 10 um. (B) CHIP-K30A
reduced cell population 24 h after transient transfection as displayed by brightfield microscopy of a rep-
resentative spot on the plate. (C) Cell death in Hek293T co-transfected with EGFP and CHIP or CHIP-
K30A respectively, determined by 7-AAD staining and FACS analysis 24 h after transfection (mean + SD).
##%p<(0.001, t-test analysis; N = 3 independent experiments. (D) Steady-state levels of CHIP, CHIP-K30A
in Hek293T cells 24 h after transfection analysed by means of western blot analysis.
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Discussion

4.1 Research question and working hypothesis

The purpose of this study was to understand how the E3 ligase CHIP, an essential guardian
of proteostasis, participates in acute stress response and how a link between proteostasis
and the adaptation of cellular architecture during stress response is established. With
growing evidence of cellular structures which participate in the spatial sequestration of
misfolded proteins, the mechanisms of the PN that mediate this interplay need to be iden-
tified [14]. In this regard, localisation changes of CHIP, an E3 ligase with a diverse

substrate pool in multiple pathways in the cell, might provide such a link.

Additionally, the aim was to collect information on the chaperone-dependency of CHIP
in this context, as there is a yet unresolved discussion about the bilateral regulation of
chaperones and CHIP and how vital chaperone-independent processes are for cellular

homoeostasis.

To address these questions, the following was considered. In quiescent conditions, the
PN of mammalian cells maintains the balance of folding and degradation with the help
of molecular chaperones. Among them, the most abundant are HSP70 and HSP90 with
their co-chaperones, such as CHIP, tightly associated to regulate their activity. In face
of acute stress, cells would channel the HSPs to the accumulating amount of misfolded
proteins to prevent or mitigate aggregation [8]. Until the transcriptional up-regulation
can compensate the relative chaperone deficit, interactors of these chaperones are freed
exposing compartment-specific determinants and allowing them to localise to new des-
tinations within the cell. The changed localisation enables these proteins to engage a
compartment-specific interactome which they can modify to possibly compensate stress-
induced shortcomings or initiate disposal of cells that are not able to adapt.

In order to test this hypothesis, the localisation of E3 ligase CHIP was analysed during
acute stress response, as it interacts with both major chaperones and is a central node in the
protein triage and the PN [33][73]. In addtion, the association of CHIP and HSPs has been
reported to be rather weak [117], thus one can assume that sequestration of chaperones

to aggregates could easily yield chaperone-free CHIP in vivo. Moreover, CHIP has been
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reported to act on membrane localised proteins and influence cell survival [154] [155].

4.2 Chaperone independent CHIP recruitment to cellu-

lar membranes

In agreement with the hypothesis, EGFP-CHIP mobilized to new cellular sites in early
stress response, when the chaperone system was challenged. Heat shock mobilized CHIP
to the plasma membrane of MEF cells, a subcellular localisation that has not been re-
ported for CHIP so far (Fig.11). The plasma membrane is a reasonable target as a novel
effector site, as CHIP has been reported to regulate the turnover of many membrane-
localised proteins. For example, CHIP mediates ubiquitylation of the misfolded cystic
fibrosis transmembrane conductance regulator (CFTRAF508), a mutant which abundance
at the plasma membrane is inversely proportional to the severity of cystic fibrosis [156].
Like most defective membrane proteins, CFTRAF508 is removed by the endoplasmic-
reticulum-associated protein degradation (ERAD). In particular CFTRAF508 is recog-
nized by HSC70 and subsequently ubiquitylated by CHIP amongst other E3 ligases [80].
The partially misfolded receptor can however escape ERAD and is then shuttled to the
plasma membrane. There, it is recognized by HSC70:HOP:HSP90 complex, recruit-
ing CHIP during prolonged interaction. Subsequent ubiquitylation leads to clathrin-
dependent internalisation and lysosomal degradation [157]. Additionally, CHIP medi-
ates ubiquitylation of conformationally defective vasopressin V-2 receptor (V2R) and
dopamine D4.4 receptor (DRD4), initating their disposal from the plasma membrane.
Both proteins are associated with human diseases [158][159]. What unites all these re-
ports, is the chaperone-dependency of CHIP recruitment to the membrane-localised sub-
strates. As summarized in the introduction, the role of chaperone-independent CHIP ac-
tivity needs further investigations and some of the mentioned studies hint that chaperone-
independent processes might be active at membranes [157][136].

This study provides evidence that supports chaperone-independent activity of CHIP, as
the observed localisation of EGFP-CHIP to the plasma membrane during heat stress was
inverse proportional to the pool of available chaperones. The co-expression of additional
HSC70 reduced the plasma membrane localisation of EGFP-CHIP during stress expo-
sure (Fig.13). Moreover, the heat-induced phenomenon could be mimicked by blocking
of HSP70 and HSP9O0 activity. Treatment with HSP70/90 specific inhibitors recruited
EGFP-CHIP to the plasma membrane of MEF cells (Fig.12). Hence, metabolic changes
during heat shock could be excluded as the cause for the translocation. The stalling in
one conformation of the HSP activity cycle possibly occluded binding of CHIP, thus en-
abling a part of the cellular CHIP pool to move to the plasma membrane. Due to the
suprastoichiometric amounts of HSP/HSC70 and HSP90 with respect to cellular CHIP
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levels, it is not surprising that only a fraction of cytosolic CHIP migrated to the plasma
membrane during heat stress. Similarly, the phenotype upon inhibitor treatment could
only be observed for a partially affected HSP70/90 pool, as inhibition of the majority of
these essential chaperones is lethal. The observed membrane localisation of EGFP-CHIP
in about 4% of cells under control conditions points to a inherent disturbance of the PN
in the respective cells and argues against an artificially induced mobilisation of CHIP to

the plasma membrane (Fig.11; Fig.18).

To determine if the stress-induced membrane localisation of CHIP was due to a spe-
cific reaction to heat stress or a disturbance of proteostasis, different proteotoxic stressors
were applied. Arsenite treatment did not induce the localisation change even though a
proteotoxic stress was present (Fig.14). This might question the generality of the hypoth-
esis of CHIP translocalisation due to the accumulation of misfolded proteins. However, it
has been shown in previous studies that arsenite follows an aggregation pathway distinct
from heat-induced misfolding [118]. While heat stress unfolds existing native protein
structures, arsenite induces aggregation by interference with the de novo folding process.
Furthermore, it was argued that the resulting aggregates might be fundamentally dissim-
ilar and HSP presence did not provide as much protection against arsenite aggregates

compared to heat induced damage.

Another type of stress disturbing proteostasis is starvation which was induced by cultiva-
tion of MEF cells in serum-free and amino acid-deprived conditions [119]. Transfected
EGFP-CHIP accumulated in the nucleoli and in small foci in the cytosol, instead of local-
1sing to the plasma membrane (Fig.15). This effect might be attributed to the involvement
of CHIP in autophagy, which is the dominate response during starvation [120]. However,
the identity of the cytosolic foci was not confirmed by specific markers, leaving specifica-
tion of the observed dots speculative. Regardless of the identity of the EGFP-CHIP dots,
it supports the assumption that plasma membrane localisation is a heat-specific stress re-
sponse. It could be summarized that translocation is most likely a reaction to structural
perturbation of the existing proteome which is sensible to the abundance of stress-induced
chaperones.

In addition, a subcellular fractionation of unstressed cells showed a chaperone-free CHIP
dimer in the membrane fraction. The appearance of endogenous CHIP in the membrane
fraction of MEF cells further substantiates cellular membranes as a natural localisation of
CHIP. Moreover, the occurrence of the "naked" dimer in the membrane fraction, without
addition of HSP70 octapeptide, suggests that at least a fraction of CHIP is not associated
with chaperones at membranes.

In order to further investigate the mutually exclusive binding of CHIP to chaperones or
membranes, a mutant which is unable to bind HSP70/90 was utilized. The mutation
of lysine30 to alanine was used previously to investigate possible allosteric effects of

the TPR domain on CHIP activity, as it displayed reduced TPR flexibility compared to
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wild-type CHIP [86][160]. Physicochemical properties of the recombinant CHIP-K30A
utilized in this study match data from previous studies and confirm its reduced capacity
to associate with chaperones and exclude non-native folding of the mutant. In fact, K30A
appeared to be more stable than the wild-type in thermal denaturation assays, possibly
due to the rigidification of the TPR domain [86]. The accuired dissociation constants for
the HSP70 C-terminal peptide:CHIP/K30A complex were higher than in previous reports,
which calculated a Kp of 2uM for CHIP binding to HSP70 octapeptide [161]. However,
the ITC experiment were performed at 25°C, while the values of this study were calculated
from data acquired at 37°C. Variations to the published Kp values are likely to result from
the different acquisition temperatures. At physiological temperature, an increase of Kp
can be expected to result from the overall increase in thermal motion of the molecules,

compared to 25°C.
In accordance with the hypothesis, the chaperone-free EGFP-CHIP-K30A mutant was

localised to the plasma membrane in over 93% of MEF cells. Any remaining cytosolic
EGFP-CHIP-K30A is likely to originate from heterodimerisation of endogenous CHIP
with the transfected CHIP-K30A mutant or from saturation of available binding sites.
The possibility of a mutation-induced artificial localisation determinant was excluded as
wild-type and mutant protein displayed similar lipid specificity in vitro (Fig.20A).
Evaluation of EGFP-CHIP-K30A distribution on membranes by means of TIRF mi-
croscopy is physically restricted to the contact-interface of the cell and the cover-slide
due to the extent of the evanescent field [122]. Even though clear differences were visi-
ble between wild-type CHIP and K30A in TIRF microscopy, the identity of the punctae
could not be determined as the need for live cell imaging prevented the use of immunoflu-
orescence methods. One can speculate that at the imaged contact-interface of cell and
glass slide, the dots correspond to an association of EGFP-CHIP-K30A with integrins,
as co-localisation and turnover of integrin-linked kinase (ILK), was demonstrated to be
mediated by the CHIP:HSP90 complex [162]. It would, however, imply CHIP binding to
ILK in a chaperone-independent manner as CHIP-K30A can not bind HSP90. Another
explanation would be the association with lipid microdomains accompanied by oligomer-
ization or the assembly of functional complexes [134][133]. However, the underlying
mechanisms for formation and protein association with lipid microdomains remain largely
elusive and isolation proves to be difficult [163]. Because of the possible association of
CHIP with cellular adherence complexes one has to be careful to assume a granular dis-
tribution of CHIP-K30A throughout the entire plasma membrane. In order to verify this
several adhesion proteins need to be cloned with fluorescence tags to investigate possible
co-localisation in vivo. Another possibility would be the isolation of lipid microdomains
(lipid rafts) which could give another explanation for the observed punctae. Preliminary
results from a lipid raft isolation following the protocol from Deborah A. Brown did not
identify CHIP on lipid rafts (data not shown)[164].
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Surprisingly, subcellular fractionation of transfected CHIP-K30A did not reproduce the
microscopic observations. The expected accumulation of CHIP in the membrane fraction
could not be identified, though it did confirm the impaired chaperone binding of CHIP-
K30A, as addition of HSP70 peptide could not release substrate complexes, as it was
observed for endogenous CHIP. Concerning the lack of accumulation of K30A in the ex
vivo membrane fraction, an explanation might be the transient nature of the association
of CHIP with cellular membranes. During the process of separating cellular compart-
ments, it seems likely that the association is partially lost due to changing ionic buffer
strength and the presence of detergents. This argument is supported by the fact that mem-
brane association can not be observed in samples fixed with paraformaldehyde, a method
commonly applied in fluorescence microscopy, but which perturbs cellular morphologies
[165][166]. One could speculate that the membrane association of endogenous CHIP and
transfected CHIP is somewhat different, with transfected CHIP being transiently asso-
ciated and endogenous CHIP more tightly tethered to membranes or organised in com-

plexes.

The competitive nature of chaperones and lipids for CHIP binding could also be confirmed
by in vitro association with liposomes and lipid strips. Both, C-terminal HSP70 peptide
and a truncated version of HSP70, inhibited binding of CHIP to liposomes. Notably, the
HSP70 octapeptide, which is sufficient for CHIP binding to HSP70, only competed with
lipid binding at unphysiologically high concentrations. The results suggest that the TPR
domain is a main, but not the exclusive determinant of lipid binding, as demonstrated by
the increased effectiveness of the truncated HSP70 protein. The additional C-terminal
residues of HSP70 possibly shield additional residues on CHIP, which participate in lipid
binding.

If CHIP is not recruited to membranes by chaperones, it is essential to uncover which
determinant is responsible for the changed localisation of CHIP. A novel direct associ-
ation with lipids was hypothesised, even though the sequence of human CHIP does not
entail any conserved lipid-binding domains. To analyse the details of the association with
membranes, binding was reconstituted in vitro by means of commercial lipid strips and
liposomes. It was also aimed to establish a lipid overlay assay with self-made lipid strips,

but the preparation exhibited significant fluctuations.

On commercial lipid strips, CHIP displayed specific binding to phosphatidic acid (PA)
and phosphatidylinositol monophosphates, especially to PI4P. Comparison of liposomes
spiked with equal amounts of PA or PI4P displayed specific association only with PI4P,
suggesting that it may be the main determinant for membrane association or at least has
the higher affinity towards CHIP. However, the necessity of PA for CHIP membrane as-
sociation can not be excluded, as PA levels are considerably higher than PI4P levels in
vivo and can vary significantly in response to stress. Fitting to the observed membrane

localisation during heat stress, an increase of PA levels was reported for heat challenged
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plants, which would provide the necessary additional binding sites for CHIP [167]. Addi-
tionally, only one type of PA, that with two saturated alcyl chains, was tested in liposomes
and it has been suggested that PA species that are produced by distinct pathways in vivo
variate at sn-1 and sn-2 positions resulting in very different effects on protein associa-
tion [168]. Unspecific binding due to trivial electrostatic attraction could be excluded, as
increasing charge, provided by poly-phosphorylation of inositols, displayed reduced bind-
ing in lipid overlay assays. Similarly, other phospholipids with a negative net charge, like
phosphatidylserine did not show binding on commercial lipid strips, supporting a stereo-
specific recognition of lipids. Both, PA and PI4P can be found in the plasma membrane
of mammalian cells [169][170].

Verification of CHIP specificity for PA and PI4P, was provided by depletion of the respec-
tive lipid levels in vivo. Treatment with specific inhibitors initiated the expected relocal-
isation of EGFP-CHIP-K30A to the cytosol, due to reduction of available binding sites.
Notably, only the isoform-unspecific PLD inhibitor FIPI and the PLD1-specific inhibitor,
but not the PLD2-specific inhibitor, relocalised EGFP-CHIP-K30A from the membrane
into the cytosol. This appears to be counter intuitive as PLD?2 is the isoform that resides
mainly at the plasma membrane and has a strong intrinsic catalytic activity, while PLD1
has been reported at various cellular sites and needs to be activated by the presence of
effector proteins, like protein kinase Co [171]. A resonable explation could be that in
MEEF cells PLD1 is exclusively localised to the plasma membrane. Accordingly, studies
support an exclusive membrane localisation of PLDI1 in fibroblasts [172][171]. Another
option would be that PLD1 is actively mobilized to the plasma membrane, as the presence
of CHIP-K30A at cellular membrane artificially generates a stimulus, similar as induced
by external stressors. A stimuli-dependent translocation of PLDI to the plasma mem-
brane has been observed in RBL-2H3 cells [172]. The impact and specificity of PLD
is of special interest, as their isoforms have been implicated in diverse pathologies, like

Alzheimer’s disease and cancer, in which CHIP is involved as well [173].

The lipid specificity has several interesting implications for effector sites of CHIP within
the cell and requires further investigations. For example, the understanding of PA func-
tions in cellular processes has increased significantly over the recent years. It has become
apparent that PA not only serves as building block for other phospholipids but also exerts
regulatory functions in various processes, such as cell survival, signal transduction, mem-
brane trafficking, secretion, stress response and cytoskeletal rearrangement, in plants and
mammals. Furthermore, a protein-tethering function of PA has been reported to initiate
the assembly of cytosolic proteins to specific membranes or regions on membranes, where
those complexes participate in critical cellular processes [168]. The steady-state levels of
PA in cellular membranes are relatively low compared to phosphatidylcholine (less than
5%) but can change significantly depending on metabolic state or stress exposure [174].

This gives additional reason for a stress-induced change of CHIP to specific subcellular
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locations.

Specificity of PI4P binding could be confirmed by relocalisation of EGFP-CHIP-K30A
upon wortmannin and PI4KIII3 inhibitor treatment. Even though PIPs are less abundant
than PA, they are essential for organelle identity. PI4P is enriched in the Golgi appara-
tus and the plasma membrane, while PI3P can be found in early endosomes and PI5SP
in membranes of late endosomes. Their specific subcellular distribution and their high
turnover make PIPs optimal mediators of signalling events and they have been implicated
in nearly all processes of cell physiology [175]. The binding to PI3P and PISP appeared
to be weaker in lipid overlay assays and is possibly an evolutionary byproduct of the PI4P
specificity with little biological impact, as PI3P and PISP are ten and hundred times less
abundant than PI4P [176].

At submicromolar concentrations, wortmannin acts as a specific PI3K inhibitor and had
no effect on EGFP-CHIP-K30A localisation, which confirms the insignificant role of PI3P
for CHIP association with the plasma membrane in vivo. However, as PI3P is predomina-
tel accumulated in endosomes, it might be interesting to investigate if CHIP is recruited
to endosomes, dependent on PI3P levels. At higher concentrations, wortmannin becomes
a potent inhibitor of type III but not type II PI4Ks [177]. The treatment of MEF cells with
10 uM successfully depleted EGFP-CHIP-K30A from the plasma membrane. Thus, it can
be assumed that type III PI4K provides the pool of CHIP interacting PI4P at the plasma
membrane. Importance of PI4P produced by type III PI4K could be further supported by
the relocalisation of EGFP-CHIP-K30A to the cytosol in response to PI4KIIIB3-specific
inhibitor treatment.

The interactome analysis of pulldowns from EGFP-CHIP-K30A transfected cells con-
firmed the effective relocalisation of CHIP to the cytosol upon PLD treatment, as interac-
tomes displayed minimal overlap. Moreover, for the first time, a high confidence identifi-
cation of chaperone-free interactors of CHIP at the plasma membrane could be provided.
Several interactors were assigned to other organelles, like endosomes and the Golgi ap-
paratus, which indicates the possibility of a broad spectrum of cellular sites modified by
membrane-localised CHIP. In contrast to the in vitro experiments, the identification of in-
teractors involved in endosomal pathways hint to a relative importance of PI3P and PISP

in targeting CHIP to endosomal membranes.
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4.3 Structural determinants for CHIP binding to mem-

branes

As argued in competition experiments and as a prerequisite for the initial hypothesis,
the TPR domain of CHIP was considered to be the main lipid-binding interface. Co-
sedimentation of liposomes with truncated CHIP versions and the inability to detect CHIP
on lipid strips with a TPR-reactive antibody supported this idea. The binding of isolated
TPR domain displayed pronounced binding to liposomes while ATPR associated only
minimally. The exceeding binding of the isolated TPR domain compared to wild-type
CHIP probably resulted from the high flexibility of the isolated domain, enabling also un-
specific lipid binding. A high flexibility of TPR domain has been shown before [89] and it
seems reasonable to assume that the flexibility is further enhanced in the isolated domain,
which lacks the allosteric control from the rest of the molecule [92]. This was supported
by CD spectroscopy which uncovered reduced secondary structure content upon liposome
binding, independent of PA presence, and by the unspecific binding of TPR on lipid strips.
The truncated ATPR protein displayed residual binding on liposomes as well as specific

binding on lipid strips, suggesting an additional lipid-binding determinant in CHIP.

Sequence analysis revealed two positively charged patches (m1 (143-146 aa:KKKR); m2
(221-225 aa: KRKKR)) in the CC-domain as promising candidates. Mutation to alanine
of the m2 patch, but not the m1 patch, resulted in a complete abrogation of the EGFP-
K30A-m2A membrane association. It remains unclear why neighbouring m1 patch, de-
spite the obvious similarities, seemed to have no impact on the localisation. One can
speculate that the two sites differ in lipid accessibility due to the asymmetry of the CHIP
dimer. The importance of the m2 patch in lipid binding was verified in lipid overlay as-
says, with the mutant displaying reduced association. In a co-sedimentation assay, recom-
binant CHIP-m2A displayed reduced association with PA-spiked liposomes compared to
wild-type CHIP, further substantiating m2 importance in membrane association. How-
ever, the binding to DOPC liposomes was enhanced compared to wild-type CHIP and
no difference between PA-spiked and DOPC liposomes was observed for CHIP-m2A.
This resembles the unspecific binding of the isolated TPR domain on lipid strips. A fac-
tor that might impact the increased binding to DOPC could origin from differences in
physicochemical properties of the recombinant CHIP-m2A protein. It was significantly
more susceptible to thermal unfolding, suggesting reduced structural stability. In vitro
ubiquitylation argues against mutation induced unfolding, as despite the inhibited K48
ubiquitylation of the model substrate NQO1, the production of K63 chains was not im-

paired.

Previous comparisons of other PA binding regions in different proteins revealed that there

is no common conserved motif, except the presence of basic amino acids like Lys, Arg,
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or His, which are also abundant in the the proposed binding sites of CHIP [168]. One can
envision that, similar to other PA binding porteins, structural rearrangements are neces-
sary to enable the exposure of PA binding sites in the CC-domain of CHIP [168]. Even
though the exact mechanism remains unclear this seems possible, considering the highly
dynamic nature of the asymmetric CHIP dimer [93]. The details of how m2 and the TPR
domain mediate lipid association remain unclear and further investigations need to be
conducted to conclude how they mediate lipid specificity and if dimer allostery controls

their accessibility.

Interactions between proteins and membranes can be bivalent. Membrane association of-
ten initiates changes in protein structure or activity and, on the other hand, proteins can
change membrane properties, such as lipid composition or curvature [178][169]. Espe-
cially due to the addition of PA, there is an increased probability of altered membrane
structure which might induce liposome fusion [168]. Size distribution of liposomes anal-
ysed by NanoSight did not reveal a pronounced effect of CHIP binding on the size of
PA-spiked liposomes. The variations in mean diameter can be attributed to the liposome
preparation, when using probe sonication instead of extrusion with filters of specific di-
ameter [179]. Comparison of liposomes of different sizes prepared by extrusion revealed
that only LUVs with a diameter greater than 100nm displayed a significant difference in
CHIP association between PA-spiked and DOPC liposomes. It is possible that formation
of PA microdomains is necessary, which is facilitated on LUVs because they provide the
necessary surface and stability. The formation of microdomains is supported by the weak
interaction of DOPC with high melting lipids, such as DPPA, which promotes coales-
cence to macroscopic PA domains [180][181]. The necessity of microdomain formation
for CHIP binding to lipids might also offer an explanation why no specific interaction
was detected for liposomes containing only 1% PI4P. Additionally, smaller liposomes
(30-50nm) containing 20% PA might be more affected by the curvature stress and possi-
ble packing defects induced by PA, explaining the increasing fluctuation in CHIP binding
observed for extruded liposomes (Fig.34C) [168]. Another explanation might be that the
initial shape of extruded liposomes is cylindrical, which reduces the available contact
sites. Furthermore, extruded liposomes have the tendency to exhibit age related effects,
which possibly obliterate the differences between PA-spiked and pure DOPC liposomes
[182].

The already mentioned transient nature of CHIP association with membranes could be
supported by limited digestion in vitro, as no differences between liposome-bound CHIP
and CHIP in solution could be found. An insertion of an amphipathic helix for example
would have protected parts of the protein from degradation, yielding a divergent degra-
dation pattern [183]. Similarly, CD spectroscopy of wild-type CHIP did not display an
increase or decrease of overall secondary structure elements, which are usually observed

for proteins inserting into membranes. However, structural rearrangements can not be
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excluded because changes, as observed for CD of the isolated TPR domain, could be al-
losterically compensated by the rest of the molecule, especially considering the proposed
flexibility of the CHIP dimer [93]. Additionally, CD spectroscopy is limited in the ob-
servation of liposome-induced changes. Higher amounts of liposomes increase turbidity
and, consequently, the voltage applied to the photon multiplier (HT-value), which makes
the resulting data not interpretable. The results form the high-salt wash argue against the
experiments that support a exclusively transient association of CHIP with membranes, as
the increasing ionic strength should be able to release the protein if it is only bound though
electrostatic forces to the lipid headgroups [179]. However, considering that the majority
of experiments is supporting a transient interaction, it could be reasoned that CHIP har-
bours at least two sites of membrane association, which can stabilize the binding enough
to maintain association under the applied ionic conditions. An influence of hydrophobic
forces could not be finally excluded and the proportion of possibly unspecific interactions

of the TPR domain has to be taken into consideration.

Surprisingly, fractionation of endogenous CHIP displayed SDS-insoluble oligomers of
distinct size, predominantly in the membrane fraction. Similar SDS-insoluble oligomers
have been reported for H,O,-treated CHIP [132]. Fractionation was performed under
reducing conditions and fractions from transiently transfected cells did not yield a com-
parable amount of the oligomers, pointing towards a phenomenon specific for endogenous
CHIP. One could imagine that there is a limited amount of binding sites at membranes,
saturated by endogenous CHIP in oligomeric conformations. Hence, supplementing ad-
ditional CHIP by transfection can not increase these oligomeric species. The combination
of oligomeric state and membrane tethering might protect these endogenous complexes

from sufficient SDS solubilisation.

The analysis of CHIP oligomers and a possible connection to membrane binding was
investigated due to their predominant appearance in ex vivo membrane fractions. The
oligomers observed in chemical crosslinking of recombinant protein match previous ob-
servations and are not artefacts of unspecific crosslinks, as zero-length crosslinker dis-
played a similar pattern [90]. However, the ratios of dimers and oligomers displayed
in chemical crosslinking are not representative for the situation in solution, as native
MS revealed only a minor fraction of CHIP corresponding to a tetrameric form and no
oligomers of higher order were identified. Notably, this is the first time that human CHIP
oligomers could be shown in solution. Surprisingly, native MS identified the presence of
CHIP monomers, which has not been reported so far and suggests a possible pathway for
CHIP oligomerization. In agreement with this assumption, addition of the monomerizing
agent desoxycholate (DC) enabled the identification of a population matching hexameric
CHIP in native MS [90]. The exact mechanism of the DC-induced monomerisation and
how CHIP monomers assemble into tetrameric and hexameric oligomers remains to be

determined. A recent study confirmed the presence of a oligomeric and monomeric CHIP

104



CHAPTER 4. DISCUSSION

species in solution using SEC [184]. Additionally, they manged to shift the equilibrium to-
wards oligomers using site-directed mutagenesis and reasoned that at least some diseases
are mediated by the oligomeric state of CHIP. In a similar attempt, a self-cast column was
combined with continuous heating to increase oligomeric species, in order to purify CHIP
oligomers for structural analysis. However, despite several conditions it was not possible
to acquire a fraction sufficiently enriched in oligomers (data not shown), pointing to a
low stability of oligomers and an immediate restoration of equilibrium conditions during

sampling.

The importance of CHIP oligomers was previously neglected due to the need of unphys-
iological high concentrations. Yet cellular membranes provide a surface where local
concentrations can be significantly higher than in the cytosol [133]. The effect of the
cholesterol-resembling steroid DC on CHIP, together with the natural occurrence of en-
dogenous CHIP oligomers in ex vivo membrane fractions, indicate the possible impor-
tance of membranes in CHIP oligomerization. Crosslinking of recombinant CHIP on
liposomes provided additional evidence that membranes can provide a relevant scaffold

to increase oligomerization.

With respect to the stress-induced mobilisation of CHIP at membrane, it is reasonable to
assume that a sudden increase in local concentration at membranes promotes formation
of CHIP oligomers. To this end, it was speculated that especially hexamers, if assuming
a ring-like shape with a central cavity, could form a pore that would increase membrane
permeability [185]. Despite the application of several strategies to investigate liposome

leakage, no significant influence of CHIP on liposome permeability could be concluded.

In another approach, it was speculated that CHIP oligomers might form functional ma-
chineries that shuttle E2s from U-box to U-box to enhance production of ubiquitin chains.
Especially K63 ubiquitylation seemed to be a promising example to test the hypothesis,
as in vitro ubiquitylation with UBC13-UEV1A was shown to produce free poly-ubiquitin
chains [77]. Since the UBC13-UEV1A heterocomplex together with TRAF6 has been re-
ported to mediate K63 ubiquitylation in the NF-kB signalling pathway, it was investigated
if K63 ubiquitylation mediated by CHIP had similar effects and if those are dependent
on CHIP localisation to membranes [139]. However, no significant activation of NF-kB
signalling could be found in Hek293T cells, and in MEF cells a suppressive effect was ob-
served. Such a suppressive effect of CHIP on NF-kB signalling was reported previously
[186]. The cause for the suppression was found to be CHIP mediated K48 ubiquitylation
of NIK (NF-kB-inducing kinase). Thus, the functional importance of CHIP oligomers
remains enigmatic, as MEF cells proved to be an inadequate expression system and the
results obtained with Hek293T cells, as well as the ubiquitylation assay in the presence

of liposomes, argued against the increase of K63 ubiquitylation at cellular membranes.

105



CHAPTER 4. DISCUSSION

4.4 Physiological implications of CHIP localisation to

cellular membranes

In search for the functional consequences of CHIP localisation to membranes, in vitro
ubiquitylation was investigated in presence and absence of PA-spiked and DOPC lipo-
somes. The ubiquitylation of the model substrate NQO1-P187S was not impaired or
enhanced on liposomes containing 20% PA. In contrast K63 ubiquitylation was slightly
affected when CHIP was bound to liposomes, possibly due to an impaired access of
the UEVIA/UBCI13 heterocomplex. Autoubiquitylation of CHIP was enhanced on li-
posomes, however, with no apparent regulatory effect on ubiquitylation activity. It has
been suggested that autoubiquitylation of CHIP could regulate its activity, as it has been
reported for other E3 ligases like the HECT E3 ligase RspS [187]. In agreement with the
published data, the increased auto-ubiquitylation is accompanied by enhanced oligomer-
ization of CHIP on membranes, as demonstrated by crosslinking on liposomes. How-
ever, CHIP K48 activity was unaffected. A simple explanation for the increased auto-
ubiquitylation would be the relative proximity of CHIP proteins on the liposome com-

pared to CHIP in solution, which might promote recognition of CHIP as its own substrate.

With the combined indications from lipid strips and in vitro ubiquitylation of heated BSA,
it was assumed that CHIP might clear mislocalised proteins in order to maintain protein
homoeostasis at membranes. BSA and NQO1 both displayed increased association with
liposomes after heating with no specificity for the lipid composition, suggesting an un-
specific binding of proteins to membranes upon unfolding. Interestingly, NQO1 was re-
ported to relocate to the inner leaflet of the plasma membrane during oxidative stress.
Since NQOI is a natural substrate of CHIP, this might offer an explanation why it dis-
plays membrane specific ubiquitylation by CHIP, while BSA does not [188]. The results
acquired by co-sedimentation suggested that the association of NQO1 might also be de-
termined by PA levels in the plasma membrane, as wild-type NQOI selectively bound
to PA-spiked liposomes. In plants an increase of PA during oxidative stress has been re-
ported which would fit to the observed specificity of NQO1 and a possible transition to
the plasma membrane [168]. In mammals an increased PLD activity in response to oxida-
tive stress points towards a similar enrichment of PA [189]. Future studies need to reveal
if the turnover of other membrane-localised substrates is specific for membrane-localised
CHIP.

In order to identify other possible cellular sites where CHIP might exert a specific func-
tion at membranes, the Golgi apparatus was identified to be significantly affected by
chaperone-free CHIP. The Golgi apparatus has characteristically high levels of PI4P,
which makes it a reasonable target of CHIP, considering its lipid specificity [190]. Golgi
morphology was significantly disrupted by chaperone-free CHIP, as demonstrated by
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CHIP overexpression and comparison of MEF WT and MEF K.O. cells under heat stress
conditions. Additionally, the disassembled Golgi phenotype could be rescued by co-
expression of HSP70, supporting the competitive role of chaperones and membranes for
binding to CHIP.

The Golgi requires its cisternal-stacking morphology in order to mediate proper secretion,
trafficking and post-translational processing of proteins [191][192]. Mechanisms causing
morphological defects of the Golgi apparatus have become of significant importance in
the understanding of many neurodegenerative diseases, such as Alzheimer’s [193], amy-
otrophic lateral sclerosis [194][195] and Huntington’s [196]. In all these diseases Golgi
fragmentation and dispersal precedes neuronal cell death. It was suggested that the Golgi
might even serve a common sensor of stress signals in cell death pathways [197]. This
thesis work suggests that CHIP also participates in cell death via the disassembly of the
Golgi. Thus, one can image that increasing CHIP activity or abundance for therapeutic
purposes might have detrimental side effects. On the other side, CHIP has been reported
in neurodegenerative diseases to confer protection against neuronal cell death by prevent-
ing the formation of toxic aggregates [198][199][200]. Thus, the exact role of CHIP in
cell death pathways remains to be established as there are opposing studies reporting cy-
totoxic and cytoprotective effects. For example, CHIP protects cells against necrotopsis
by degradation of RIPK3 [201]. It was also reported to confer protection against ther-
mal stress and apoptosis by activation of HSF1 [107]. In contrast, CHIP exerts cytotoxic
effect through degradation of cell proliferation— and survival-related proteins, including
ErBb2 [202] and HIF1-« [203]. In neuroblastoma cells treated with staurosporine, CHIP
enhanced cytotoxicity by ubiquitylation and subsequent degradation of PINKI1, a posi-
tive regulator of neuronal cell survival [152]. In agreement with these results, MEF K.O.
cells displayed decreased cytotoxic effects after stress exposure. MEF K.O. displayed
more resilience to heat shock, while CHIP localisation to membranes during heat shock
increased cell death in wild-type MEF cells. Moreover, localisation to the plasma mem-
brane was observed during treatment with the apoptosis inducing agent staurosporine in
MEEF cells, which supports the idea of membrane-localised CHIP participating in cell
death. The specific localisation of CHIP during staurosporine treatment goes in line with

the reported increase of cellular PA levels upon staurosporine treatment [204].

Another direct indication of membrane-localised CHIP participating in cell death is pro-
vided by the significant increase in cell death upon overexpression of the chaperone-free
CHIP-K30A in Hek293T cells. One could hypothesise that the protective nature of CHIP
is mostly in concert with associated chaperones, while the detrimental effect on cell sur-

vival CHIP might be a unique feature of the chaperone-free ligase.

The results of this study offer new possibilities to explain the inconsistent effects observed
for CHIP on cell death pathways. Seemingly opposing functions of CHIP in cell survival

might depend not only on the diversity of its downstream targets but on the localisation
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of the ligase and chaperone association as well. Since localisation to membranes is only
possible if the ligase is free from chaperone association, CHIP might act as a sensor for
the severity of damage and for the strength of the stress reaction. For the sake of the whole
organism, metazoans might need to sacrifice cells which have failed to adapt and CHIP

might act as a key sensor in this scenario.
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5.1 Vector maps
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Figure 52. Bacterial expression vectors
generated with SnapGene Viewer.

AhdI (2470)

Feature annotations and restriction enzyme annotations were

130



CHAPTER 5. APPENDIX

(4662) PAT  Asel (7)

Ndel (234)
SnaBI (340)

Nhel (591)

Asel (7)

(4644) PaT
(4348) ApaLt

Ndel (234)
SnaBI (340)
gel (600)

(4330) ApaLt
Nhel (591)
Bmtl (595)
Afel (596)
Agel (600)
(3824) Ec00109T (3642) Ec00109T
(3715) Bsal (3733) Bsar
EGFP BSIGI (1322)
47020p BglII (1343)
Aval - BsoBI - PaeR71 - Xhol (1347)
BmeT110T (1348) (3426) BBt
4
(3400) Betor EcoS3kI (1352) BarGI (1322)
Sact (13 .
HindIIX (1356) Bar* (1401
Xbal* (1373) (5260) Rerrx Mrer (1494)
(3242) RerIX BalI* (1383 ¢
2 e o L
2959) BsrDI inct < (2862) PAPT - Teh111T
(2844) ;nﬂinhuu = " Heat (1459) ase) oot M (1630)
(2826) Fspt V40 promoter MiI (1612) ) o
(2808) Mscl AmoR ¥ pitag L
(2729) PWTI N (2744) Narl Dralll (1860)
(2727) sfol 2500 Dralll (1842) (2743) Kast
(2726) Nart Ges0)
(2725) Kast (2504) BspoI* - Clal*
. (2565) Stur
e e (519) sax SexaT® (2333)
(5556) Pal  Asel (7) (5016) PaT  Asel (7)
NdeT (234)
(5242) ApaL NdeT (254)
(4702) ApalL
SnaI (340) (4702) Apa SnaBI (340)
Nhet (591)
‘Agel (600 Bmtx (595)
gel (600) ‘Afel (556)
BspEx (545)
EcoNI (578)
p Xam (524)
(4627) Bsal FooRt 035
N “Acel (946
(4087) Bsal & AccsST (951)
# KpnI (955)
& Saclx (955)
af £ BamHI (966)
[ s @3 5 e
BIII (1343) v X 2
EGFP-CHIP i gy 2 3 Golgi-Marker g
(o154 RerIT— S14 (3750) Bster g Lorios 5t
3¢
H
Asdl (1613) £
And (1634) £
. Nrul ( $
(756) PAFL - Th111x ey 5 §
(3740) Fepl BmgBI (1937) Y90 o1y BerGI (1694)
(3641) PHTE PSpOMI (1942) 4 HindITI (1725
(3639) Sfol Apal (1946) (5331) BsrI St R
(3638) Nart Aarl (2149 . Promoter
G ot o e o st e et o
(3478) BspDI* - Claz* o (3180) Msex 5 Hpal (1861)
BAI* (2295) Mur (1964)
e (2355) (2938) BspoL* - Clal*
3227) Sexar* HincI - Hpal (2401) (2919) Stur
o Miu (2524) (2873) shx Dra1m (2214)
Drammr (2754) (2687) Sexar
(7595) SgrDI  Mfel (161)
(7478) SspL NruT (208)
(276) BsrGI  Sper (332) Miul (225)
Spel (249)
Nder (567)
SnaBt (673) Snasl (590)
(6346) Xmnx Nhe (013)
6674) AhdL J o1
(6227) seat (6674) e ot ) i
o e 2 SgrAT (1010)
MY o, O ‘BamHI (1055)
Ascl (1182) "ce, Y o, Mscl (1126)
%,
7%
Sacrt (1442)
BmgBI (1
PSpOMI (1511)
Apal (1515)
St (1522 /
$
Untagged CHIP Aut (1718) (5784) Pl g — AleI (1805)
Tiz1 b Bamit (1842) 5 PCDNA3.1Hygro+_HSP70 — PAMI (1845)
5. 7597 bp
T o =t
Beoperator | o 03
sbvcr - sputor Gics) [
Bip (2207)
I—— BsmBI - EspaT (2227)
ose) BStXI (2314) (5208) Pfol
Agel (2425 % BIpI (2443)
%, ger (2429 %, BepDI . Clal (250)
AP biding ske Xemt (2520) -
tec operator Sexar @s12) K
7 promoter Va0 promoter
(4340) Hpal ~ e
(4327) Mie ! KT (2938)
(4029) Acel PAFL- ThILIT (3141) (452) AsiST
028) Salt
o RerIT (3539) (4361) EcoRT
(4054) AVAIT  Stul (4053)
(7441) SgrDI  Mfel (161)
(7324) SspL Bpul0I (180)
(7000) Scal Spel (249)
(6890) Pvul Ndel (484)
/ SnaBI (590)
- 7 promoter
attB1

_—AleI (1623)
. BIpI (1749)
(5627) Pl — ——— BspDI* - ClaI* (1791)
CAPbindingsite
lac promoter———
(Bcoperaton
(4790) RsrII
(4671) BssHII . EcoRI (2557)
Bsu36I (2851)
XbaI* (2911)

(4392) PAIFI - Tth1111

(4356) MscI
~Sadll (2924)

BSBI (2928)

(4277) PITI
(4275) Sfol
(4274) Narl ——
(4273) KasI —
(4180) Eagl - V5 tag
Smal p Agel (2978)
Pmel (2996)

(4087)
(4085) TspMI - Xmal
(4064) AvrII
(4063) Stul
Dralll (3541)

(3831) SexAT*

Figure 53. Mammalian expression vectors. Feature annotations and restriction enzyme annotations were

generated with SnapGene Viewer.
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5.2 Recombinant Protein Purifications
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Figure 54. Purification of GST-CHIP. (A) Hil.oad Superdex 200 column injected with 2ml GST-cut
eluate at a flow rate of Iml/min in HSP70 buffer. (B) HiLoad Superdex 200 column injected with 2ml
pooled fractions (F8, F9, F10) at a flow rate of 1ml/min in HSP70 buffer. Framed in green are fractions that
were pooled for processing. (C) Coomassie blue stained gel of the respective purification steps. LC, culture
lysate; FT, flow through after GST-agarose incubation; L1, initial loading on Superdex 200; F, fractions 5ml
each; L2, second loading on Superdex 200; stock, purified recombinant protein frozen as stock solution.
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Figure 55. Purification of GST-CHIP-K30A. (A) HiLoad Superdex 200 column injected with 2ml GST-
cut eluate at a flow rate of Iml/min in HSP70 buffer. (B) HiLoad Superdex 200 column injected with 2ml
pooled fractions (A12, B1) at a flow rate of 1ml/min in HSP70 buffer. Framed in green are fractions that
were pooled for processing. (C) Coomassie blue stained gel of the fist purification steps. LC, culture lysate;
FT, flow through after GST-agarose incubation; L, loading on Superdex 200; A/B, fractions 5Sml each. (D)
Coomassie blue stained gel after the second SEC and final stock for storage. A/B, fractions 5ml each.
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Figure 56. Purification of the His-Ube2W. (A) Hil.oad Superdex 200 column injected with 2ml HisTrap

eluate at a flow rate of 1ml/min in HSP70 buffer. (B) Coomassie blue stained gel of final SEC before
freezing the stock. A/B, fractions Sml each.
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Figure 57. Purification of His-HSP70. (A) Final run of HilL.oad Superdex 200 column injected with
Iml concentrated fractions from a previous SEC which was loaded with the HisTrap eluate. Flow rate of
Iml/min in HSP70 buffer. Framed in green are fractions that were pooled for freezing. (B) Coomassie blue
stained gel of fractions from final SEC before freezing F8. IC, induced culture; F, fractions with each 5ml.
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Figure 58. Purification of his-tagged C-terminal HSP70. (A) After initial elution from HisTrap and SEC
on HiLoad Superdex 200 column, c-terminal HSP70 was unfolded with 4M Urea and refolded by dialysis
O/N at 4°C. Substrate-free c-terminal HSP70 was injected on Superdex75 at a flow rate of 1ml/min in
HSP70 buffer. Framed in green are fractions that were pooled for freezing. (B) Coomassie blue stained gel

of final SEC for freezing the stock. L, pooled fractions loaded on superdex75; A, fractions A6+A7 pooled
for freezing.
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5.3 FACS

Control

7-AAD-Height (RU)

10° 100 10t 100 10°

GFP-Height (RU)

L-EGFP+CHIP

-

7-AAD-Height (RU)

G2 G3

10% 35%

GFP-Height (RU)

10°
—_ 61
a ~17 /
= "
-57 10‘—55#5"”_-
- .
T 0’ .
[m]
i 107 4
: G2
~ 9% 37%
1
10 . . : :
10 100 100wt 10 10
GFP-Height (RU)
L-EGFP+CHIP-K30A
10
=) 61 G4
x R 21% 30%
= 10°]
-
S
4
)] 10 -f |
X 3
o 10
él 10° 4
N~ G2 G3
2% 21%
10 . . : :
10 100 100 1wt 10 10

GFP-Height (RU)

Figure 59. Cell death in CHIP transfected Hek293T (Fig51).
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Figure 60. FACS sorting for MS interactome analysis of CHIP (Fig45).
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5.4 Microscopy quantification

Table 14. Average cell numbers for quantification

Figure Condition av. Count
Fig.11 A 37°C 92,7
43°C 92,7
Fig.11 A EGFP 37°C 108,3
43°C 71,7
Fig.12 NT 149,0
HSP70 inhibitor 108,7
HSP90 inhibitor 117,0
Fig.13 CHIP 126,3
CHIP+HSC70 119,3
Fig.14 NT 155,0
Arsenite 142,0
Fig.18 A CHIP 157,3
K30A 126,7
Fig.24 A control 150,0
FIPI 128,8
VU0155069 123,8
CAY1059%4 116,3
Fig.24 A EGFP-F NT 150
FIPI 128,8
VU0155069 123,8
CAY10594 116,3
Fig.24 B 0.1uM 10min 40,33
0.1uM 20min 40,00
10uM 10min 45,67
10uM 20min 46,67
Fig.24 C K30A NT 93,7
K30A+IN-10 89,7
EGFP-F NT 67,7
EGFP-F+IN-10 65,0
Fig.31 K30A 88,0
ml 132,0
m?2 32,0
Fig.46 A control 200,7
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Fig.46 B

Fig.47 A

Fig.47 B

CHIP

MEF WT NT
MEF K.O. NT
MEF WT HS
MEF K.O. HS
control

CHIP
CHIP+HSP70
CHIP+HSP70AD
control

CHIP
CHIPAmM?2

211,0
306,0
2427
222,7
196,7
152,3
146,0
131,0
119,7
230,3
177,7
230,3
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