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Zusammenfassung

Zusammenfassung

Die Proteinhomdostase ist eine entscheidende Komponente der zelluliren Integritit, die durch
interne und umweltbedingte Stressfaktoren aus dem Gleichgewicht geraten kann. Um dem
entgegenzuwirken, haben Zellen mehrere Systeme fiir die Faltung, Regulation und den Abbau von
Proteinen entwickelt. Proteine miissen zunichst de novo synthetisiert werden und in ihre native Form
gebracht werden, damit sie die gewtlinschte Funktion erfiillen kénnen. Die Faltung von Proteinen ist
ein komplexer Prozess, der die Hilfe von molekularen Chaperonen wie HSP90 (Hitzeschockprotein
HSP 90-beta) erfordert, die neu synthetisierten oder fehlgefalteten Proteinen dabei helfen ihre native
Form einzunehmen und sie vor Aggregation bewahren. Krankheitsmutationen oder zellulire
Stressfaktoren kénnen dazu fiihren, dass Proteine geschidigt werden oder verklumpen und somit
abgebaut werden miissen. Die zwei wichtigsten Abbauwege in der Zelle, sind das Ubiquitin-
Proteasom-System (UPS) und die Autophagie. Das UPS ist dafiir verantwortlich, einzelne Proteine
dem proteasomalen Abbau zuzufiihren. Hierflir werden einzelne Lysine des Substrats mit Ubiquitin
modifiziert. Dies erfordert ein komplexes Konjugationssystem, das aus einem E1-Ubiquitin-
aktivierenden, einem E2-Ubiquitin-konjugierenden Enzym und einer E3-Ubiquitin-Ligase besteht.
E3-Ligasen kénnen hierbei allein oder als Teil gréBerer Komplexe wie z.B. dem modularen Cullin-
Ring-Ligase (CRL) Komplex arbeiten. Eine spezielle CRL ist der SCF&dinF-Komplex, der aus
Cullinl, RBX1, SKP1 und dem F-Box-Protein Cyclin F besteht, letzteres bestimmt die
Substratspezifitit. Anders als es sein Name vermuten ldsst, bindet Cyclin F nicht an eine Cyclin-
abhingige Kinasen. Stattdessen ubiquitiniert es eine Vielzahl von zellzyklusspezifischen
Zielproteinen und Proteine, die an der Beseitigung von DNS-Schiden beteiligt sind. Mittlerweile
wurden zahlreiche Zielproteine fiir Cyclin FF beschrieben, wovon die meisten jedoch in sich teilenden
Zelltypen untersucht wurden, wohingegen es nur wenig Informationen tiber die Funktion von Cyclin
F in neuronalen oder Neuron-dhnlichen Zelllinien gibt, die nach der Differenzierung keine Mitose
mehr durchlaufen. Aulerdem wurden in den letzten Jahren Cyclin-F-Mutationen mit der Entstehung

von Amyotropher Lateralsklerose (ALS) in Verbindung gebracht.

Autophagie, der zweite wichtige Abbaumechanismus in der Zelle, umfasst zwei Wirkmechanismen:
die selektive und die nicht-selektive Autophagie. Bei der Autophagie wird Cargo von einer
wachsenden Doppelmembran, dem Phagophor umgeben und erweitert bis sich ein Vesikel gebildet
hat. Diese Struktur, Autophagosom genannt, fusioniert mit dem Lysosom und fithrt zum Abbau und
Recycling des Cargos. Wiahrend die nicht-selektive Autophagie bei Nahrstoffmangel wichtig ist, ist
die selektive Autophagie ein spezialisierter Prozess, der Strukturen wie Proteinaggregate und

beschidigte Organellen, unter anderem Lysosomen, abbaut.
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Lysosomen sind Zentren der zelluliren Homdostase und am Umsatz zellulirer Komponenten
beteiligt, weshalb sie in ihrem Luminalraum verschiedene Arten von Degradationsproteinen wie
Hydrolasen und Nukleasen beinhalten. Eine Beschiadigung dieser Organellen fihrt dazu, dass
luminale Proteine in die Umgebung entweichen, wo sie der Zelle schaden kénnen. Um dies zu
verhindern, haben Zellen mehrere Anpassungsstrategien entwickelt, die darauf abzielen, Lysosomen
zu reparieren. Bleiben diese Versuche erfolglos, wird deren Abbau eingeleitet. Der selektive Abbau
von Lysosomen, auch Lysophagie genannt, wird durch die Bindung von Galektinen an §-Galaktoside
initiiert und fihrt zu einer umfassenden Ubiquitinierung von lysosomalen Proteinen durch Ubiquitin
E3-Ligasen. Diese Ubiquitinierung fiihrt zur Rekrutierung der Autophagie-Rezeptoren p62/
SQSTM1 (Sequestosom 1) und TAX1BP1 (Tax1-bindendes Protein 1), die das beschidigte Lysosom
an das LC3-besetzte Phagophor binden und weitere Komponenten der Autophagie-Maschinerie
rekrutieren. Ein weiterer wichtiger Faktor fiir die Lysophagie ist die Ubiquitin-gesteuerte AAA-
ATPase VCP, die ubiquitinierte Komponenten aus dem beschidigten Lysosom extrahiert, um den

Lysophagieprozess zu unterstiitzen.

Das Ziel meiner Arbeit war es, mit Hilfe massenspektrometrischer Methoden neue
Interaktionspartner fiir zwei wichtige Ubiquitin-vermittelte Prozesse zu identifizieren und zu
validieren, sowie die Rolle von Cyclin F in ALS-Modellen zu untersuchen. Im ersten Teil meiner
Arbeit wollte ich neue Zielproteine von Cyclin F in sich nicht teilenden Zellen finden. Zu diesem
Zweck habe ich mit Hilfe der CRISPR-CAS9-Technologie CCNF Knockout (KO)-Linien in der
murinen Neuroblastomlinie N2a und der humanen Neuroblastomlinie SH-SY5Y erzeugt. Diese KO-
Zellen habe ich zusammen mit lymphoblastoiden Zelllinien aus ALS-Patienten mit zwei unbekannten
CCNF-Mutationen verwendet, um umfangreiche massenspektrometrische Analysen durchzuftihren.
Die Daten, die dabei ermittelt wurden, umfassen die APEX2-induzierte Nahbereichsmarkierung
(close proximity proteomics), sowie Immunprizipitationen die zur Untersuchung mdoglicher
Interaktionspartner verwendet werden. Dartber hinaus wurde eine massenspektrometrische Analyse
zur Evaluierung des Ubiquitoms, die sogenannte diGly-Ubiquitomics, eingesetzt. Dadurch war es
moglich, einen Einblick in das Cyclin-F-abhingige Ubiquitom zu erhalten. Insgesamt konnte ich eine
umfangreiche Datenbank fiir potenzielle Interaktoren und Substrate von Cyclin F erstellen.
AuBlerdem konnte ich die Bindung von Cyclin F an das Chaperon HSPY90AB1 sowie an zwei seiner
Ko-Chaperone, STIP1 (stress-induced-phosphoprotein) und DNAJC7 (DnaJ homolog subfamily C
member 7) bestitigen. Zusitzlich habe ich die Fihigkeit von Cyclin F zur Ubiquitinierung von
HSP90AB1 mit Immunprizipitationsansitzen, unter denaturierenden Bedingungen sowie mit

spezialisierten  Tandem-Ubiquitin-Bindungseinheiten (TUBE) untersucht. TUBE  bindet
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promiskuitiv an verschiedene Ubiquitin Spezies und kann somit genutzt werden, um den Ubiquitin
Status eines Proteins zu ermitteln. Mit Hilfe dieser Ansitze konnte ich zeigen, dass HSP9OAB1 durch
Cyclin F ubiquitiniert wird. Des Weiteren konnte ich auch den Einfluss dieser Modifikationen auf die
Bindung von HSP90 mit seinen Ko-Chaperonen nachweisen. SchlieBlich habe ich auch
Verinderungen bei der Interaktion zwischen HSP90OAB1 und einigen seiner Maturierungsklienten in

Abhingigkeit von Cyclin F beobachtet.

Im zweiten Teil meiner Arbeit habe ich zusammen mit unseren Kooperationspartnern die Funktion
der Ubiquitinierung nach Schidigung der lysosomalen Membran mit L-Leucyl-L-Leucin-Methylester

(LLOME) und die Rolle von Ubiquitin beim Abbau von Lysosomen untersucht.

Die Verinderung des Ubiquitoms zu verschiedenen Messzeitpunkten nach lysosomalen Schiden
erméglichte uns einen differenzierten Blick auf Lysophagy und deckte neue Faktoren auf, die an
diesen Abbauweg beteiligt sind. Zu den stark modifizierten Proteinen, die hier identifiziert wurden,
gehoren das Aktin-stabilisierende Protein Calponin 2 (CNN2) und die Proteine des Arp2/3-
Komplexes. Fiir beide wurde nachgewiesen, dass sie zu geschidigten Lysosomen translozieren. Hier
erleichtern sie die Bildung von Phagophoren durch die Modulation der Aktinfilamentdynamik.
Dartiber hinaus wird CNN2 ubiquitiniert, um die rechtzeitige Entfernung aus dem Lysosom zu
gewihrleisten, und ist fiir die Rekrutierung und Lipidierung von LC3b notwendig, die es direkt mit
dem Lysophagieprozess in Verbindung bringt. Um die Dynamiken des Proteins CNN2 genauer zu
untersuchen, habe ich mit Hilfe der Askorbat-Peroxidase APEX2, welche an CNN2 fusioniert wurde,
in LLOMe- und kontrollbehandelten Zellen close proximity proteomics durchgeftihrt und quantitativ
verglichen. Dies erméglichte die Identifizierung von HSPB1 als direktem Interaktor von CNN2.
HSPB1 wurde bereits mit Autophagie und dem Aktinfilament-System in Verbindung gebracht und
war daher ein vielversprechender Kandidat fiir weitere Untersuchungen. Interessanterweise zeigte die
Depletion von HSPB1 ihnliche Auswirkungen wie die Depletion von CNN2, indem sie die LC3b-
Rekrutierung negativ beeinflusste. Die Ahnlichkeit des Phinotyps, der bei inaktivem VCP im
Vergleich zum Verlust von HSPB1 oder CNN2 beobachtet wurde, deutete auf einen Zusammenhang
zwischen diesen Proteinen hin. Weitere Experimente zeigten, dass VCP CNN2 aus lysosomalen
Membranen extrahiert und das ubiquitinierte Aktin-stabilisierende Protein anschlieBend abgebaut
wird. Die Aktin-unabhingige Rekrutierung von CNN2 zum Lysosom warf jedoch die Frage auf,
welche Proteine mit CNN2 assoziiert waren, bevor es durch VCP entfernt wurde. Zu diesem Zweck
wiederholte ich die Untersuchung der geschidigten Lysosomen durch close proximity proteomics
mit CNN2-APEX2. Um die Entfernung von CNN2 zu unterbrechen, wurden die Zellen mit NMS-

873, einem VCP-Inhibitor, behandelt. Die Proteine, die in dieser Situation signifikant erhéht waren,
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waren p62 und VCP, die beide mit beschidigten Lysosomen kolokalisieren. Die Depletion von p62
tihrt auch zu einer Verringerung der CNN2-Rekrutierung. SchlieBlich konnten wir auch zeigen, dass
sowohl HSPB1 als auch VCP fiir die Entfernung von ubiquitiniertem CNN2 aus beschidigten

Lysosomen entscheidend sind, um Lysophagie zu ermdglichen.

Zusammenfassend konnte ich einen tieferen Einblick in Ubiquitin-vermittelte Prozesse wie die
Lysophagie und das UPS-System geben. Durch den unbefangenen Einsatz massenspektrometrischer
Methoden habe ich neue potenzielle Interaktoren von Cyclin F und CNN2 aufgedeckt, die zu einem
besseren Verstindnis der jeweiligen Prozesse fiihren. Dartber hinaus unterstreichen diese Ergebnisse
die Bedeutung von Hitzeschockproteinen fiir die Proteinhomdéostase in beiden wichtigen

Abbauprozessen.
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Protein homeostasis is a crucial component of cellular integrity that internal and environmental
stressors can disturb. Cells have adapted several systems for protein folding, regulation, and
degradation to counteract this. Initially, proteins have to be synthesized de novo and adopt their
native form before fulfilling their desired function. The folding of proteins is a complex process that
requires the participation of molecular chaperones such as HSP90 (heat shock protein 90), which
assist newly synthesized or misfolded proteins in reaching their native state and preventing them
from aggregation. Cellular stressors or disease mutations can lead to damaged proteins or aggregation,
both of which require adequate degradation. Two of the major degradation pathways in the cell are
the ubiquitin-proteasome-system (UPS) and autophagy. The UPS is responsible for targeting single
proteins for proteasomal degradation by modifying substrate lysines with ubiquitin. This requires a
sophisticated conjugation system consisting of an El-ubiquitin-activating, an E2-ubiquitin-
conjugating enzyme, and an E3-ubiquitin ligase. E3-ligases can work alone or as part of larger
complexes such as the modular Cullin-Ring-Ligase (CRL) complex. One particular CRL is the SCF
eyelin F complex consisting of Cullinl, RBX1, SKP1, and the F-Box protein cyclin F which determines
substrate specificity. Contrary to the function implied by its name, cyclin F does not bind cyclin-
dependent kinases. Instead, it ubiquitinates a variety of cell cycle-specific proteins as well as proteins
involved in the DNA damage response. By now several targets of cyclin F were described, however,
most of them were examined in cell systems that regularly undergo mitosis and little is known about
cyclin F’s function in neuronal or neuron-like cell types. Moreover, in recent years cyclin F mutations

were implicated in the development of ALS.

Autophagy, the second important degradative pathway, includes two modes of action: selective and
bulk autophagy. During autophagy cargo is engulfed by a growing double membrane, the so-called
phagophore, which is elongated to form a vesicle. This structure is the autophagosome that
subsequently fuses with a lysosome resulting in the degradation and recycling of cargo components.
While bulk autophagy is important during nutrient starvation, selective autophagy is a specialized
process in which autophagy receptors recognize structures such as aggregates and damaged

organelles, including lysosomes.

Lysosomes are hubs for cellular homeostasis and are involved in the turnover of cellular components
and therefore harbor various types of degradative proteins such as hydrolases and nucleases in their
luminal space. Damage to these organelles results in the leakage of luminal proteins into the
surrounding, where they can harm the cell. To prevent this, cells have adapted several response

pathways aiming to fix lysosomes. However, if these attempts remain unsuccessful, degradation is
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triggered. Lysophagy is initiated by the binding of galectins to {-galactosides and the extensive
ubiquitination of lysosomal proteins by recruited E3-ligases. This ubiquitination leads to the
recruitment of the autophagy receptors p62/SQSTM1 (sequestosome 1) and TAX1BP1 (Tax1-
binding protein 1), that link the damaged lysosome to the LC3-decorated phagophore and recruit
further components of the autophagy machinery. Another substantial factor for lysophagy is the
ubiquitin-directed AAA-ATPase VCP that extracts ubiquitinated factors from the lysosome and the

forming phagophore to assist in the lysophagic process.

My thesis aimed to identify and validate interaction partners in two important ubiquitin-mediated
processes using mass spectrometry as well as assess cyclin F’s influence in models of ALS. In the first
part of my thesis, I aimed to find new targets of cyclin F in non-dividing cells. To this end, I generated
CCNF knockouts (KO) in the murine Neuro 2a (N2a) and the human SH-SY5Y neuroblastoma cell
line using CRISPR-Cas9 which results in the loss of cyclin F. Together with ALS-patient derived
lymphoblastoid cell lines of two unreported CCNF mutations, I utilized these KO-cells to perform
extensive mass spectrometry. The data I obtained included close proximity and immunoprecipitation
approaches that were used to assess direct binding. Furthermore, diGly-ubiquitomics was utilized to
get a glimpse into the cyclin F-dependent ubiquitome. With these experiments, 1 was able to provide
a rich database for potential interactors and substrates of cyclin F. Based on the analysis I identified
HSP90 (heat shock protein HSP 90-beta) as a prominent elevated factor and was able to confirm its
binding to cyclin F. Additionally, I could provide evidence for the binding of cyclin F to HSP90’s co-
chaperones, STIP1 (stress-induced-phosphoprotein) and DNAJC7 (DnaJ homolog subfamily C
member 7). Next, I assessed cyclin F’s ability to ubiquitinate HSP90OAB1 with immunoprecipitation
approaches under denaturing conditions as well as with specialized tandem ubiquitin-binding entities
that promiscuously bind ubiquitin. Apart from showing cyclin F-dependent HSP90ABI1
ubiquitination, I could provide evidence that these modifications influence HSP90 co-chaperone
binding. Further, I observed alterations in the binding of HSP90 to its maturation clients upon cyclin

F knockout.

Together with our collaborators, the second part of my thesis examined the role of ubiquitination
upon lysosomal membrane damage using L-Leucyl-L-Leucine methyl ester (LLOME) and the role

of ubiquitin in lysosomal degradation.

Changes in the ubiquitome due to lysosomal damage at different time points allowed a differentiated
look at lysophagy thereby highlighting new factors involved in this degradative pathway. Among the
strongly modified proteins, the actin stabilizing protein calponin 2 (CNN2) and the Arp2/3 complex
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proteins were identified and shown to translocate to damaged lysosomes. Here, they facilitate
phagophore formation by modulating actin filament dynamics. Further, CNNZ2 is ubiquitinated for
timely removal from the lysosome and is necessary for the recruitment and lipidation of LC3b to
associate it directly with the lysophagic process. To assess the dynamics of CNN2 in more detail 1
performed close-proximity proteomics with the help of the ascorbate peroxidase APEX2 fused to
CNN2 in LLOMe versus control-treated cells, followed by a quantitative analysis. This enabled the
identification of HSPB1 as a direct interactor of CNN2. HSPB1 is associated with autophagy and the
actin filament system and was therefore a promising candidate for additional examination.
Interestingly, HSPB1 depletion showed similar effects to CNN2 depletion by negatively affecting
LC3b recruitment. The resemblance of the phenotype seen with inactive VCP compared to HSPB1
or CNN2 loss hinted towards a connection between these proteins. Additional experiments revealed
the extraction of CNN2 from lysosomal membranes by VCP and the subsequent degradation of the
ubiquitinated actin-stabilizing protein. The actin-independent recruitment of CNN2 to the lysosome,
however, posed the question of which proteins were associated with CNN2 before removal by VCP.
To this end, I repeated the examination of damaged lysosomes by close proximity proteomics with
CNN2-APEX2. To pause the removal of CNN2, the cells were treated with NMS-873, a VCP
inhibitor. The proteins that were significantly increased in this setting were p62 and VCP, both of
which colocalize on damaged lysosomes. Interestingly, p62 depletion also leads to the reduction of
CNN2 recruitment. Finally, we could also demonstrate that HSPB1, as well as VCP, are crucial for

the removal of ubiquitinated CNN2 from damaged lysosomes to facilitate lysophagy.

In summary, I was able to provide a deeper insight into ubiquitin-mediated processes such as
lysophagy and the UPS system. By using mass spectrometry, I unveiled potential new interactors of
cyclin F and CNN2 leading to a better understanding of the respective function. Also, these results
iterate on the importance of heat shock proteins in protein homeostasis in both major degradative

pathways.
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1 Introduction

1.1  Protein regulation pathways in eukaryotic cells

Proteins are involved in virtually all aspects of life, therefore tight-knit surveillance is vital for cellular
integrity and functionality. Hence, protein activity, localization, and many other aspects are regulated
by complex, intertwined processes that together constitute protein homeostasis. Important aspects
are the abundance of proteins as well as their integrity, each of which is highly regulated and balanced

by de-novo synthesis, proper folding, and degradation [1, 2].

The life cycle of a protein starts with its de-novo synthesis. Before it can fulfill its cellular function,
however, it has to adopt its native state. For this to happen cells utilize cellular chaperones that can
facilitate the folding process and prevent misfolding as well as aggregation [3]. However, cellular
stressors such as reactive oxygen species (ROS) or disease mutations can lead to aggregated or
damaged proteins which have to be cleared to avoid toxic effects or disturbance of overall cellular

pathways [4, 5].

To achieve this, eukaryotic cells mainly employ two major degradation routes, the ubiquitin-
proteasome system (UPS) and the autophagosomal-lysosomal pathway. Both pathways are essential
for protein degradation and maintaining protein homeostasis, yet they differ fundamentally in their
mode of action. Misfolded, damaged, and highly regulated proteins are degraded by the UPS whereas
the autophagosomal-lysosomal pathway is important for the clearance of bigger structures, such as
aggregates or organelles, as well as bulk degradation during starvation [6, 7]. The UPS is dependent
on the attachment of ubiquitin (Ub) to proteins in a highly regulated process that results in

proteasomal degradation or exhibits regulatory functions [6].

The autophagosomal-lysosomal pathway can be subdivided into a minimum of three more specific
pathways — macroautophagy, chaperone-mediated autophagy, and microautophagy. All of these
processes lead to the clearance of proteins, aggregates, or organelles via lysosomes [7].
Macroautophagy (hereafter referred to as autophagy) can be divided into bulk and selective
autophagy. The latter is often involved in the degradation of defined structures such as aggregates,

lysosomes, or mitochondria. Each process has its specific term, indicating the respective process (e.g.,

aggrephagy, lysophagy, mitophagy) [8].
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Figure 1: The main degradation pathways of the cell.

UPS (left) describes the E1-E2-E3-dependent attachment of ubiquitin to proteins and their subsequent
degradation by the proteasome. In Autophagy (right), however, diverse cargo is engulfed by the phagophore,
which is then elongated and closed to form the autophagosome. This structure fuses with the lysosome to
allow the cargo to be degraded and released into the cytosol for recycling. substr, substrate; E1, El-activating
enzyme; E2, E2-conjugating enzyme; E3, E3-ligase; Ub, Ubiquitin; UPS, ubiquitin-proteasome-system.
Adapted from Ghosh et al. [9].

1.1.1  Chaperone function

Small proteins can fold into their native state within seconds, without the need for additional factors.
This suggests that the whole three-dimensional structure is encoded within the amino acid sequence
of the protein [10]. Nevertheless, cells developed a system to assist in protein folding. The reason for
this lies in the dynamics of bigger proteins or multi-protein complexes which take considerably longer
to reach their native state 2 vitro than small proteins [11]. In addition, there are intrinsically disordered

proteins that account for 20-30% of total proteins in mammalian cells, as well as mutations that can
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result in conformational changes affecting the function and stability of proteins, which adds another
layer of complexity [12, 13]. Beyond that, the cytosol is crowded with other macromolecules which
interfere with this process simply by steric exclusion [4]. On the way to correct folding, proteins
orient their hydrophobic residues inwards, thereby guiding the process towards native intermediate
states that help facilitate the folding process. To achieve this, they have to traverse several energetic
barriers, which can result in non-native intermediates or expose hydrophobic residues that in turn

can slow down folding or lead to aggregation [3, 14].

Cells, therefore, utilize a system of molecular chaperones specially reserved for the de-novo folding
of nascent polypeptides or refolding [11]. The importance of chaperones is particularly evident under
conditions of cellular stress, such as heat shock, oxidative stress, or other cellular stressors, which can

cause protein aggregation and an imbalance in homeostasis [15].

There are several classes of structurally distinct molecular chaperones that govern protein folding,.
Two well-studied heat shock proteins (HSPs) are HSP70 and HSP90. HSPs are grouped according
to their molecular weight, which is indicated by the number in their name. The major chaperone

systems require adenosine triphosphate (ATP) for proper function [16].

HSP70, for instance, can switch between a low- and high-affinity state for unfolded or partially folded
proteins, depending on its ATP status. This process is assisted by heat shock protein 40 (HSP40, also
known as Dna]), which delivers these proteins to HSP70 and subsequently initiates the hydrolysis of
ATP to adenosine diphosphate (ADP) by HSP70, leading to a closed conformation and the stable
binding of the substrate [17, 18]. The C-terminal substrate binding domain of HSP70 preferentially
interacts with client proteins via short hydrophobic stretches consisting of 5-7 amino acids, which
are flanked by positively charged amino acids [19]. Stretches like these are present in proteins that
require folding, and their exposure is associated with increased aggregation [20]. The exchange of
ADP to ATP by nucleotide exchange factors is the last step of one folding cycle resulting in the
release of the protein. This triggers one of three events — the client proteins either bury their
hydrophobic patches in a spontaneous reaction, resume binding to HSP70 which may further
facilitate the folding process, or are transferred to another chaperone system, such as chaperonin or

HISP90 [3, 21, 22].

1111  The HSP90 complex
Apart from HSP70, the maturation of proteins can be accomplished with the help of HSP90. This
complex is a homodimer that together with several co-chaperones assists in folding, multiprotein

complex assembly, and ligand binding to soluble receptors. The dimer is made up of two HSP90AB1
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protomers, which are constitutively expressed. Additionally, a structurally similar, inducible form
named HSPY90AA1 exists, which was also observed to bind HSP90AB1 and form a heterodimer [23].
Both forms share a common domain structure composed of an N-terminal domain (NTD) connected
to the C-terminal domain (CTD) by an unstructured charged-linker region (CR) and the middle
domain (MD) [24]. The NTD harbors a nucleotide binding fold, which shares a high similarity with
the GHKL (Gyrase, HSP90, histidine kinase, MutL)) superfamily. This family discerns itself by not
only binding ATP but also hydrolyzing it [25]. This can also be observed for HSP90 albeit the ATPase
activity is very low and requires interaction with the MD [26, 27]. Beyond that, the N-terminus seems
to be important for the binding of co-chaperones [28]. The linker region, following the NTD, is
highly charged and is thought to allow for more dynamic and flexible interactions, enabling HSP90
to cope with a higher diversity of targets as well as the crowded environment of the cell. The impact
of the CR on activity is yet to be determined since contradicting reports exist [29-32]. The subsequent
MBD serves the binding of client proteins and co-chaperones, as well as ATPase activation. The latter

is accomplished by the interaction with the y-phosphate of ATP [28, 33, 34].

The previously mentioned dimerization is mediated via the CTD, as is the binding of clients.
Furthermore, the CTD also enables the binding of tetratricopeptide repeat (TPR) domains, present

in co-chaperones, through its MEEVD (Met-Glu-Glu-Val-Asp) motif [23, 35-37].

1112  HSP90 cycle

The activity of HSP90 is highly dependent on the rate of ATP binding and hydrolysis since this
initiates substantial structural rearrangements and subsequent folding [27]. Notably, both rates are
very low, with a dissociation constant of around 400 uM and a hydrolysis rate of 0.1 ATP/min in
humans [38-40]. The unfolded protein is transported to HSP90 with the help of an HSP40/HSP70
complex stabilized by Hsc70-interacting protein (HIP) [28, 41]. In concert with other co-chaperones,
stress induces phosphoprotein 1 (STIP1)/HOP mediates the transfer of client proteins to HSP90 by
engaging with both chaperones at the same time [42, 43]. Additionally, STIP1 aids the transfer by
preventing the dimerization of the NTD in a non-competitive manner [44]. Subsequent release of
HSP70 is dependent on the removal of the inhibitory phosphorylation of STIP1 and further requires
the action of Activator of 90 kDa heat shock protein ATPase homolog 1 (AHA1) or a combined
effort from a peptidyl-propyl-cis trans isomerase (PPlase) and p23 [36, 45].

Upon client protein transfer and association with ATP, the HSP90-complex goes into an intermediate

state where the lid region of the NTD, a loop with several conserved amino acids, closes over the
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ATP. This initiates the dimerization of the NTD resulting in a closed HSP90 complex, ultimately
leading to a twisted dimer where the distance between the NTD and MD is minimized so they can
work together as a functional ATPase [36]. AHA1, contrary to STIP1, can enhance the hydrolysis of
ATP and therefore accelerates the first closed state of the complex [36, 46]. In its second closed state,
however, the HSP90 co-chaperone p23 stabilizes the complex by competing for HSP90 binding with
AHAT1. The following hydrolysis triggers the separation of the dimerized NTDs as well as the release
of ADP and inorganic phosphate. This restores the initial state of the complex and liberates the

substrate [30].

Overall, the HSP90 chaperone cycle is dependent on several layers of regulation, including
transcriptional, post-translational, and co-chaperone-mediated regulation. Hence, also the rate of
ATP hydrolyzation is subject to post-translational modification (P°TM) [47]. The phosphorylation of
HSP90 wusually results in a decreased hydrolyzation rate. The serine (Ser)/threonine (Thr)
phosphatase 5 uses this fact to assist in the maturation of kinases by dephosphorylating HSP90 and
Hsp90 co-chaperone Cdc37 (CDC37), another co-chaperone which prevents the dimerization of the
NTD and thereby the advancement of the cycle [48, 49]. Several other co-chaperones that harbor a
PPlase, such as Peptidyl-prolyl cis-trans isomerase FKBP4 and FKBP5 or the peptidyl-prolyl cis-
trans isomerase D, bind HSP90 via their TPR-domain and take part in client protein maturation [36].
Most of them are only part of specific maturation processes. While CDC37, for instance, is almost
exclusively associated with protein kinases, FKB51 can help the maturation of kinases, transcription
factors as well as the minichromosome maintenance protein complex [50, 51]. Apart from being fine-
tuned by PTMs and co-chaperones regarding activity and client specificity, HSP90 abundance can
also be regulated by proteasomal degradation, induced by E3 ubiquitin-protein ligase CHIP
dependent ubiquitination [47, 52-54].
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Figure 2: The HSP90 cycle.

In the HSP90 cycle, a nascent polypeptide is transported to an HSP90 dimer by the HSP70/HSP40 complex.
The HSP90 dimer assists in the folding of the protein by transitioning from an open, substrate unbound
form, to a closed state, that is dependent on the binding and hydrolysis of ATP. This requires the concerted
action of several co-chaperones (HIP, HOP, p23; Immunophilin). After the cycle is finished the mature
protein is released. ADP, adenosine diphosphate; ATP, adenosine triphosphate. Adapted from Hoter et al.

28].

1113 HSP27/HSPB1

Heat shock protein beta-1 (HSPB1), also known as HSP27, is one of eleven crystallin-related human
small heat shock proteins (sHSP), a subgroup of chaperones [55]. Its N-terminus contains a
hydrophobic motif (WDPF), a highly conserved alpha-crystallin domain, which is typical for sHSPs,
as well as the C-terminus [56]. Together with the alpha-crystallin domain, responsible for sHSP
dimerization, the WDPF domain leads to the formation of homo-oligomeric complexes, as well as
hetero-oligomeric complexes with other alpha-crystallins [56-62]. The extent of oligomerization is
dependent on the phosphorylation status of the N-terminal serine residues (Serl5, Ser78, Ser82),
whereby Ser78 and Ser82 are more often phosphorylated [63, 64]. Modification of these sites results
in the disassembly of oligomers to tetramers or even dimers [65]. However, the question of which
species is the most active in terms of chaperone activity has not been solved and might be dependent
on the particular cellular context as well as the number of phosphorylation events [58, 63, 66, 67].

The extent of kinases involved in the regulation of HSPB1 is remarkable. They include p38 mitogen-



7 Introduction

activated protein kinase (MAPK), protein kinase C, protein kinase 2/3 (MK2/MK3), the ribosomal
S6 kinase (p70RSK), protein kinase G as well as protein kinase B, D, and G [59, 63, 68]. The kinases
differ in their specificity towards particular serine residues, e.g. MAPK can only phosphorylate Ser15,

whereas MK2 and MK3 can modify all three [69].

Contrary to its bigger counterparts (e.g. HSP70/HSP90), HSPB1 does not tequite ATP for its
function [70]. sHSPs, although not able to refold proteins without the help of factors like HSP70, are
crucial components of the proteostasis system, because they are capable of preventing the aggregation
of misfolded or damaged proteins [70]. If refolding fails, HSPB1 can also enhance proteasomal
degradation [71]. Initially, HSPB1 was considered to be only present upon induction via heat shock,
but recent studies revealed, that exposure to several stressors can drive expression. Experiments with
the murine homologue heat shock protein 25 show that the expression is also dependent on cell type
and differentiation status [56, 72]. Several factors responsible for initiating transcription were found,
among them were activating transcription factor 3 and 5, heat shock factor (HSF) 1, and HSF2.
Which of these factors participates in activation depends on the type of stressor and the cellular

context [73-70].

Apart from preventing aggregation, HSPB1 is important in many cellular processes. It exhibits anti-
apoptotic functions by inhibiting the activation of procaspase-3 and counteracting tumor necrosis
factor o induced apoptosis. It also plays a role in the remodeling of the cytoskeleton, and, when
mutated, was shown to cause problems during axonal transport [77-81]. The importance of proper
HSPB1 function can also be appreciated in several disease settings. Mutations in the HSPB1 gene
result in inherited neuropathies, most prominently in Charcot-Marie-Tooth Disease 2 [77]. Further,
overexpression has been associated with cancer by e.g., elevating epithelial-mesenchymal transition
(EMT) or modulating the Salvador-Warts-Hippo pathway, which in turn leads to higher invasiveness

or overall tumorigenesis [82, 83].

1.1.1.4  Chaperones in disease
The ample processes molecular chaperones are part of require strict regulation which in aging and

diseases are subject to errors [84, 85]. As discussed later in Protein folding affected by ALS

mutations, chaperone dysfunction contributes to disease progression in amyotrophic lateral sclerosis
(ALS), which is also true for other neurodegenerative diseases such as Alzheimer’s (AD) and

Parkinson’s (PD) disease [84].
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AD is known to be one most common causes of dementia and can be characterized by two major
characteristics: extracellular amyloid plaques and intracellular neurofibrillary tangles [86]. The former
mainly consists of amyloid B (AB) peptides, which result from the amyloidogenic processing of the
amyloid precursor protein (APP) by y-secretase. APP is a transmembrane protein that is consecutively
cleaved by two proteases to produce sAPPB (secreted amyloid precursor protein ) and AB, with
variable lengths ranging from 37 to 43 amino acids [87, 88]. Longer species such as ABspand ARy are
prone to aggregation and represent the major constituents of amyloid plaques [89]. Neurofibrillary
tangles, on the other hand, consist of abnormally phosphorylated tau, a protein that under normal
conditions is involved in the assembly and stability of microtubules [90, 91]. Hyperphosphorylation
leads to misfolded phospho-tau that aggregates within the cytoplasm, contributing to neuronal death
[90, 92]. As discussed, chaperones often play a beneficial role in neurodegenerative diseases. HSP70,
for example, can degrade tau and AB-oligomers via the UPS and was further shown to bind APP and
interfere with the secretory route of APP, thereby reducing the formation of AB [93]. How HSPs
interfere with AB-aggregation is not fully determined yet, nonetheless, there are two proposed
mechanisms, either favoring an ATP-independent sequestration of misfolded amyloid or an ATP-
dependent conformational change of A, resulting in reduced aggregation [94]. While HSP70 is
considered protective in AD, HSP90’s role is not as clear since it was implicated in exacerbating the
hyperphosphorylation of tau [95]. As discussed earlier, HSP90 is involved in the maturation of several
kinases [96, 97]. Therefore, inhibiting HSP90 in AD mouse models or mouse models of other tau-
related diseases, so-called tauopathies, results in a reduction of Cdk5 tau kinase activity and a

concomitant decrease in phospho-tau [95].

Other proteinopathies also display characteristic misfolded proteins that are associated with disease
progression. PD, for instance, is defined by a loss of dopaminergic neurons in the substantia nigra
[98]. Although no definite cause was found yet, many patients show an accumulation of a-synuclein,
which is the main component of Lewy bodies (LB). LBs are intracellular filamentous inclusions, that
were linked with neuronal cell death in PD [95, 99]. Hence, reducing a-synuclein aggregation would
be beneficial for patients. Overexpression of HSP70 in human neuroglioma cells resulted in a 50%
reduction of a-synuclein [100]. Additional research has shown that HSP70 can block a-synuclein
oligomerization by an ATP-independent mechanism [101]. On the other hand, HSP90 was found to
co-localize with a-synuclein in LB. In PD brains elevated HSP90 levels also correlated with increased
insoluble a-synuclein [102]. In line with these observations, the inhibition of HSP90 prevented a-

synuclein oligomer formation and reduced toxicity [103].
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Apart from neurodegenerative disorders, HSPs can have a strong impact on various other diseases,
including inflammation, viral infections as well as cancer. In cancer, HSPs play a part in tumorigenesis
since higher translation rates and an abnormal metabolism are common characteristics for most types
of cancer. Both factors increase the need for a well-functioning protein quality machinery, that can
be described as non-oncogene addition [104]. Therefore, despite not being oncogenes themselves,
some HSPs are known to be associated with overall reduced survival of patients. HSP9OAA1 and
HSP90ABI, for instance, were associated with a significantly lower life expectancy in patients with
breast, cervical, and lung carcinoma and were found to be elevated in 17 of 21 tumors analyzed in
this study. However, this does not hold true for all cancer types, since in renal clear cell carcinoma
and ovarian cancer the opposite effect could be observed. Here, increased HSP90 levels were linked
to improved overall survival. Similar inconsistencies can be seen with HSP70 since its overexpression
does not always coincide with reduced overall survival. Its influence heavily depends on the type of
cancer as well as the HSP70 family member involved. One representative is the ER-localized 78 kDa
glucose-regulated protein (GRP78), which was found to be overexpressed in 18 out of 21 major
human cancers. In three of those, namely bladder, glioblastoma, and liver cancer, the overexpression
was associated with poor overall survival in addition to showing a shorter disease-free survival in
bladder cancer and squamous cell lung carcinoma. Contrary to GRP78, HSP1A showed elevated
levels, that were beneficial in renal clear cell carcinoma. In summary, cancers usually overexpress at
least one HSP70 family member, which in eight cancer types was also indicative of lower overall
survival. The inverse effect was observed upon HSP70 knockdown. In several types of cancer, a

reduction in cancer cell growth, migration, and tissue invasion was observed [104].

1.1.2  Ubiquitin Proteasome System

1.1.2.1  Ubiquitination cascade

Ubiquitination is an intricate ATP-dependent, cellular mechanism that requires three different types
of enzymes, first a Ub-activating enzyme (E1), second a Ub-conjugating enzyme (E2) and third, and
a Ub ligase (E3). After the initial, ATP-dependent activation of Ub by the E1 enzyme a thioester is
formed on the E1, which is then transferred to an E2. From there the Ub is attached to the
corresponding substrate, either indirectly by E3- really interesting new gene (RING) ligases in
conjunction with an E2 enzyme or directly as is the case for Homologous to the Eo6-
AP Carboxyl Terminus (HECT)- and RING in between RING (RBR)-E3s. The differences in Ub
chain architecture are dependent on the specific E2 or E3 enzymes involved in the transfer [105,

106].
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Figure 3: The role of different E3-ligases in ubiquitination.

Protein ubiquitination requires the activation (E1-activating enzyme) of ubiquitin, its subsequent conjugation
(E2-conjugating enzyme), and its transfer to the substrate with the help of an E3-ligase. Depending on the
ligase, ubiquitin is eithet transferred to an acceptor directly via the E3-ligase (HECT/RBR) ot by the E2-
enzyme with the assistance of a RING-ligase. This process can be repeated to yield a polyubiquitin chain. E1,
El-activating enzyme; E2, E2-conjugating enzyme; E3, E3-ligase; Ub, Ubiquitin; Acptt, acceptor. Adapted
from Woelk et al. [107].

Once Ub is attached to a substrate there are several ways forward. Ub can exhibit regulatory
functions, it can be removed or signal the degradation of targeted proteins by the proteasome. The
removal of Ub is performed by proteases called deubiquitinases (DUBs), which are either cysteine
proteases or metalloproteases that can cleave the isopeptide bond in a hydrolysis reaction. There are
six superfamilies of DUBs, each of which can harbor specific domains responsible for isopeptide
cleavage [108]. Degradation, on the other hand, relies on the 26S proteasome, a structure that is
comprised of the 20S core subunit and the 19S regulatory cap [109]. The 20S core particle is

composed of two different types of subunits the alpha subunit, relevant for structure, and the beta
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subunit with predominantly catalytic features [109-111]. Shuttling factors, such as homolog of
Rad23A/B, ubiquilins, and Protein DDI1 homolog 1/2 can bind ubiquitinated proteins and transport
them to the proteasome. Subsequently, Ub is recognized by receptors and removed by DUBs [112,
113]. Next, the protein is unfolded, which requires ATP hydrolysis by the 19S ATPase subunit, and
translocated into the catalytic chamber of the core subunit. There it is degraded into short peptides
through a threonine-dependent nucleophilic attack and the remaining short peptides are subsequently

released into the cytoplasm [110, 111].

11.2.2  Ubiquitin

Ubiquitin is a very stable, 76 amino acid long protein [105]. It is highly conserved from yeast to
human with only three conservative changes to its sequence [2]. It adopts a B-grasp fold with a flexible
C-terminal tail which is used to attach the initial Ub to proteins [114]. Though its overall
conformation is quite tigid, the 31/82 loop shows enough flexibility for Ub-binding proteins to bind
[115]. Moreover, Ub possesses a hydrophobic surface that is essential for its recognition by proteins
with ubiquitin binding domains (UBDs). This surface can be subdivided into hydrophobic patches
centered around Isoleucine 44 (Ile44), Isoleucine 36 (Ile36), and Phenylalanine 4 (Phe4) [116-119].
The patch around Ile44 (Leucine (Leu)8, His68, Val70, Ile44) can be bound by most UBDs,
proteasomes and is essential for cell division [116]. The second patch around Phe4 (glutamic acid
(Glu) 2, phenylalanine (Phe) 4, Threonine (Thr) 14) can interact with ubiquitin binding in ABIN and
NEMO domains (UBAN domains) and ubiquitin specific protease domains (USP domains) of certain
DUBs [120, 121]. Further, through structural differences, this patch helps DUBs distinguish Ub from
other ubiquitin like proteins (UBLs) such as Neural precursor cell expressed developmentally down-
regulated protein 8 (NEDDS) [122]. The last hydrophobic patch is located around 1le36 (including
Leus, Ile36, Leu71, and Leu73) and mediates the interactions between Ub molecules in chains [2]. It
can interact with HECT-E3s, DUBs, and UBDs [120, 123, 124]. Apart from the hydrophobic
structures, Ub harbors a TEK-Box (Lys6, Lys11, Thr12, Thr14, Glu34), a motif that is required for

mitotic degradation [125].

The main features of Ub, however, are its seven lysine (K) residues (K6, K11, K27, K29, K33, K48,

K63) and the N-terminal methionine that are distributed on all sides of the protein [2].
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1.1.2.3  Ubiquitin chain architecture

Proteins can be either mono-, multi-monoubiquitinated or polyubiquitinated. Each of these
modifications can serve a different purpose in the cell. Monoubiquitination, for instance, was linked
to protein sorting, trafficking, and other regulatory functions [126-128]. Polyubiquitination can also
occur on each of the lysines and the N-terminal methionine (M1) of Ub, yielding either isopeptide-
or M1-linked chains, respectively [119, 129]. Linkages assembled on Ub-lysines can have a variety of
forms, namely homotypic, mixed, and branched, resulting in a complex Ub code. This code is further
expanded by additional modifications such as acetylation, phosphorylation, and neddylation of Ub
and its chains as well as the attachment of small ubiquitin like modifiers (SUMOylation) (Figure 4).
Even combinations of SUMOylation and ubiquitination on the same chain can be found, adding
another layer of complexity (Figure 4). Hence, it is not surprising that, despite some well-studied

linkage types (K48 and K63), other linkages still need extensive exploration [119, 130].
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Figure 4: Ubiquitin code.

The number of processes regulated by ubiquitin gives rise to a complex code comprised of different linkage
types, post-translational modifications as well as other UBLs NEDD8/SUMO). Depending on which
ubiquitin linkage type (K6, K11, K48, K063, etc.) is used to elongate the Ub chain, homotypic, mixed, or
branched ubiquitin chains can occur. By further adding UBLs or other PTMs even more diverse signals can
be created. UBL, ubiquitin-like proteins; P, phosphorylation; Ac, acetylation; Ub, ubiquitin; K, lysine; PTM,
post-translational modification. Adapted from Swatek et al. [119].

K48-linked ubiquitination is the most dominant one in cells (50% of overall ubiquitination) and

known to target proteins for 26S-proteasomal degradation [119]. It was considered to be the only
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proteasomal degradation signal, however, recently other Ub species, such as K11 polyubiquitin chains
were also shown to induce proteasomal clearance [125, 131]. Another very abundant type of
ubiquitination is K63. It participates in various regulatory functions, with roles in trafficking,
endocytosis, innate immunity, and also nuclear factor kappa B signaling [119]. Some of these roles
are shared with other more atypical types of Ub chains. K33-chains for example are supposedly
involved in post-Golgi trafficking, while K11 has been linked to endoplasmic-reticulum-associated
protein degradation (ERAD) and membrane trafficking [132-134]. Other atypical linkages were
associated with deoxyribonucleic acid (DNA) damage response after UV stress (K6 and K33) or
implicated in autophagy initiation and mitochondrial homeostasis (K6) [135, 136]. Since the
corresponding UBDs, DUBs, or E3s for many of these linkage types are still unknown more research

has to be conducted to further dissect Ub’s functions in the cell.

1.1.2.4  Ubiquitin E1 activating enzyme

The ubiquitination process starts with the binding of ATP to the respective E1, followed by the
transient binding of Ub or other UBLs, such as NEDDS8 or human leukocyte antigen-F adjacent
transcript 10 (FAT10) [137-139]. The glycine carboxy group of Ub attacks the a-phosphate of ATP
leading to the formation of an acyl-phosphate anhydride bound between Ub and AMP. This species
is non-covalently bound to the E1 enzyme, which allows the thiol of the active site cysteine to start
a nucleophilic attack toward the activated Ub glycine. This leads to the formation of an energy-rich
E1~Ub thioester (Figure 3). To enable proper downstream transfer of Ub, the cycle is repeated with
an additional Ub that associates with the E1 enzyme without being covalently attached. Following
activation, the E2 enzyme is bound non-covalently to allow the transfer of Ub to the E2-conjugation
enzyme in a trans-thiolation reaction allowing the E1 enzyme to start a new cycle [137, 140]. Until
recently the only known E1 enzyme was Ubiquitin like modifier activating enzyme 1 (UBA1), with
its two isoforms UBAla and the shorter UBA1b, which is missing the nuclear localizing sequence,
important for translocation during the cell cycle [141]. Ubiquitin like modifier activating enzyme 6
(UBAOG), a second ubiquitin E1 was found more recently but is thought to only be relevant in a subset
of proteins. Since there are only two El-enzymes in the cell, both of them are essential and deletions

of either UBA1 or UBAG are lethal [140-143].
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11.2.5 E2 conjugating enzymes

Following Ub activation and the formation of a thioester on the E1 enzyme, Ub is transferred to an
E2 enzyme. This transfer is accomplished by structural rearrangements of the E1 enzyme dependent
on Ub binding [144-146]. After exposing a negatively charged groove, the E2 enzyme can bind to the
E1 enzyme, leading to a trans-thiolation reaction that yields an E2~Ub conjugate. It is noteworthy,
that E2 enzymes bind pootly to unbound Ub or unloaded Els compared to loaded enzymes [146,

147].

Overall, there are 38 human E2 enzymes. Four E2 enzymes work with other UBLs, five lack a
catalytically active cysteine and one is only capable of Ub conjugation to cysteine but not lysine
(Ubiquitin-conjugating enzyme E2 L3) [148-150]. The majority (28 E2 enzymes) however, are
involved in Ub transfer in one of the following ways [133]. E2 enzymes can load HECT or RBR E3s
with Ub in a trans-thiolation reaction [151]. This enables the formation of Ub chains following the
specificity of the respective E3 (Figure 3) [133, 152, 153]. Alternatively, E2 enzymes can also directly
function as chain-elongating enzymes, thereby defining the linkage type. This can either be achieved
by using intrinsic properties, such as acidic residues, in the case of ubiquitin-conjugating enzyme E2
S or by employing auxiliary proteins, as shown for ubiquitin-conjugating enzyme E2 N. This protein
uses an E2-like subunit called ubiquitin-conjugating enzyme variant 1/ variant 2 to assemble K63
chains by positioning the Ub in the right orientation. There are several more examples of Ub chain

building E2s that can assemble K48, K11, or K63 chains [151].

Additionally, E2s can bind to a class of proteins called RING E3s, which help E2 enzymes to target
lysins for Ub transfer in an aminolysis reaction (Figure 3) [151, 154, 155]. Notably, E2s which are
important for the elongation of Ub chains, require a priming event, the initial conjugation of an Ub
moiety to the substrate, to fulfill their function. Priming and chain elongation require two different
types of E2 enzymes. The attachment of the first Ub, as well as monoubiquitination, usually requires

the joint activity of an E2 and an E3 enzyme [156-158].

Which of these possibilities is employed depends on the domain structure of the respective E2. There
are four different classes, which all share a 150 amino acid spanning ubiquitin conjugating (UBC)
domain and in most cases, an active site cysteine but vary in size and the number of extra domains

[159].

Due to their flexible C-terminus, E2~Ub conjugates can adopt various conformation states [160].

Open conformations are beneficial for the trans-thiolation of HECT (e.g., NEDD4L) or RBR E3s
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[123, 151, 161]. In fact, HECT E3s trap Ub in an open state to allow for specific Ub transfer towards
cysteine and hinder the transfer of Ub to a lysine [151, 162].

Contrasting this, E2~Ub conjugates that bind RING E3s stabilize the closed state conformation of
Ub, as seen in several crystal structures [155, 163, 164]. E2/E3 complexes have a low binding affinity
towards each other unless Ub is conjugated to an E2. In this state, E2~Ub/E3 complexes are mote

reactive towards lysine, resulting in enhanced aminolysis of substrate proteins [149, 151, 165].

1.1.2.6  E3 Ubiquitin- ligases

There are 600 — 1000 different human E3s either targeting Ub or UBLs to proteins which can be
differentiated according to their domain topology as well as their mode of action [165, 166]. While
HECT and RBR ligases directly transfer Ub to the acceptor proteins, RING E3s are more or less
working as co-factors by binding the substrate and the E2~Ub conjugate to allow for Ub transfer

between E2~Ub and the acceptor protein [167].

11.2.6.1 HECT E3-ligases

The HECT E3-ligase subfamily shares a conserved cysteine, located in the 350 amino acid long
HECT domain, that is essential for the formation of the thioester [168]. In experiments using
fragments of HECT E3s, the HECT-only fragment was able to mediate E2 binding and
ubiquitination, whereas AHECT fragments were not. However, AHECT mutants could still bind

downstream substrates [169-172].

How exactly linkage specificity is determined is not completely understood yet, but according to
domain swapping experiments, the last 50 residues at the C-terminus are sufficient to change the
specificity of a HECT E3 from K63 to K48, indicating that the HECT domain is fundamental in
determining chain architecture [152]. HECT-containing proteins can build a variety of chain types as
demonstrated by the E3 ubiquitin-protein ligase Itchy homolog, which can produce K27, K29, and
K33 linked chains in vivo, while others such as E6-AP can only produce K48 chains [133, 152, 173-
176].

1.1.2.6.2 RBRligases
RBR ligases are comprised of a RING1 domain that is linked to a RING2 domain via an “in-between-
RING” (IBR)-domain and two linkers. Together they coordinate two zinc ions that are important

for domain structure. RBR E3s employ a mechanism similar to HECT E3s to modify downstream
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targets with Ub. To this end the RING1 domain, which has a strong resemblance to the canonical
RING domain of RING E3s, associates with an E2~Ub conjugate and stabilizes it in an open
conformation [153, 177, 178]. This process facilitates the trans-thiolation reaction towards the
cysteine residue within the RING2 domain, resulting in a RING2~Ub. Subsequently, the Ub can be
attached to a substrate. While it is commonly accepted that RBR ligases determine the linkage type
they confer, the underlying mechanism remains unclear [133, 149]. The linear Ub chain assembly
complex, for instance, is the only RBR ligase that produces M1-linked chains exclusively [179]. Other

RBRs, such as Parkin are more promiscuous regarding their chain specificity [180, 181].

1.1.2.6.3 RING-type E3 ligases

Another group of E3s is defined by the presence of a RING domain or an analog RING-type domain.
The majority of E3s in the cell are RING E3s, with roughly 616 potential family members expressed
in human cells [165]. The canonical domain consists mainly of cysteines, interspersed with histidine
(His). It harbors a fairly conserved spacing, that can vary between residue three-four and six-seven,
as seen in the consensus sequence: Cys-X2-Cys-X(9-39)-Cys-X(1-3)-His-X(2-3)-Cys-X2-Cys-X(4-
48)-Cys-X2-Cys (X is any amino acid) [182]. Some proteins do have slight variations in this sequence,
one of them being E3 ubiquitin protein ligase RBX1 (RBX1). In these proteins, some of the critical
residues seen in this consensus sequence are changed to aspartyl, with so-far unknown effects on
their function [165, 183]. Independent of these variations, the RING domain coordinates two zinc-
ions, which are crucial for the cross-brace structure that the domain adopts, giving rise to a groove

that can be bound by E2s [172, 184].

Other domains, so-called RING-type domains, take on structurally similar shapes. Among these are
the B-box, which can be found in the TRIM subfamily, as well as the U-box. Both can mediate
ubiquitination, however, U-box proteins, in contrast to B-box proteins, can recruit E2s. Furthermore,
U-box proteins do not coordinate zinc, instead, they possess conserved charged and polar residues
that built a network of hydrogen bonds to recapitulate the structural features of the RING domain

[185-187].

RING E3s can have their substrate and E2~Ub binding site both within the RING domain,
separated in different domains of the ligase, or if they are part of a dimeric or multimeric complex
separated into different proteins. The distinct mechanism of how E3s mediate ubiquitination is still
not elucidated completely. There was no direct catalytic activity and no thioester intermediates

observed in E3s, independent of the configuration of the RING domain [165, 188, 189]. It is still
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debated as to whether RING E3s are merely scaffolds allowing for the proximity of E2~Ub moiety
and the substrate or whether significant structural rearrangements are taking place [165]. Some
experiments substantiated that proximity is not sufficient to allow transfer and that E2~Ub flexibility
played an important role in activity [190]. However, other studies showed that binding of E2~Ub to

RING E3s reduces the E2’s flexibility which results in a closed conformation [155, 163, 164, 191].

For bigger complexes such as Cullin-RING-ligase (CRL) complexes, a distance of 50-60 A between
the substrate and the E2~Ub thioester was observed. Considering that the accessibility of a particular
lysine is considered an important factor for ubiquitination, this would exclude a productive reaction,
unless major conformational changes occur [165, 192]. The type of ubiquitination is determined by
the E2 enzyme for most of the E3 RING ligases although some RING-ligases harbor UBDs, which
may orient Ub for a specific lysine attack which would influence chain specificity [133]. As is known
for several types of E3s, the initial ubiquitination of any lysine is the rate-limiting factor since the
subsequent elongation of the Ub chain is significantly faster [193, 194]. The two types of
ubiquitination can be achieved by separate or the same E3 [165]. For example, UbcX promotes mono
and oligo-ubiquitination on substrates of the anaphase-promoting complex/Cyclosome (APC/C),
while Ubc4 assembles long chains subsequently [195]. Furthermore, E3-RING-ligases are capable of

auto-ubiquitination [172].

1.1.2.6.3.1 Cullin-RING-ligases

RING domains can be found in single-subunit proteins or as part of multi-subunit complexes, which
also include CRLs. Their modular build and interchangeable subunits enable Cullin-RING ligases to
regulate a multitude of proteins by ubiquitination, rendering them crucial for almost all aspects of
cellular functions. In humans, six canonical Cullins are serving as scaffolds (CUL1, CUL2, CUL3,
CUL4A, CUL4B, and CULS5) for the other complex components [196]. Additional complex
constituents are a RING ligase, either RBX1 (CUL1-4) or RBX2 (CULS5), and a substrate receptor
(SR), that is either directly associated with the respective Cullin or binds via an adaptor protein.
CUL1/ 2/ 4 and 5 use adaptor proteins to bind SRs, whereas CUL3 uses a single complexed substrate
binding protein [196, 197]. CUL1 interacts with the S-phase-kinase-associated protein-1(SKP1) to
build a functional complex with F-box proteins, whereas CUL4 is linked with DNA damage-binding
protein 1 (DDB1) to form DDB1- and CUL4-associated factor 1 (DCAF)-DDB1 complexes for
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substrate engagement [183, 198-201]. CUL2-RBX1 and CUL5-RBX2 share the multiprotein adaptor
EloBC consisting of Elongin B and C, which in turn can bind to BC-box proteins [196, 202-204].

On the other hand, CUL3-RBX1 is in a complex with BTB-3-Box domain containing protein dimers,
that combine both features of SKP1 and its F-box binding partners in one protein [205-209]. The
canonical CLRs bound to their respective SR are structurally homologous which is also reflected in
the binding of the SRs to Cullins via a helix-turn-helix motif in e.g., F-Box or BC-box [183, 204, 209,
210]. Further, most of the SRs have other substrate recruiting domains close to this motif (e.g.,
WD40, SH2, or Kelch). To standardize the labeling of specific complexes, the name of the CRL is
combined with the SR in superscript (CRLxSR, whereby x is the number of the Cullin). When a
specific substrate-adaptor excludes other Cullins, e.g., SCFFbex (SKP1-CUL1-F-box), the number of

the CRL is not mentioned.

Cullins have a size of roughly 100 kDa and contain multiple protein binding domains at their N- and

C-terminus, which are crucial for the assembly and activation of the complex [196].
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Figure 5: The different types of Cullin-Ring-Ligases.

CRLs are multi-subunit proteins with different configurations. The basic components include a scaffold
protein (Cullin), an adaptor protein (SKP1, DDB1, ELOB/C), a substrate binding protein (F-box,
BC/SOCS, DCAF), an E3-ligase (RBX1) and an E2-enzyme~Ub conjugate. Complexes built on Cullin 3’s
have a substrate-binding protein that is fused with an adaptor protein (BTB). Ub, Ubiquitin. Adapted from
Wang et al. [211].

All known CRL complexes, need to be NEDDylated before they are capable of substrate
ubiquitination. NEDDylation, similar to ubiquitination, requires its own E1-E2-E3 cascade,

consisting of the NEDDS activating enzyme (NAE), a NEDDS8-specific E2 and an E3 complex
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including DCN (defective in Cullin NEDDylation) or DCN-like proteins as well as other factors
[212].

The Ubiquitin-conjugating enzyme E2 M (UBE2M) is responsible for the NEDDylation of RBX1-
CUL complexes, whereas Ubiquitin-conjugating enzyme E2 F can NEDDylate RBX2-CULS5 as well
as RBX1-binding complexes [213-2106]. The final step of NEDDS transfer to the respective Cullin
involves the action of RBX1, which activates the UBE2M~NEDDS intermediate in a canonical
RING-E2~Ub fashion. Then, in a concerted action, DNC1, RBX1, and E2~NEDDS transfer
NEDDS to the respective lysine situated in the winged-helix B (WH-B) domain of CUL1 or Cullins
in general [196, 213-216]. The WH-B domain can be found at the C-terminus of Cullins. They also
harbor a four-helix bundle (4HB), a WH-A domain, and a beta-sheet structure, that interacts with an
N-terminal segment of RBX1. Furthermore, 4HB connects the N- and C-terminus leading to an
organized C-terminal domain that can position the RING-domain of RBX1 into a groove [183, 196].
Since CRLs are highly abundant and regulate a plethora of processes, their composition and activity
have to be tightly regulated. Therefore, CRLs can be bound by the deneddylating multiprotein COP9
signalosome (CSN) or the SR exchanging protein Cullin-associated NEDD-8 dissociated (CAND)1
[217].

CAND1 engages the whole N-terminal domain of Cullins, which consists of three tandem Cullin
repeat domains (CR1, CR2, CR3) as well as the 4HB domain discussed earlier [183, 196]. Notably,

the interaction with substrate receptors only requires the CR1 domain [183, 196, 218].

The presence of a substrate bound to the SR, paired with the NEDDylation status of the CRL,

determines whether CSN or CAND1 are co-recruited to the complex [196].

CSN  consists of eight core subunits (CSN1-8) of which CSN5 contains a JAMM
(JAB1/MPN/Mov34 metalloenzyme) metalloprotease active site [219, 220]. In case CSN can access
the SR, it can deneddylate and thereby deactivate CRL complexes utilizing structural rearrangements
to access the WH-B domain and cleave the isopeptide bond [217, 221-224]. Association of the CSN
to the CRL requires the SR to be free from ubiquitination targets since the substrates would sterically
hinder CSN1 from binding to the substrate receptor [217, 225]. Another layer of CRL regulation is
added by CAND1, which usually binds non-NEDDylated, SR-free Cullin-RBX complexes in vitro
and cells. The interaction is enabled by CAND1’s C-terminus, which binds the NTD of CUL1, and
its N-terminus which engages RBX1’s RING and CUL1’s WH-B domain. The binding of the WH-
B domain obscures the conserved lysine, thereby inhibiting NEDDylation. Interestingly, CAND1’s
CTD also blocks the CR1 domain, further preventing the binding of other SR modules. These
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structural features allow CAND1 to perform the exchange of substrate receptors in forming or steady

state CRL complexes [196, 218].

Once a fully assembled NEDDylated CRL complex binds to an E2~Ub and a substrate is present,
Ub transfer can occur. As discussed earlier, E3 RING ligases, bind E2~Ub conjugates and usher
them into a closed conformation for Ub transfer to a RING-bound substrate. For CRLs a similar
transfer mechanism is proposed, however, how the distance between the substrate and the E2~Ub
was bridged was unclear until recently. Experiments showed, that massive rearrangements of the CRL
complex allow the intermediate RING-E2~UDb to orient their conjugated Ub towards the SR bound
substrate, which is possible because of a specific positioning of NEDDS in an intermediate state

called “loop-out” conformation [226, 227].

1.1.2.6.3.2 SCF complex components and function

The CRL complex relevant for this work is the SCF complex, consisting of an RBX1 that is attached
to the C-terminus of the scaffold protein CUL1, while the adaptor protein SKP1 binds to its N-
terminus [183, 198, 228]. In turn, SKP1 can bind different F-box proteins that subsequently recruit
specific ubiquitination targets [229, 230]. The binding interface between SKP1 and the F-box was
determined in a ctystal structure utilizing Skp1 and Skp2/FBXL1. These proteins displayed a binding
surface, consisting of a triple-helix motif present in F-box domains bound to a shallow pocket in
SKP1. This results in a heterodimer which continues into a hydrophobic stretch, that is formed by
highly conserved F-box residues and Skp1 [183]. Additional electrostatic properties orient the F-box
protein properly and thereby create a tight complex. Minor changes in the interaction surface e.g.,
mutations, do not abrogate the binding of yeast Skp1-Skp2. However, they result in disturbed
ubiquitination possibly due to altered, less beneficial positioning of the substrate [228, 231]. The type
of substrate that is recruited by the SCF complex is determined by the additional domains of the F-
box protein [232, 233]. Through the binding of a particular F-box a variety of cellular functions can

be regulated, ranging from cell cycle regulation and DNA damage to apoptosis [136, 234, 235].
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1.1.2.6.3.2.1 F-box proteins

The F-box domain is a roughly 50 amino acid long stretch, that mediates the binding to the substrate
adaptor SKP1 [230]. Additionally, F-box proteins (FBPs) are responsible for recruiting the desired
ubiquitination targets to the SCF complex. In almost all FBPs, this is mediated by three different
types of substrate binding domains, directly located C-terminal of the F-box domain. These domains
subdivide F-box proteins into three protein families, including a total of 69 FBPs. One subfamily,
which includes ten proteins, is called FBW/FBXW. It harbors an additional beta-transducin or WD40
repeat that adopts a B-propeller structure that can recognize phosphodegrons, allowing substrate

recognition and their subsequent ubiquitination [236, 237].

The second subgroup includes 22 proteins and is defined by Leucine-rich repeats (FBL/FBXL). This
a-B-repeat structure assumes an arc shape that also establishes substrate binding. Contrary to FBWs,
phosphorylation of binding partners is neither mandatory for FBL protein binding nor the only post-
translational modification that is present. FBPs were observed to interact with acetylated,
hydroxylated, and glycosylated proteins [106, 238]. FBXL proteins are implicated in multiple signaling
pathways, but mostly in the regulation of the cell cycle and the DNA damage response. SKP2 (also
FBXL1) bound to the SCF complex, for example, targets various cyclin-dependent kinase (CDK)
inhibitors (p21, p27, p57) as well as cell cycle regulators, namely c-myc or cyclin E for ubiquitination
and subsequent degradation [239, 240]. Additionally, the SCFSKP2 complex influences other crucial

pathways (AKT, mTOR, FOXO) by e.g., degrading key components such as FOXOT1 [241, 242].

The last family contains 37 proteins and was initially considered to have no additional domains, which
is why it was termed F-box only (FBXO/ FBX) [243]. Later analysis revealed that this family is more
diverse regarding additional domains. Most FBXO proteins possess at least one of various protein-
protein interaction domains. These include sugar hydrolases, so-called carbohydrate-interacting

(CASH) domains, cyclin boxes, Kelch repeats as well as several others [197].

This family of F-box-containing substrate receptors also covers a myriad of functions [230].
FBX/FBXO proteins play a role in neuronal differentiation, apoptosis, the cell cycle as well as the

immune system, and many other processes [244].
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1.1.3 Cyclin F

Cyclin F (also called FBXO1) is a member of the FBXO family and is therefore also part of the SCF
E3 ubiquitin ligase complex. CCNF, the gene encoding for cyclin F, was originally found in proximity
to the locus transcribing PKID1, a gene that is important in autosomal dominant polycystic kidney
disease. However, it was quickly determined to have no relation to the disease and identified as a
cyclin of unknown function [245]. At around the same time Richman and Elledge isolated cyclin F
from cdc4 mutant yeast as a suppressor of G1/S deficiency and thereby established a first link to cell
cycle regulation [2406]. They also described the fluctuation of cyclin F protein levels throughout the
cell cycle. During the S-phase cyclin F starts to accumulate, reaching its peak expression in G2 which
subsequently decreases in mitosis. Cyclin F is mostly localized to the nucleus, but can also be found
in the perinuclear area and to a lesser extent in the cytosol, associated with the centrosome or working,

for example, as a shuttle for cyclin B to the nucleus [246-248].

Cyclins usually bind to CDKs which in turn become activated and act as serine/threonine kinases to
advance the cell cycle [198, 231, 232, 249, 250]. However, even though cyclin F has a cyclin-box, it
does not bind any CDKs [198, 247, 251]. Instead, it was described to harbor an F-box domain, which
can interact with SKP1, linking it to the SCF complex outlined above. This F-box domain is located
at the N-terminus, close to one of two nuclear localizing sequences (NLS) [198, 246]. The second
NLS is located near a PEST region at the C-terminus [248]. PEST regions are amino acid stretches
comprised of proline, glutamic acid, serine, and threonine and are oftentimes associated with reduced
protein stability (Figure 6) [2406]. In several cases, cyclin F was shown to associate with its substrates
via a hydrophobic patch located in the cyclin domain. This domain interacts with an RxL. motif
present in substrates, similar to canonical cyclins, and mutations (e.g., M309A) in this motif lead to a
loss of binding [247, 252]. Cyclin F is essential in mice and cyclin F deficient murine embryonic

tibroblasts show severe cell cycle defects, further highlighting its importance [253].

CyclinF

Figure 6: Cyclin F domain structure.

Cyclin F consists of two nuclear localizing sequences (NLS) responsible for the protein's nuclear localization,
an F-box domain required for Cullin-Ring-Ligase (CRL) complex formation, a cyclin domain responsible for
substrate binding as well as a PEST domain, which is involved in protein stability.



23 Introduction

1.1.3.1  Functions of cyclin F and the SCFeyclin F complex

Similar to other F-box proteins, cyclin F engages in multiple cellular processes, some of which are
independent of the SCF complex. One of the first publications assigning it a specific function
described a direct interaction between cyclin F and cyclin B, whereby cyclin F acts as a nuclear shuttle
for cyclin B [248]. Another standalone function involves the binding of Myb-related protein B (B-
myb), a key player in transcriptional repression/activation of genes, regulating cell cycle progression
through the Gaphase. In case of DNA damage, cyclin F inhibits cyclin A-driven phosphorylation
and activation of B-myb by competitive binding [254]. Although cyclin F is not a typical cyclin it was
extensively linked to cell cycle regulation by degrading the transcriptional activators transcription
factor E2 (E2F)1, E2F2, E2F3a, and E2F7, thereby orchestrating crucial aspects of cell replication,

ranging from initiation to completion of the cell cycle [244, 255-257].

Furthermore, as part of the SCF-complex, cyclin F was shown to ubiquitinate CP110 (centriolar
coiled-coil protein of 110 kDa) during Gz-phase. This protein is vital for centriole formation and
duplication, which is why, to prevent centrosomal and mitotic abnormalities, its protein levels need
to be tightly regulated [247]. Cyclin F’s involvement in the preservation of nuclear integrity under
normal and stress conditions is also emphasized by the regulation of DNA damage response factors
such as Exonuclease 1 or RRM2 (ribonucleotide reductase M2). Further, cyclin F was shown to be
responsible for mitotic spindle formation by targeting several proteins including Nucleolar and

spindle-associated protein 1 [136, 244, 247, 249, 255, 258-261].

Another target called Fzrl (Fizzy-related protein homolog) is of particular interest because its protein
levels are linked with those of the SCFe¢linF complex. Fzrl is part of the APC/C complex, where i,
similarly to cyclin F, functions as a substrate receptor. APC/CF=! degrades cyclin F during G1-phase
and keeps protein levels low until late G1-phase, where cyclin F starts to accumulate, inverting the
situation by degrading Fzrl [262]. There are also other proteins involved in the degradation of
cyclin F during mitosis and G1. The SCF#TRCP complex, for instance, targets cyclin F for removal
upon phosphorylation by casein kinase II [263]. Many of cyclin F’s functions involve the cell cycle or
genome stability, which is why in recent years cyclin F has been implicated to be crucial in multiple
diseases. Several publications found that alterations in cyclin F protein levels are involved in
tumorigenesis and cancer progression [264, 265]. Furthermore, mutations in CCNF were found in

the context of the neurodegenerative disease ALS [266-268].
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1.1.4  Autophagy

Non-selective (bulk) and selective autophagy share many components. Nevertheless, the triggers
initiating selective autophagy as well as the receptors and proteins that are involved are different from
those in bulk autophagy. While selective autophagy, such as lysophagy is induced upon organelle
damage or similar processes, bulk autophagy can be regulated by mechanistic Target of Rapamycin
(mTOR)/5 AMP-activated protein kinase (AMPK) signaling. In general, mTOR complex 1
(mTORCY1) inhibits autophagy induction, however, upon activation of AMPK signaling, mTORC1
dissociates from Unc-51 Like Autophagy Activating Kinase 1 (ULK1) and allows for its
phosphorylation by AMPK [269]. ULK1 is part of a complex consisting of Autophagy-related protein
101 (ATG101), Autophagy-related protein 13 (ATG13), and FAK family kinase-interacting protein
of 200 kDa (FIP200) and potentially Unc-51 Like Autophagy Activating Kinase 2 (ULK2). However,
the contribution of ULKZ2, beyond providing signaling redundancy, is not clear. Through a series of
ULK1-dependent phosphorylation events the complex is activated, allowing it to trigger the
production of phosphatidylinositol-3-phosphate (PI3P) via the VPS34/Phosphatidylinositol 3-kinase
catalytic subunit type 3 (PI3KC3) complex. Also, it initiates the relocation of autophagy-related
protein 9 (ATGY)-containing vesicles required for the generation of the autophagosomal membrane
[269-277]. The VPS34 complex consists of the catalytic subunit VPS34 as well as the proteins
vacuolar protein sorting 15 (VPS15), Autophagy-related protein 14 L (ATG14L), and Beclin-1. This
complex produces a local pool of PI3P which initiates the formation of the phagophore via Zinc
finger FYVE domain-containing protein 1 (ZFYVE1/DFCP1) and WD repeat domain
phosphoinositide-interacting protein (WIPI) proteins [278-281]. The phagophore is the precursor of
the final autophagosome, which is created by the elongation and closure of the circular structure,
containing the engulfed cargo. One member of this family, WIPI2B is important for the recruitment
of the Microtubule-associated protein 1A/1B-light chain 3 (LC3) conjugation machinery. It binds
Autophagy related 106 like 1 (ATG16L1), a protein that together with Autophagy-related 12 (ATG12)
and Autophagy-related protein 5 (ATG5) forms a complex that enhances the ATG3-mediated
conjugation of Autophagy-related protein 8 (ATGS8) family members, including LC3, to
phosphatidylethanolamine (PE) present in the membrane [282]. Once ATG8 members are
conjugated to the membrane, other LC3-interacting region binding components involved in
autophagy and cargo recruitment can bind [283]. Furthermore, ATG8 family members are needed
for the elongation and closure of the phagophore membrane, which is called the autophagosome
[284, 285]. Lastly, this double-membraned structure fuses with lysosomes, which contain acidic

hydrolases that degrade the engulfed cargo, making its building blocks available for the cell [280].
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Figure 7: The autophagy machinery.

Autophagy can be initiated by several triggers such as AMPK. This leads to downstream phosphorylation
events activating the ULK1 complex. ULK1 once activated, leads to the recruitment of ATG9-vesicles and
the generation of PI3P by the VPS34 complex, which in turn can be bound by WIPI and DFCP1.
Additionally, WIPI proteins assist in building the ATG12 conjugation system thereby enhancing the
conjugation of LC3 (an ATGS8 family member) to PE in the membrane. The phagophore engulfs the cargo,
which requires autophagy receptors such as p62. During this process, the phagophore is elongated and
closed. The resulting structure is called the autophagosome. Finally, the autophagosome fuses with a
lysosome to form the autophagolysosome responsible for the degradation of the engulfed cargo. PE,
phosphatidylethanolamine. Adapted from Hansen et al. [287].

1.1.41 Lysophagy

Lysosomes are a hub for cellular homeostasis. Not only are they crucial compartments for cargo
degradation of endosomes, phagosomes, and autophagosomes, but also for metabolic signaling,
membrane repair, and migration [288]. Their low pH and the multitude of hydrolytic enzymes allow
lysosomes to degrade and release many cellular and extracellular components that can be recycled.
Damage of this compartment, if left unresolved, results in the leakage of hydrolases, nucleases, and
other degradative factors which can have a detrimental effect on cellular homeostasis, including

random degradation of cellular components, the production of ROS, necrosis, and apoptosis [289].

Lysosomal damage can occur by physical disruption of the vacuole membrane caused by certain types
of diseases. In the case of uric acid nephropathy, for instance, uric acid crystals form and rupture the
membrane. Damage to the membrane can also be observed after the pathogen escape from the

phagolysosome [290, 291]. Given the importance of lysosomal integrity, occurring damage has to be
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resolved quickly. To this end, the endo-lysosomal damage response gets triggered. There are three
branches, which are deployed depending on the severity of the occurring damage [292]. The first one
utilizes the endosomal sorting complexes required for transport machinery to seal smaller holes after
lysosomal membrane permeabilization. Afterward, lysosomes are restored to full functionality [293-
295]. The second branch is linked to mTOR signaling localized at the lysosome. Upon lysosomal
damage, mTOR dissociates from lysosomes and becomes deactivated, which leads to the
dephosphorylation of transcription factor EB (TFEB) and its activation. This allows TFEB to
translocate into the nucleus, where it induces the so-called coordinated lysosomal expression and
regulation gene network which is involved in the de novo biogenesis of lysosomes and lysosomal
components [292, 296-298]. However, if none of these approaches are successful lysosomes are

targeted for degradation by lysophagy.

One crucial trigger for lysophagy is the exposure of glycans such as -galactosides, which usually
reside at the inner lysosomal membrane, to the cytosol [299]. In this context, galectin-1, -3, -8, and -
9 are of particular interest, since they can bind to [-galactosides and trigger downstream
ubiquitination events [299, 300]. Interestingly, not all galectins overlap in their function, suggesting
more nuanced adaptations toward the type of inflicted damage. While galectin-8, for instance,
activates antibacterial autophagy and is crucial for inhibiting the growth of Salwonella typhimurinm,
galectin-1 does not recognize damaged endosomes or vesicles containing Salmonella [299]. Despite
these differences, galectins activate lysophagy by recruiting E3s to ubiquitinate damaged lysosomes.
Tripartite motif-containing protein 16 (TRIM16), for instance, has been attributed to the
ubiquitination of galectin-3 marked lysosome components, upon chemical or pathogen-induced
damage [301]. TRIM16 was also shown to serve as a platform for the recruitment of core autophagy
components. Of these, ULK1 and ATG16L (Autophagy) are modified with K63-linked Ub chains
which are known to stabilize autophagy regulators [301, 302]. Selective autophagy, similar to LC3 in
bulk autophagy, requires the recruitment of cargo receptors to enable proteins/organelle degradation.
In the case of lysophagy, Tax1-binding protein 1 (TAX1BP1), Sequestosome-1 (SQSTM1/p62),
Nuclear domain 10 protein 52 (NDP52), and Optineurin (OPTN) were reported to be recruited upon
different cues [298, 299, 303, 304]. OPTN, for instance, was found to be involved in the clearance of
lysosomes after a-synuclein induced damage, whereas NDP52 was shown to directly interact with
galectin-8 upon pathogen-associated damage to endomembranes [299, 303]. Apart from galectin-
associated E3s, there are F-box proteins such as FBXO2, FBXO6, and FBXO27, bound to the SCF
complex, that can recognize glycans and assist in their ubiquitination. FBXO2 and FBXO6 only

ubiquitinate Lysosomal-associated membrane protein (LAMP) 1 while the ubiquitination of LAMP2
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requires FBXO27 [304]. The list of identified E3s that are involved in lysophagy is not exhaustive
and other UPS components are yet to be deciphered. Nevertheless, Ubiquitin Conjugating Enzyme
E2 Q Family Like 1 (UBE2QL1), was confirmed to be essential in K48 ubiquitination of damaged
lysosomes. This further facilitates the recruitment of p62, LC3 positive membranes as well as valosin-
containing protein (VCP) [298]. The triple A-ATPase VCP can bind to K48-ubiquitin chains and
extract them from membranes, supposedly shuttling them for proteasomal degradation to prevent
the stalling of lysosomal engulfment [298, 305]. UBE2QL1-mediated modification also occurs at the
lumen of ruptured lysosomes, which also includes glycan-associated galectins [298]. Once the
lysosome is fully engulfed into the autophagosome, fusion with an intact lysosome takes place leading

to the degradation of the ruptured structure.

11.5 ALS-FTD

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are two fatal
neurodegenerative diseases, which appear as distinct maladies. However, they form a disease
continuum, sharing some of its pathomechanisms as well as clinical and genetic features [306].
Although overall progress was made by identifying common genes and mechanisms, this disease

spectrum remains uncurable [307].

1.1.5.1 Frontotemporal dementia

FTD is part of the frontotemporal lobe degeneration (FTLD) disease spectrum, the second most
common type of dementia in patients under 65 [308-311]. Arnold Pick described the first patients in
this disease spectrum in 1892, which led to the denomination Pick’s Disease (PiD) [312, 313]. This
particular subtype shows histological inclusions which were first described by Alois Alzheimer [314].
Nowadays PiD is classified as a subgroup of FTD, and evaluations show that Pick bodies, which
mainly consist of MAPT (microtubule associated protein tau), are present in around 10-30% of
sporadic FTD cases [311, 313]. Clinically, FTD can be subdivided into a behavioral variant, associated
with cognitive and behavioral changes, semantic dementia, and progressive non-fluent aphasia, in
accordance with the patient’s symptoms. All of these clinical manifestations are rooted in the atrophy
of the frontal and temporal lobes, with distinguishable patterns that can be attributed to each subtype
[315-317]. With progressive neurodegeneration, patients show a convergence resulting in severe
cognitive deficits. At this stage, people struggle with everyday tasks. Approximately eight years post

symptom onset, patients die from secondary infections or pneumonia [318].
ymp p ry p



Introduction 28

1.1.5.2  Amyotrophic lateral sclerosis

ALS was first described by Jean-Martin Charcot, as a motor neuron disease (MND), naming the
disease according to the symptoms he observed [319]. We now know that ALS is defined as a
progressive paralysis caused by the loss of upper motor neurons in the motor cortex and lower motor
neurons in the brainstem and spinal cord. Clinically, ALS presents itself with hyperreflexia, spasticity,
atrophy, and progressive muscle weakness. These initial symptoms may occur in one limb or show
themselves during swallowing. In later stages, the phenotype is exacerbated and bodily functions such
as speaking or chewing are impaired. Ultimately this progression results in respiratory failure and
death [320]. ALS is the most common motor neuron disease, with 2.1 new cases per 100.000
inhabitants a year and roughly 6.000 newly affected people in the US [321, 322]. Familial ALS (fALS)
accounts for 10% of cases, implying that most cases are sporadic (sALS). Interestingly, there is an
overlap of symptoms between ALS and FTD patients. In about 40-50% of the cases, ALS patients
exhibit some form of FTD symptoms [323, 324].

1.1.5.3  Genetic variations and pathology in ALS/FTD

ALS and FTD are part of one disease spectrum ranging from ALS-only symptoms, over mixed
pathologies, to FTD-only symptoms. So far, more than 50 genes were found to be attributed to
different manifestations of the ALS/ FTD disease continuum, covering a range of important cellular
functions [325-329]. While mutations in SOD1 (superoxide dismutase 1), FUS (fused in sarcoma), or
TDP43 (TAR DNA-binding protein 43/TARDBP), for example, are often found in ALS; MAPT,
PGRN (progranulin) and VCP (valosin-containing protein) mutations are common in FTD [330-
335]. SOD1 mutations are the cause of 12-20% of hereditary ALS cases, which are genetically passed
on in a dominant fashion [326, 329, 336]. The superoxide dismutase [Cu-Zn] is involved in the
clearance of reactive oxygen species in the cytosol and mitochondria. Therefore, mutations can cause
oxidative stress thereby deregulating cellular processes, such as protein degradation [328, 337, 338].
TDP43 and FUS, on the other hand, are both involved in RNA (ribonucleic acid) linked functions,
such as splicing or mRNA trafficking [339-342]. Both proteins have a nuclear localization and were
shown to shuttle between the cytosol and the nucleus [339, 343, 344]. Mutations in TARDBP, the
gene encoding TDP43, are linked to 5% of familial and 1% of sporadic ALS cases, respectively [329].
Similar values (4% in fALS, 1% in sALS) can be found for FUS, which, however, are more often

concurrent with juvenile onset of ALS [329]. A common feature of mutations in both genes is
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cytoplasmic localization, which on one hand leads to the loss of nuclear functions and on the other
to toxic aggregations of TDP43 and FUS in the cytosol [345-349]. In ALS, increased expression as
well as loss of TDP43, can play a causal role, whereby additional factors such as post-translational
modifications contribute to the disease [350, 351]. Lately, a liquid-liquid phase separation has been
proposed as an alternative pathomechanism for FUS-related neurodegeneration [352]. While
mutations in FUS and TDP43 can be found primarily in ALS, these pathological, cytosolic inclusions
are also occurring in FTD patients. TDP43 inclusions are present in 97% of ALS cases and also 45%
of FTD cases show these aggregates. Intriguingly, FUS inclusions are even more common in FTD

(9%) than in ALS (< 1%).

Although many aggregation phenotypes are shared within the spectrum, there are exceptions. Tau,
for instance, is a protein encoded by the MAPT gene, which is found in 45% of FTD inclusions but
is not commonly found in ALS. [330, 331]. As a microtubule associated protein, it is vital for
microtubule assembly and stabilization [331, 353]. Tau is also found to be aggregated in the brain of

Alzheimer patients and is the decerning factor for other tauopathies [354, 355].

VCP mutations, in contrast to MAPT, were not only reported for FID but also in ALS [334, 335].
The corresponding protein is the transitional endoplasmic reticalum ATPase, which belongs to the
AAA-ATPase family taking part in cell division, DNA repair, lysosomal homeostasis as well as Ub-
dependent protein degradation [356, 357]. Other genes associated with both ALS and FTD are
SQSTM1 and TBK1, both of which are also implicated in autophagy, despite having other functions
[358-361].

) 4 r
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Figure 8: Mutations in the ALS/FTD spectrum.

Selection of mutated genes associated with ALS-only (e.g., SOD1), FTD-only (e.g., PGRN), and mixed
disease phenotypes (e.g., C90tf72) on the ALS/FTD spectrum. ALS, amyotrophic lateral sclerosis; FID,
frontotemporal dementia. Adapted from Ling et al. [330].

However, the most prolific inducer of ALS/FTD is an expansion of a hexanucleotide repeat present
in the guanine nucleotide exchange factor C9orf72 (C9orf72) that is the genetic cause for

approximately 11% and 13% in all ALS and FTD cases, respectively [361-364].



Introduction 30

A GGGGCC (G4C2) repeat stretch present in the untranslated region of the gene encoding for
CY01f72 is usually present 20-30 times in healthy individuals [365]. Hundreds of these repeats can be
found in ALS patients, although some studies suggest, that as little as 24 repeats can be enough to
drive pathogenesis [362-364, 366]. Therefore, repeat length is not always a good predictor for the
observed clinical phenotype [367, 368]. Resulting from these changes in the C901f72 gene, three non-
exclusive disease-driving mechanisms are proposed. First, alternative splicing may lead to
haploinsufficiency, which would be associated with a loss of function mechanism. In support of this,
decreased levels of COORF72 were readily reported in patient brain tissues. Second, a gain of function
could be disease-relevant, for example, through the sequestration of RNA binding proteins (RBPs)
by long repeat RNAs and the subsequent formation of stable RNA foci. Thereby RBPs can no longer
execute their normal functions. Third, the production of dipeptide repeat proteins via Repeat

Associated Non-AUG translation can lead to their aggregation and toxicity in cells [369].

1.1.5.3.1 Overview of deregulated pathways and involved genes & neuro-inflammation

The molecular mechanisms causing ALS are not fully understood, however, several factors
contributing to the disease, such as oxidative stress, RNA toxicity as well as neuro-inflammation have
been identified. Among them are also a disturbance in protein homeostasis manifesting itself in
protein aggregation, altered chaperone function, and defects in autophagy. Protein homeostasis
encompasses everything from protein translation up to degradation and is crucial to maintain cellular
health. Upon stress, several coping mechanisms are initiated, including the unfolded protein response,
ERAD, and heat shock response. Interestingly, almost every process in this intricate system seems to

be affected in ALS in some way [370].

1.1.5.4  Protein folding affected by ALS mutations

In ALS, the chaperone system is disturbed, and crucial HSPs are mutated or sequestered. Several
studies using human cell lines established a link between important chaperones and aggregation-
prone ALS-linked proteins. Similar to TDP43, chaperones can also be found in ALS inclusions [370,
371]. In fALS-mimicking SOD1G93A mice, Hsc70 and Hsp90 were found in the insoluble fraction
[372, 373]. Mouse cells harboring the same mutation or the SOD1G85R mutation also exhibited
increased binding to molecular chaperones [374, 375]. Both of these results point to the sequestration
of chaperones and subsequent dysfunction of the system, which can also be seen in the SOD1G93A

mouse model. Here, a decrease in alpha(B)-crystallin and other chaperones are associated with faster
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disease progression [370]. Interestingly, a transgenic TDP43 Q331K mouse model shows a similar
decrease in Hsp70 and Hsp40, coinciding with a decrease in heat shock factor 1 (HSF1) protein levels,
a protein that is usually involved in the heat shock response. This finding suggests an additional layer
of dystegulation [377]. However, in contrast to a dectease in Hsp70/Hsp40, the changes in HSF1
levels could not be recapitulated in ALS patient brains [377]. Furthermore, knockdown of Hsp70 and
Hsp90 in neuroblastoma cell lines increased cytoplasmic TIDP43 species, prone to aggregation,

whereas activation of Hsp70 decreased TDP43 aggregation [378, 379].

Intriguingly, a study in fruit flies indicates that this is also true for FUS aggregates. Overexpression
of Hsc70 decreased FUS in the insoluble fraction [380]. The upregulation of chaperones may
therefore be a protective mechanism to reduce toxicity in ALS, as implied by an increase in heat
shock protein family B (small) member 1 (HspB1) and member 8 (HspB8) chaperones compared to
healthy controls. [381]. Nevertheless, chaperones may not only play a beneficial role in ALS.
Truncations in DnaJ homolog subfamily C member 7, the gene encoding for Hsp40, were also

reported in ALS [382].

11.5.5 Cyclin F in ALS

The number of reported disturbances of protein homeostasis in ALS suggests the involvement of a
malfunctioning UPS in disease progression. In line with these observations, overexpression of the
CCNF mutant S621G in SH-SY5Y and Neuro-2A cells was reported to cause elevated K48
ubiquitination levels and a downstream disturbance of autophagosome-lysosome fusion [383]. This
mutation, among others, was further analyzed in HEK cells and patient-induced pluripotent stem
cells where it was shown to cause an activation of apoptosis pathways, potentially via increased
cleavage of caspase 3 [384]. By overexpressing the S621G mutant of CCNF, this could be confirmed
in zebrafish [385]. Additionally, these zebrafish showed aberrant neuronal branching and reduced
motor function [385]. Other mutations in CCNF are less well characterized and distributed
throughout the gene, with no obvious clustering at functionally described sites, such as the cyclin- or
PEST-domain [267, 268, 386-388]. Nevertheless, for several of those mutations, an increased
ubiquitination phenotype was described which postulates a gain of function [383, 386]. Among those
hyper-ubiquitinated proteins was TDP43, one of the major inclusions in ALS-aggregates [380].
Additionally, the binding of cyclin F toward VCP is enhanced in N-terminal CCNF ALS-mutants
and drives increased VCP activity in some of those mutants, which in turn promotes cytoplasmic

aggregation of TDP43 [389].
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1.1.6 Methods

1.1.6.1  diGly profiling

Because of their volatile nature and constant rearrangements, post-translational modifications are
hard to pinpoint. Therefore, many different techniques have been developed, some of which also
help to determine if and where proteins are ubiquitinated. Taking advantage of the isopeptide bond
between the C-terminal glycine of Ub and the e-amino group of substrate lysines allows the
identification of ubiquitinated proteins and their specific sites. By trypsinizing the Arg-Gly-Gly
sequence, a remnant glycine-glycine (diGly) motif remains on the substrate, which can then be bound
by an a-diGly antibody to purify diGly modified peptides [390-393]. Using mass spectrometry to
identify these modified peptides enables the investigation of potential ubiquitination sites. This
approach is often paired with stable isotope labeling by amino acids in cell culture (SILAC) [394,
395]. Light (K0) and heavy (K8) lysine are utilized to label cells in cell culture and compare the relative
ubiquitination levels of specific sites in two conditions [396]. However, the diGly motif is not unique
to trypsinized Ub bonds, since it also occurs in two other ubiquitin-like modifiers after trypsin
cleavage, namely NEDDS and Interferon-stimulated gene 15 ISG15). In one study, ISG15 accounts
for only 17 diGly sites and is therefore negligible compared to the overall 720.000 diGly modified
peptides. NEDDS accounts for up to 25% of diGly sites after combined treatment with Bortezomib

(proteasome inhibitor) and USP2cc (recombinant DUB) [393].
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Figure 9: Remnant glycine-glycine (diGly) analysis of ubiquitinated proteins by mass spectrometry.
To assess differences in ubiquitination between the two conditions, samples are labeled with heavy or light
amino acids (in this case lysine) and mixed in a 1:1 ratio. Then they are further processed under denaturing
conditions to prepare them for immunoprecipitation with an anti-diGly antibody. After purification, the
proteins are analyzed via mass spectrometry. GG, glycine-glycine; K, lysine; KO, light lysine; K8, heavy lysine;
m/z, mass/charge. Adapted from Fulzele et al. [397].

1.1.6.2  Proximity proteomic profiling
The identification of stable protein-protein interactions benefited from readily available tools in the

form of affinity tags immunoprecipitations, that, coupled with mass spectrometry or immunoblotting,
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could provide a better insight into many pathways. However, more transient interactions are harder
to capture. Therefore, two methods for mapping the vicinity of proteins were developed over the
past years. The first one, referred to as BiolD, utilizes the promiscuous Escherichia coli biotin ligase
BirA fused to a protein that is subject to investigation. By providing biotin to the reaction, all lysines
within approximately a 10 nm radius are biotinylated and can be subsequently purified for mass
spectrometry analysis [398, 399]. However, labeling takes several hours, which tilts the analysis
towards more static proximity partners. The second approach deploys an ascorbate peroxidase
known as APEX or APEX2 (2 generation) that is fused to a protein of interest (POI) and
introduced in cell culture. These cells are provided with biotin-phenol for 30 minutes and
subsequently treated with H0> for only one minute, thereby creating a very short-lived biotin
phenoxyl radical that tags electron-dense side chains within a 20 nm radius [400, 401]. The short
hydrogen peroxide pulse creates a snapshot of the short-term environment of the POI,

supplementing missing information gathered from other approaches.
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1.2 Aim of the study

Degradation pathways such as the UPS system and autophagy are crucial for cellular integrity. The
UPS system is involved in the degradation of short-lived or damaged proteins and also regulates
several biological processes, including mitosis. Autophagy, on the other hand, is responsible for the
removal of larger structures such as protein aggregates and organelles. It is also known to be

responsible for nutrient availability during starvation.

Although much is known about both degradation processes, many details remain to be elucidated.
My Ph.D. will focus on finding new substrates for cyclin F and new proteins associated with
lysophagy after lysosomal damage. cyclin F is the substrate recognition module of the SCFedin FRING
ubiquitin ligase complex, a complex involved amongst other things in genomic stability and mitosis.
As cyclin F has been implicated in the motor neuron disease amyotrophic lateral sclerosis (ALS), the
main part of my Ph.D. thesis aims to identify novel substrates of cyclin F in neuron-like cells using
affinity-based immunoprecipitation approaches in wild-type and ALS-associated mutants of the
protein. In addition, together with our collaborators from the group of Hemmo Meyer, I intend to
use APEX-2-based proximity proteomics to investigate potential new interactors of Calponin 2, a

protein that regulates actin filaments to drive lysophagy after substantial lysosomal damage.
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ALS-linked loss of Cyclin-F function affects HSP90
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The founding member of the F-box protein family, Cyclin-F, serves
as a substrate adaptor for the E3 ligase Skp1-Cul1-F-box (SCF)~Y<i"-F
which is responsible for ubiquitination of proteins involved in cell
cycle progression, DNA damage and mitotic fidelity. Missense
mutations in CCNF encoding for Cyclin-F are associated with
amyotrophic lateral sclerosis (ALS). However, it remains elusive
whether CCNF mutations affect the substrate adaptor function of
Cyclin-F and whether altered SCF¥*“"F-mediated ubiquitination
contributes to pathogenesis in CCNF mutation carriers. To address
these questions, we set out to identify new SCFY'"F targets in
neuronal and ALS patient-derived cells. Mass spectrometry-based
ubiquitinome profiling of CCNF knockout and mutant cell lines as
well as Cyclin-F proximity and interaction proteomics converged on
the HSP90 chaperone machinery as new substrate candidate.
Biochemical analyses provided evidence for a Cyclin-F-dependent
association and ubiquitination of HSP90AB1 and implied a regu-
latory role that could affect the binding of a number of HSP90
clients and co-factors. Together, our results point to a possible
Cyclin-F loss-of-function-mediated chaperone dysregulation that
might be relevant for ALS.
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Introduction

Conjugation of ubiquitin (Ub) to proteins (i.e., ubiquitination)
controls many cellular processes by directing its targets to pro-
teasomal degradation or altering the functional properties of its
targets in a regulatory manner. These different outcomes are the
results of an intricate interplay between different types of Ub
modifications and their recognition by distinct Ub-binding proteins.
The complexity arises from the fact that proteins can be modified
either by single Ub molecules on one or multiple lysines and/or by
homotypic or branched Ub chains in which Ub moieties are linked
via one or several of their seven lysine residues (K6, K11, K27, K29,
K33, K48, and K63) and/or the N-terminal methionine (M1) (1).
Ubiquitination involves an enzymatic cascade consisting of three
orchestrated steps (2). First, an E1-activating enzyme uses ATP to
form a Ub thioester on its active cysteine. Subsequently, this Ub is

transferred to an E2 conjugating enzyme vyielding an E2~Ub thio-
ester (E2~Ub). Last, an E3 ligase recognizes the substrate and brings
it into proximity of the E2~Ub. Depending on the class of E3 ligase,
the final step involves either the formation of an E3~Ub thioester
before the Ub transfer onto substrates or the direct transfer of Ub
from the E2 to the substrate (2, 3). The latter mechanism is used by
the family of really interesting new gene (RING) E3 ligases of which
Cullin-RING ligases (CRLs) represent the largest subgroup. CRLs are
modularly built complexes consisting of one of the seven scaf-
folding Cullins (e.g, CUL1), the RING-finger protein RBX1 which
recruits the E2~Ub and a member of one of the several substrate
adaptor families such as the F-box proteins (4).

The founding member of this latter family, FBX1 (also known as
FBXO1 or Cyclin-F), uses its F-box to bind to CUL1 via the adaptor
SKP1, whereas the cyclin domain of Cyclin-F interacts with ubig-
uitination targets (5, 6). This is different from other cyclins which
use their cyclin domain to bind to cyclin-dependent kinases as part
of their signaling function during the cell cycle (5, 7, 8, 9, 10).
Nevertheless, the Skp1-Cull-F-box (SCF)@"F ligase complex
controls cell cycle progression by binding to the substrate adaptor
fizzy-related protein homolog (FZR1) and by ubiquitinating the
transcription factor E2F7 (11, 12). Moreover, Cyclin-F binds the
centriole regulator CP110 and the ribonucleotide reductase RRM2 in
a cell cycle-dependent manner and mediates their ubiquitination
which targets both proteins for proteasomal degradation and is
required for maintenance of mitotic fidelity and genome integrity
(13, 14). Besides, SCFY"F contributes to the regulation of other
diverse cellular processes such as DNA damage response and
mitotic spindle formation by ubiquitinating Exonuclease 1 and
Nucleolar and spindle-associated protein 1 (15, 16).

Cyclin-F has been implicated in several diseases. For example,
alterations in Cyclin-F protein levels are linked to tumorigenesis
and cancer progression (17, 18). Furthermore, mutations in CCNF, the
Cyclin-F gene, are associated with amyotrophic lateral sclerosis
(ALS) (19, 20, 21). ALS is a rapidly progressing neurodegenerative
disorder that clinically presents itself through progressive paralysis
caused by upper and lower motor neurons loss, which ultimately leads
to respiratory failure and thereby death (22). The molecular mecha-
nisms causing ALS are not fully understood; however, several pro-
cesses contribute to the disease such as increased oxidative stress,
dysbalanced cytoskeleton dynamics, disrupted RNA homeostasis and
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Ubiquitinome analysis of CCNF knockout and mutant cells.
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(A, B) Immunoblot analysis of N2a and SH-SY5Y CCNF wild-type (WT) and knockout (KO) cells (A) as well as of lymphoblastoid cells (LCLs) from healthy individuals (ctrl1-

4) and amyotrophic lateral sclerosis patients carrying the CCNF mutations V335M and D628V (B). (C) Schematic overview of diGly proteomic experiments. Differential
SILAC-labeled CCNF WT (N2a, SH-SY5Y) or ctrl (LCLs) and CCNF KO (N2a, SH-SY5Y) or mutant cells (LCLs) were mixed at a 1:1 ratio followed by denaturing lysis, sequential
diGly immunoprecipitation, tryptic digestion, desalting, and mass spectrometry analysis. (D) Summary of diGly-modified lysines (sites) and proteins from biological
replicate experiments (n = 4). Threshold for regulated sites was log, fold change (FC) (H:L) > 0.5 or <-0.5 with a g-value < 0.05 (t test). (E) Pearson correlation of H:L ratios for
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disturbance in protein homeostasis. The latter is manifested by protein
aggregation, altered chaperone function and unfolded protein re-
sponse as well as defects in autophagy and the ubiquitin-proteasome
system (UPS) (23). Consistently, overexpression of Cyclin-F carrying the
ALS linked S621G mutation was reported to increase ubiquitination in
general and in particular ubiquitination of the known SCFYi" ¥ target
RRM2 and of the neuropathological ALS marker RNA-binding protein
TDP43 in combination with UPS and autophagy impairments (24, 25). In
addition, this mutation caused apoptosis activation in different cell
models including patient-derived iPSCs and in zebrafish over-
expressing Cyclin-F S621G. Intriguingly, these animals showed aberrant
neuronal branching and reduced motor function (26, 27). Whereas
other ALS mutations in CCNF are less well characterized and dis-
tributed throughout the CCNF gene with no obvious clustering at
encoded domains such as the cyclin or PEST domain (20, 21, 24, 28, 29),
Cyclin-F S621G served as a paradigm to postulate a gain of toxic
function mechanism. Notably, some ALS CCNF mutations might perturb
cellular proteostasis independent of the SCF substrate adaptor
function of Cyclin-F (30). Hence, it remains elusive to what extent
altered substrate ubiquitination by SCF¥"F contributes to pheno-
typic manifestations related to ALS pathogenesis. For the most part,
this is due to a lack of knowledge on SCF¥“I"F targets in neuronal and
patient-derived cells.

In this work, we combined quantitative mass spectrometry-
based ubiquitin remnant profiling in N2a and SH-SY5Y CCNF
knockout cells as well as patient-derived lymphoblastoid cell lines
with proximity and interaction proteomics to uncover Cyclin-F
ubiquitination targets. Using this approach, we identified the
chaperone HSP90AB1 as a new Cyclin-F binding protein which is
constitutively ubiquitinated in a Cyclin-F wild-type dependent
manner. Importantly, Cyclin-F-mediated ubiquitination of HSP90AB1
regulates the binding of a number of HSP90 clients and co-factors.
Overall, ourfindings indicate that SCF¥“'"Fis required for fine tuning
of parts of the cellular chaperone machinery and highlight a role fora
loss-of-function mechanism in CCNF ALS.

Results
Ubiquitinome analysis of Cyclin-F-deficient cells

To advance our understanding of Cyclin-F malfunctioning in ALS, we
set out to identify potential new SCFY®I"F substrates in two
complementary cellular systems. First, we used CRISPR/Cas9
technology to delete CCNF in two neuron-like cell types, namely
murine N2a and human SH-SY5Y (Fig 1A). Second, we used two
different ALS patient-derived lymphoblastoid cell lines (LCLs)
which expressed Cyclin-F carrying the mutations V335M and D628V.

Whereas V335M is located in the cyclin domain responsible for
binding SCFY?I"" substrates, D628V is part of the PEST domain
which is thought to control the stability of Cyclin-F (31). Notably,
both CCNF mutant LCLs did not show overt differences in Cyclin-F
protein levels compared with their two respective gender- and age-
matched control LCLs (ctrl1-4) carrying wild-type CCNF (Fig 1B). Next,
we performed quantitative diGly proteomics to uncover ubig-
uitination sites which show decreased abundance in this panel of
CCNF KO and mutant cell lines and hence represent potential
ubiquitination targets of SCF¥®I""F_ For this purpose, we combined
stable isotope labeling by amino acids in cell culture (SILAC) with
immunoaffinity-based enrichment of diGly remnant-containing
peptides after tryptic digestion of ubiquitinated proteins. Briefly,
CCNF WT and KO N2a and SH-SY5Y cells as well as CCNF WT and
mutant LCLs were differentially SILAC labeled, lysed under dena-
turing conditions and combined in a 1:1 ratio per cell line. After
protein extraction and proteolytic digestion, tryptic peptides were
subjected to sequential anti-diGly immunoprecipitation (IPs) and
analyzed by mass spectrometry (MS) (Fig 1C). In quadruplicate
experiments, we quantified a total of 2,830 and 4,045 non-
redundant diGly sites in 1,394 and 1,646 proteins in N2a and SH-
SYSY, respectively (Figs 1D and S1A). In LCLs, diGly experiments were
performed using four biological replicates for each of the two
controls. Therefore, the values reported are the sum of both
controls compared with each mutant. The amount of total diGly
sites and corresponding proteins was lower in LCLs compared to
the KO cell lines with 1,043 and 962 unique diGly sites in 597 and 571
proteins in LCLs expressing CCNF V335M and D628V, respectively
(Figs 1D and S2A). Using statistical analysis (t test with a g-value of
<0.05), we identified between 50 and 130 diGly sites (42-102 pro-
teins) with log, fold change (FC) < -0.5 in SH-SY5Y, N2a, and LCL cells
(Fig 1D and Table S1). Pearson’s correlation coefficients between
0.56 and 0.89 indicated high reproducibility between biological
replicate samples (Fig 1E). Consistent with Cyclin-F's role in nuclear
processes (7, 11, 32, 33), a number of diGly sites that decreased in
abundance upon CCNF KO or mutation were found in proteins
associated with RNA- or DNA-binding and other nuclear functions
(Peg10 in N2a; RPS20, RPL12, and FANCD?2 in SH-SY5Y; PCBP2 in CCNF
V335M LCLs) (Fig 1F). Other strongly decreased ubiquitination sites
were associated with the cytoskeleton which is known to be altered
in ALS. For example, five different diGly sites in MAP1B, an a-tubulin
binding protein, were found to be down-regulated with a log, FC <
-15 in N2a cells, whereas several actin-binding proteins such as
MSN, FSCN1, and WDR1 showed decreased ubiquitination in CCNF
D628V LCL cells (Fig 1F). Notably, Ub diGly sites representing K63-
and K48-linked chains were decreased in both LCLs (RPS27A_K63 in
V335M; RPS27A_K48 in D628V) which is different from reports de-
scribing elevated Ub K48 levels in cells expressing the ALS-linked
Cyclin-F mutation S621G (34). Taking into account that the four cell

four respective eight biological replicates in N2a, SH-SY5Y, and LCLs described in Fig 1D. (F) Volcano plots depicting relative changes in diGly site abundance for N2a and
SH-SY5Y CCNF WT versus KO as well as for representative ctrl versus CCNF mutant LCLs. Significantly decreased or increased diGly sites in CCNF KO and mutant cells were
labeled in indicated bright or dark colors representing P-value < 0.05 or g-value < 0.05 (t test). Top 10 increased and decreased diGly sites with the highest fold change are
highlighted. Known CCNF interactors are labeled with black circles. (G) Overlap of decreased diGly sites in CCNF KO (N2a and SH-SY5Y) and CCNF mutant conditions
(LCLs) with log, FC < -0.5 in two of four biological replicates. (H) Heat map of commonly decreased diGly sites in CCNF KO and mutant cells. Blue scale indicates log, FC
compared with the respective control. Grey boxes mark biological replicates of unchanged diGly sites. White boxes mark biological replicates where the diGly site was not

found.
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Figure 2. Cyclin-F proximity and interaction proteomics.
(A, B) Lysates from empty and HA-FLAG-CCNF or -TBC1D7 (A) and APEX2-CCNF (B) overexpressing SH-SY5Y and N2a cells were analyzed by SDS-PAGE and
immunoblotting. (C) Biotinlyation in SH-SY5Y and N2a cells overexpressing APEX2-CCNF was induced by 30 min biotin-phenol (BP) and 1 min H,0, treatment followed by
lysis and immunoblot analysis. (D) Schematic overview of proximity and interaction proteomics workflow. (E) Volcano plots showing changes in abundance of candidate
interacting proteins of HA-FLAG-TBC1D7 (control) and HA-FLAG-CCNF in N2a and SH-SY5Y (upper panel) and of proximity partners of APEX2-CCNF in the absence
(control) and presence of BP in N2a and SH-SY5Y (lower panel). Proteins enriched in HA-FLAG-CCNF immune complexes or in proximity to APEX2-CCNF are shown in orange
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lines are from very different origins and genetic backgrounds, we
applied less stringent filtering using log, fold change (log, FC < -0.5
in at least two biological replicates per each condition) without
statistical testing to identify commonly decreased diGly sites in
CCNF KO and mutant cells. Using this approach, we found 30 po-
tential ubiquitination sites shared between both CCNF deficiency
conditions (Fig 1G). Importantly, protein expression profiling
revealed that the vast majority of these potential Cyclin-F ubig-
uitination targets remained unchanged at the total protein level
(FigS1B and Cand Table S2). The corresponding proteins participate
in various cellular processes such as RNA (RPL30, RPS10, RPS20, and
ELAVL1) and microtubule (MAPRET) binding as well as ubiquitination
(UBA1, UBE2N, and RPS27) (Fig 1H). Of particular interest were diGly
sites found in chaperones (HSP90AB1 and CCT8) because distur-
bance of protein homeostasis is thought to commonly contribute to
ALS pathogenesis (23).

Identification of proximity and interaction partners of Cyclin-F

Complementary to the ubiquitinome profiling approach, we per-
formed proximity biotinylation and IP coupled to MS analysis to
identify potential SCFY“I"F targets. For this purpose, we generated N2a
and SH-SY5Y cell lines, stably expressing Cyclin-F either tagged with a
HA-FLAG-tag or fused to a myc tagged version of the engineered
ascorbate peroxidase APEX2 (Fig 2A and B). Notably, the functionality of
the APEX2 fusion was examined by inducing biotinylation in N2a and SH-
SY5Y cells (Figs 2C and S2A). For proximity proteomics cells were grown in
the presence of biotin-phenol (BP) for 30 min followed by a 1-min H,0,-
pulse to induce biotinylation. Subsequently, biotinylated proteins were
subjected to streptavidin pull-downs. Conversely, interaction proteo-
mics involved enrichment with anti-HA affinity resin and elution with HA
peptide. In both cases, samples were digested with trypsin and analyzed
by MS (Fig 2D). Expression of HA-FLAG- or APEX2-TBC1D7 or omission of
BP was used as negative control conditions. Analysis of Cyclin-F in-
teraction candidates identified in N2a and SH-SY5Y revealed several
known interactors such as the SCF¥“"" ligase components SKP1, RBX],
and CULT as well as a number of their targets including CCP110, RRM2,
CDK1, CDC6, and SFPQ (Fig 2F and Table S3). Besides, a large number of
proteins were found enriched following Cyclin-F IP compared with the
control TBCID7 IP. Intriguingly, the interaction candidates with the
greatest t test difference and a g-value < 0.05 featured a number of
functional categories which were also found in the diGly proteomics
experiments including chaperones (Dnajc7, Dnajb12, Stubl in N2g;
DNAJC7, DNAJC18, and FKBP8 in SH-SY5Y) and cytoskeleton associated
proteins (Kif24, Atad3, Tubbzb, TUBB2B). The proximity partners detected
in both cell lines covered a similar molecular landscape with multiple
known Cyclin-F-binding partners (CUL1, SKP1, RBX1, CCP110, CDC6, RRM2,
VCP, SFPQ, EIF2S1, EIF3L, and DHX9), chaperones (STIPT HSP90AB1) and
cytoskeleton-binding proteins (Myh10, Dsp, Vcl, and MAP1B) (Figs 2E and
S2B and Table S4). The fact that we used different cell types and varying
experimental conditions (HA-IP versus APEX2) might explain the

observed discrepancies in the detection and scoring of established
Cyclin-F-binding partners (Fig S2C). Comparison of both approaches
revealed 103 proteins that were commonly found enriched by CCNF
proximity and interaction proteomics (Fig 2F). Functional annotation
clustering of these shared potential CCNF targets using DAVID yielded
gene ontology (GO) terms in accordance to known functions of Cyclin-F
in nuclear processes (e.g, chromosomal part) but also functions that
were not primarily associated with Cyclin-F such as protein folding and
heat shock protein binding (Fig 2G).

Validation of the HSP90 chaperone machinery as Cyclin-F-binding
partner

Taking advantage of our parallel proteomics approaches, we
searched the data sets for proteins that were enriched in CCNF's
proximitome and interactome (Fig 2F) but carried decreased diGly
sites when CCNF was deleted or mutated (Fig 1H). This analysis
revealed two new potential Cyclin-F targets, TUBATA and HSP90AB1
(Fig 3A). Given the role of altered proteostasis in ALS pathogenesis,
we focused our subsequent efforts on HSP90AB1. First, we probed
for the association of HSP90AB1 with Cyclin-F by IP and immuno-
blotting. In contrast to the control FBX028, Cyclin-F showed clear
binding to HSP90AB1 (Fig 3B). Intriguingly, two HSP90 co-
chaperones DNAJC7 and STIP1 (also known as HOP) present in
our proteomics data sets with similar but less prominent features
as HSP90AB1 were likewise found to specifically associate with
Cyclin-F compared to FBX028, whereas the CUL1 adaptor SKP1
bound to both F-box proteins (Fig 3B and C). In addition, a number
of other interaction candidates such as the Ub-binding protein
TOLLIP and the SUMO E3 ligase TRIM28 were also confirmed as
Cyclin-F-binding partners (Fig S3A and B). Second, we examined
whether the ALS-linked mutations in Cyclin-F affect the binding to
HSP90AB1. Thereto, we reconstituted CCNF KO SH-SY5Y cells with
wild-type (WT) or mutant (V335M or D628V) HA-FLAG-tagged Cyclin-
F and performed HA-IPs. However, Cyclin-F immunoprecipitates
showed no overt changes in HSP90AB1 levels across the different
Cyclin-F variants (Fig 3D). These findings indicate that HSP90AB1 is a
new Cyclin-F interacting protein which binds to Cyclin-F inde-
pendent of two different ALS-linked CCNF mutations. Notably, the
HSP90AB1-Cyclin-F interaction could represent a ligase-substrate
or chaperone-client relationship.

Cyclin-F-dependent ubiquitination of HSP90AB1 regulates its
chaperone cycle

To test whether HSP90AB1 is indeed ubiquitinated, as suggested by
our diGly proteomics, we performed denaturing IPs with HA-FLAG-
HSP90AB1 and HA-FLAG-TBC1D7 as a negative control. Immuno-
blotting of HA immunoprecipitates with a K48 linkage specific
polyUb antibody (Ub-K48) unveiled Ub conjugates on HSP90AB1
which were sensitive to treatment with the deubiquitinase USP2

(t test difference > 0.5, g-value < 0.05, FDR-corrected, t test). Top 10 significantly enriched proteins, known CCNF interactors (black circles) and selected candidates are
highlighted. (F) Overlap between proximity partners (g-value < 0.05, t test difference > 2, t test) and interaction candidates (g-value < 0.05, t test difference > 1, t test).
(E, G) Gene Ontology (GO) analysis of proteins found in the overlap of (E). Grey gradient represents P-values. The number of proteins (count) found associated with a given
GO term is indicated by the size of the circles. BP, biological process; CC, cellular component; MF, molecular function.
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(A) Overview of CCNF proximity partners and interaction candidates with decreased diGly sites in CCNF KO and mutant cells. Proteins found enriched or decreased by
proximity proteomics (APEX2-CCNF) and/or immunoprecipitation mass spectrometry (HA-FLAG-CCNF IP) are marked red and blue, respectively. Unchanged proteins are
marked in grey, whereas proteins that were not found are indicated with white boxes. (B, C) Lysates from parental (mock), HA-FLAG-FBX028, or HA-FLAG-CCNF
overexpressing SH-SY5Y cells were subjected to HA immunoprecipitation (IP), SDS-PAGE and immunoblotting. Arrows indicate specific protein bands. (D) CCNF KO SH-
SY5Y cells re-expressing HA-FLAG-CCNF WT, V335M, or D628V or left untreated (mock) were lysed and incubated with HA-agarose followed by SDS-PAGE and

immunoblotting. Arrows indicate specific protein bands.

(Fig 4A). To probe the role of cullin RING ligase (CRLs) such as
SCFYinF i the ubiquitination of HSP9OAB1, we performed de-
naturing IPs of HA-FLAG-HSP90AB1 from cells treated with the
proteasome inhibitor Bortezomib or the NAET inhibitor MLN4924.
Note that the latter blocks neddylation of cullins which is required
for CLR activity. Intriguingly, Btz treatment led to a massive ubig-
uitination of HSP90AB1 which could be completely reversed by
additional MLN4924 treatment (Fig 4B). Next, we asked whether
HSP90AB1 ubiquitination was indeed dependent on Cyclin-F.
Thereto, we used tandem ubiquitin binding entities (TUBE) with
a preference for K48- and K63-linked Ub to examine the observed

Identification of Cyclin-F targets Siebert et al.

decrease in abundance for a number of diGly sites on HSP90AB1 in
CCNF KO cells. Lysates from SH-SY5Y CCNF WT and KO cells were
subjected to pull-downs with GST-TUBE. Immunoblot analysis with
specific antibodies showed decreased protein levels of HSP90AB1
in cells lacking CCNF, whereas p62 (alias SQSTM1), a known but
Cyclin-F unrelated ubiquitination target, was unaffected (Fig Q).
Notably, ubiquitination of p62 was detected in our diGly proteomics
but did not show any changes in CCNF KO or mutant cells. Because
ubiquitination can either be a signal for degradation or exert
regulatory functions on the modified protein, we monitored the
abundance of HSP90AB1 in SH-SY5Y CCNF WT and KO cells grown in
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Figure 4. Ubiquitination of HSP90AB1 by Cul1%'"F [eads to altered client binding.

(A) SH-SY5Y cells expressing HA-FLAG-TBC1D7 or -HSP90AB1 were lysed under denaturing conditions, differentially treated with USP2cc and subjected to HA-IP. Arrows
indicate specific protein bands. (B) SH-SY5Y cells expressing HA-FLAG-HSP90AB1 were grown in the absence or presence of MLN4924 and/or Bortezomib (Btz) followed by
denaturing HA-IP.(C) Schematic representation of TUBE pull-downs (upper panel). Ubiquitin conjugates in lysates from SH-SY5Y CCNF WT and KO cells were enriched using
TUBE pull-downs and detected by specific antibodies (lower left panel). Bar graph shows quantification of HSP90AB1 in TUBE pull-down (lower right panel). Statistical
analysis (n = 3) of HSP90AB1 levels was performed using two-sided, unpaired t test. Data represent mean + SD. (D) SH-SY5Y CCNF WT and KO cells were grown in the
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the absence and presence of Btz. Whereas NRF2, a protein with fast-
turnover by the proteasome, increased in abundance upon Btz
treatment, the levels of HSP90AB1 and of one of its co-chaperones
STIP1 were unaffected by either loss of CCNF, proteasome blockage
or both (Fig 4D) Similar results were obtained in cycloheximide chase
assays with endogenous and overexpressed HSP90AB1 (Fig S4A). This
suggests a non-degradative function for the Cyclin-F-dependent
ubiquitination of HSP90AB1. The cytosolic HSP90 complex is formed
by homodimers of HSP90AA1 or HSP90AB1, assists in proper folding,
stabilization and activation of client proteins and is highly regulated
by co-chaperones and post-translational modifications (PTMs) such
as phosphorylation. To gain first mechanistic insights into the rel-
evance of HSP90 ubiquitination for its functionality, we monitored
the binding of HSP90AB1 to some of its co-factors and client proteins.
To this end, we expressed HA-FLAG-HSP90AB1 in SH-SY5Y CCNF WT
and KO cells and performed HA-IPs following mild lysis. Remarkably,
in CCNF KO cells, we detected significantly increased HSP90AB1
binding to the HSP90 client heat shock factor 1 (HSF1) which is a key
component of the proteotoxic stress response. Moreover, the HSP90
co-factors and potential CCNF ubiquitination targets DNAJC7 and
CHIP also showed enhanced binding to HSP90AB1 when its ubig-
uitination was reduced due to the lack of CCNF (Figs 4E and S&4B). The
fact that ULK1, TBK1, and STIP1 did not increase in abundance in
HSP90 immunoprecipitates indicates that the effect of HSP90AB1
ubiquitination on its chaperone function might be client and co-
factor specific (Fig 4E). Overall, these findings suggest that Cyclin-F
controls HSP90 function in a ubiquitin dependent manner.

Discussion

In this study, we acquired ubiquitinome, proximity and interaction
data to elucidate potential functions of SCF¥"F in neuronal,
respective patient-derived cells. Integration of these different data
sets unveiled Cyclin-F association with cellular chaperone ma-
chinery components and HSP90AB1 ubiquitination by Cyclin-F.
Remarkably, this ubiquitination is diminished in cells lacking
CCNF or expressing mutated CCNF variants linked to ALS, implicating
a potential loss-of-function mechanism for these mutants.
Missense mutations in CCNF contribute to the development of
ALS (25, 27, 30). In this context, a number of studies proposed a gain
of toxic function mechanism based on observations by semi-
quantitative immunoblotting that levels of K48 linked polyUb in-
creased upon expression of Cyclin-F S621G, K97R, or S195R (25, 26). In
contrast, our mass spectrometry-based quantitative ubiquitinome
profiling of ALS patient-derived LCLs carrying V335M and D628V
mutant CCNF uncovered a prominent decrease in signature diGly
peptides for K48- and K63-linked Ub chains. Consistent with this
notion, diminished E3 ligase activity was reported for the CCNF
mutation S509P (26). Moreover, several diGly sites that were found
decreased in CCNF KO cells were regulated in the same direction in
both ALS patient-derived LCLs. Based on these findings, we propose

that the CCNF mutations V335M and D628V contribute to ALS
pathogenesis via a loss of function mechanism. Although the
molecular basis of Cyclin-F V335M- and D628V-driven dysfunction
requires further analysis, reduced substrate ubiquitination is un-
likely caused by changes in substrate-binding affinity or faulty
SCFY?inF complex assembly because we did not observe altered
HSP90AB1 binding of CCNF V335M and D628V and SCFY<"F complex
formation was shown to be unaffected for several other CCNF
mutants (30). Another scenario leading to a loss of function might
be an altered presentation of substrate lysines towards RBX1 bound
E2~Ub. Along this line, the V335M mutant might induce a confor-
mational change in the substrate-binding cyclin domain which
could result in diminished ubiquitination. Alternatively, V335M and
D628V might alter the spatial arrangement of Cyclin-F in such ways
that RBX1-mediated Ub transfer to designated targets is blocked or
reduced by steric hindrances.

Intriguingly, we identified HSP90AB1 as a ubiquitinated substrate
of the SCFY"F complex under basal, housekeeping conditions.
HSP90AB1 is constitutively expressed and homodimerizes to yield a
functional HSP90 complex. Nonetheless, HSP90AB1 can also built
heterodimers with its structurally very similar but inducible isoform
HSP90AA1 (35). The protomers of the HSP90 family share a common
domain structure, consisting of an N-terminal domain (NTD) linked
to the middle domain (MD) by an unstructured charged-linker
region and a C-terminal domain (36, 37). The NTD forms a
nucleotide-binding pocket, important for ATP binding as well as co-
chaperone binding, whereas the MD is not only binding co-
chaperones but is also important for HSP90 client binding. The
carboxy-terminus of HSP90 protomers allows the constitutive di-
merization of the complex and contains the MEEVD motif, crucial for
the interaction with tetratricopeptide-containing repeat domain
(TPR domain) containing proteins (38, 39). These TPR domains are
present in several co-chaperones, including STIP1 (37, 40). The
HSP90 cycle starts in an open position that transitions to a closed
conformation by ATP hydrolysis with the help of co-chaperones.
Thereby client maturation is enabled. This process is highly reg-
ulated at several levels by co-chaperones, PTMs and even by client
binding itself (37). Phosphorylation, for example, generally de-
creases HSP90 ATPase activity, affects co-chaperone binding and
client dynamics (41). Other PTMs such as acetylation (e.g., of K69)
has reported effects on co-chaperone binding, ATP binding and
cellular functions of the HSP90 complex (41, 42, 43). Interestingly, we
discovered that K69 can also serve as ubiquitin acceptor sites,
suggesting equal or opposing effects on HSP90AB1 function or
localization. Other diGly sites in HSP90AB1 found in this study
distribute throughout the protein (K107, K180, K275, K286, K435, K438,
K531, K559, K568, K574, and K607) and unlikely serve as proteasomal
eat-me signal because HSP90AB1 protein levels were neither
changed by Btz treatment nor by the lack of Cyclin-F-mediated
ubiquitination. Our findings seem to contradict previous data
showing HSP90 ubiquitination by CHIP at several sites (e.g., K107,
K204, K219, K275, K284, K347, and K399) and proteasomal degradation

absence or presence of Btz followed by lysis and immunoblotting. (E) SH-SY5Y WT and KO cells expressing HA-FLAG-HSP90AB1 or mock were subjected to HA-IP before
SDS-PAGE and immunoblot analysis. Bar graph shows quantification of ULK1, HSF1, CHIP, and TBK1 in HSP90AB1 immunoprecipitates. Statistical analysis (n = 3) of
HSP90AB1-binding proteins levels was performed using two-sided, unpaired t test. Data represent mean + SD.
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of HSP90AAT in HEK cells (41, 44, 45). However, because HSP90AAT is
an inducible isoform, it might be regulated differently than the
constitutively expressed HSP90AB1. It is noteworthy that we found
some of the reported CHIP ubiquitination sites to also be potential
targets of Cyclin-F (K107, K275, and K607), indicating possible re-
dundancy between E3 ligases or different layers of Ub-dependent
regulation. The increased binding of HSP90AB1 to its client HSF1 as
well as to its co-factor CHIP in the absence of CCNF might provide
possible explanations for likely regulatory functions of HSP90AB1
ubiquitination. Enhanced binding of clients could stem from
chaperone complex stalling because of a decrease in ATPase ac-
tivity or altered co-chaperone binding, leading to a change in
complex dynamics and a potential blockage of the HSP90 cycle.
These possibilities are in line with diGly sites found in the N-ter-
minal part of HSPAB1important for ATPase activity (K69 and K107) as
well as with diGly sites located in domains responsible for co-
chaperone binding (K69, K107, and K559).

HSP90 is involved in early embryonic development, germ cell
maturation, cytoskeletal stabilization, cellular transformation,
signal transduction, long-term cell adaptation and many other
cellular processes through its diverse set of client proteins (35).
Therefore, HSP90 dysfunction by altered regulatory PTMs might
have detrimental effects on cells in the context of ALS. Our ob-
servation of a deregulated Cyclin-F-HSP90 axis could implicate
effects on folding stress response (HSF1) and HSP90 function itself
(CHIP) (46, 47, 48, 49, 50). These processes might converge on
disturbed protein homeostasis, a typical phenomenon observed
in ALS (23). Conversely, impairment of the proteasome as ob-
served, for example, by C9orf72-derived dipeptide repeat pro-
teins (51) might lead to a backlog within the UPS and affect the
activities of E3 ligases such as SCFU"F while this hypothesis
requires further testing, HSP90 functions might thus be generally
compromised in ALS disease conditions even in the absence of
mutations in CCNF.

Materials and Methods

Table of reagents and resources.

CCNF ALS patient cells

The LCL line with p.D628V mutation was derived from a male patient
with spinal onset of familial ALS at the age of 47 yr. Both his father
and paternal grandfather were affected by the disease, in agree-
ment with an autosomal-dominant mode of inheritance. The pa-
tient did not suffer from FTD comorbidity. Because of the loss of
follow-up, the survival status of the patientis unknown. The LCL line
with the p.V335M mutation was derived from a female ALS patient
without a family history for the disease. She also had a spinal onset
of disease at the age of 62 yr with distal extensor weakness in the
lower extremities, followed by paresis in the upper extremities and
subsequently bulbar symptoms. She had clinical signs of both
upper and lower motor neuron degeneration. Sensory function
and coordination were unremarkable. Both patients were subject
to whole exome sequencing, and genetic variants in other known
ALS disease genes were excluded. For the collection and use of
blood cells from ALS patients as well as for whole exome se-
quencing of blood DNA, written informed consent was obtained
from all individuals. The experiments have been approved by the
local ethical committees of the Medical Faculties Ulm (Ulm
University) and Mannheim (ethical committee Il of the University
of Heidelberg). Approval numbers are Nr. 19/12 and 2020-678N,
respectively.

Transfections and treatments

Transfections were performed with 1 yg DNA per plasmid added to
200 pl OptiMEM (Invitrogen), Lipofectamine 2000 (Invitrogen) or
X-tremeGENE HP (Roche) in a 1:3 ratio (ug DNA: ul of transfection
reagent) and incubated for 20 min at RT prior to addition to cells.
Cells were treated with 1 uM Bortezomib (Btz) for 8 h. Lysates were
incubated with USP2 at 0.625 uM for 4 h at 4°C in an overhead
shaker. CHX chase was performed using 100 ug/mL of CHX for 2-8 h
at37°C. Neddylation of CRLs was inhibited with 1 uM MLN4924 for 4 h
at 37°C.

Reagent or resource

Reference or source Identifier or Cat. no.

Affinity beads/agarose

ANTI-FLAG M2 Affinity Gel Sigma-Aldrich A2220-1ML
Glutathione Sepharose 4B GE Healthcare 17-0756-01
HA peptide Sigma-Aldrich 12149-1MG
Anti-HA agarose Sigma-Aldrich A2095-5XTML
Pierce Anti-HA agarose Thermo Fisher Scientific 26182
PTMScan Ubiquitin Remnant Motif (K-e-GG) Kit Cell Signaling 5562
Streptavidin agarose Sigma-Aldrich $1638-5ML

UM101: TUBE 1

Lifesensors UM-0101-1000

Primary Antibodies

Identification of Cyclin-F targets Siebert et al.
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Continued

Reagent or resource

Reference or source

Identifier or Cat. no.

a-tubulin

Abcam

ab7291

Anti-KAP1 antibody

Abcam

ab22553

APEX (IgG2A)

Regina Feederle

Custom made

Biotin Pierce 31852

Biotin FITC Abcam ab6650

Cyclin-F Santa Cruz 5C-952

DNAJC7 Proteintech 11090-1-AP

FlaG M2 Cell signaling 2368

HA.11 Covance/BiolLegend MMS-101P/901501

HSF1 Cell Signaling 4356

HSP90S Cell Signaling 741

Ub K48 Cell Signaling 8081

Nrf2 Abcam ab62352

p62/SQSTM1 BD 610832

PCNA Santa Cruz sc-7907

PCNA (PC10) Santa Cruz SC-56

Skp1 Cell Signaling 2156

STIP1 Abcam ab126724

STUB-1/CHIP Bethyl Laboratories A301-572A

TBK1/NAK Abcam ab40676

Tollip Abcam ab187198
Secondary ABs

Anti-goat-HRP Promega V8051, RRID: AB_430838

Anti-mouse-HRP Promega W402B

Anti-rabbit-HRP Promega W401B

Anti-rat-HRP Sigma-Aldrich A-9037, RRID: AB_258429
Software/Tools

Adobe Illustrator 2022 Adobe

Fiji, Image) N/A Version 1.53j

gRNA design Tool

portals.broadinstitute.org/gpp/public/analysis-tools/

sgrna-design

gRNA design Tool - CRISPOR

crispor.tefor.net

MaxQuant

N/A

Version 1.6.0.1

Perseus

N/A

Version 1.6.10.43

QuikChange Primer Design

https:/ /www.agilent.com/store/primerDesignProgram.jsp

R

Version 4.1.1

R-Studio

Version 1.4.1717

Plasmids/Vectors

ORF CCNF

Dharmacon

MHS6278-202831979

ORF FBX028

Dharmacon

OHS1770-202323126

ORF HSP90AB1

Horizon Discovery

MHS6278-202807158

pHAGE-N-myc-APEX2

Zellner et al (2021) (52)

pMD2.G

Addgene

12259
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Continued

Reagent or resource

Reference or source

Identifier or Cat. no.

psPAX2

Addgene

12260

pSpCas9(BB)-2A-Puro (PX459) V2.0

Addgene

62988

gRNAs/Primers

SgRNAT_mouse-Seq: CACCGAGACAACACGTATAAATACG

Thermo Fisher Scientific

Custom order

SgRNA2_mouse-Seq: CACCGGTAACTGACACTCCGCTCGG

Thermo Fisher Scientific

Custom order

SgRNAT_human CCNF- Seq:
ACACCGCGTTTGGTTCTCCGCCCCGAG

Thermo Fisher Scientific

Custom order

sgRNA2_human_CCNF-Seq:
ACACCGGTAGACCACGGTGACATCGG

Thermo Fisher Scientific

Custom order

Sequencing primer human CCNF gRNA1_fw
TTTGTCCATGTGGTGTGTGT

Thermo Fisher Scientific

Custom order

Sequencing primer human CCNF gRNA1 rev
TGAGATAGGAGAGGCGGGT

Thermo Fisher Scientific

Custom order

Sequencing primer human CCNF gRNA2 fw
TTTCCCGGTTGCTTGCTT

Thermo Fisher Scientific

Custom order

Sequencing primer human CCNF gRNA2 rev
CATGTCCTCCTCCTCACT

Thermo Fisher Scientific

Custom order

Sequencing primer mouse CCNF - gRNA2_fw
GAGGAAGGTGGAGGATGT

Thermo Fisher Scientific

Custom order

Sequencing primer mouse CCNF - gRNA2_rev
TCTCCTACAACTACTCCC

Thermo Fisher Scientific

Custom order

Sequencing primer mouse CCNF - gRNA1_fw
GGGTTATGTAGGGGTCAG

Thermo Fisher Scientific

Custom order

Sequencing primer mouse CCNF - gRNA1_rev

Thermo Fisher Scientific

Custom order

AGACAAGAGGGAGGAAAA
Cell lines
LCL, ctrl 1, female Jochen Weishaupt This study
LCL, ctrl 2, female Jochen Weishaupt This study
LCL, CCNF V335M, female Jochen Weishaupt This study
LCL, ctrl 3, male Jochen Weishaupt This study
LCL, ctrl 4, male Jochen Weishaupt This study
LCL, CCNF D628V, male Jochen Weishaupt This study
N2a cells ATCC CCL-131
SH-SY5Y cells ATCC CRL-2266
Kits
Amaxa SF Cell Line 4D-Nucleofector X Kit Lonza V4XC-2012
Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225
PureLink Genomic DNA Kit Invitrogen K1820-02
QlAprep Spin Miniprep kit QIAGEN 27106
Chemicals/enzymes
Acrylamide solution PanReac AppliChem A0951
Ammonium bicarbonate Sigma-Aldrich 9830
Bbsl NEB R0539S
Benzonase Merck Millipore 71205-3
Biotin-Phenol Iris Biotech LS-3500.5000
Bortezomib 99% LC Labs B-1408
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Continued

Reagent or resource

Reference or source

Identifier or Cat. no.

BSA Sigma-Aldrich A8022-100G
Complete Roche 4693132001
Disodiumhydrogenphoshpate Merck 1.06580.5000
Dithiothreitol Sigma-Aldrich 43815-5G
Dulbecco’s PBS Thermo Fisher Scientific 14190169

Ethylenediaminetetraacetic acid Merck 1.008418.1000
Glycerol Roth 3783

GO-Taq polymerase Promega M784B
Hydrogenperoxide Sigma-Aldrich H1009
IGEPAL CA-630 (NP-40) Sigma-Aldrich 18896

KOD Hot Start DNA Polymerase Sigma-Aldrich 71086
Lipofectamine 2000 Invitrogen 11668-019
N-Ethylmaleimide (NEM) Sigma-Aldrich E3876-5G
Opti-MEM Invitrogen 31985-062
Paraformaldehyde solution 4% Chemcruz 5C-281692
Phenylmethylsulfonyl fluoride Sigma-Aldrich P7626-1G
PhosSTOP Roche 4906837001
ProLong Gold Antifade Invitrogen P36931
Puromycin dihydrochloride Sigma-Aldrich P8833-100mg
Pwo-polymerase VWR 01-5010-88
Recombinant USP2 R&D Systems E-504-050
Sodium L-ascorbate Sigma-Aldrich A7631

TCEP ROTH HN95.2

Trifluoroacetic acid

Honeywell Fluka

302031-100ML

Triton X-100 Merck 1.08603.1000
Trolox Sigma-Aldrich 238813
Tropix I-Block Appliedbiosystems 72015
Trypsin, sequencing-grade Promega V5113
Western Lightning Plus-ECL PerkinElmer NEL104001EA
X-tremeGENE HP Roche 06 366 236 001
Hardware/Consumables
4D-NucleofectorTM X Unit Lonza
Amersham Protran 0.45 pym NC GE Healthcare Life Science 10600002
EMPORE Octadecyl C18 47 mm Supelco Analytical 66883-U
Lyophilisator, Alpha 1-2 LD Plus CHRIST N/A
Mini-PROTEAN Tetra cell Bio-Rad 1658004EDU
Mini-Transblot cell Bio-Rad 1703930
Sonifier SONIFIER Branson W-250D
Super RX-N Fujifilm 47410 19289
Ultrafree-MC, HV 0.45 pum Merck Millipore UFC30HV00
Vacuum Centrifuge Eppendorf N/A
Zeiss LSM800 oil 60x objective Zeiss N/A
Easy-NLC1200 Thermo Fisher Scientific N/A
QExactive™ mass spectrometer Thermo Fisher Scientific N/A
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Plasmid and cell line generation

PCR was performed to add attB sites to ORFs and cloned into
pDONR223. Using recombinational cloning these ORFs were then moved
to the following destination vectors: pHAGE-N-Flag-HA, pHAGE-C-FLAG-
HA, and pHAGE-N-myc-APEX2 (52). Stable cell lines in SH-SY5Y and N2a
cells were generated by lentiviral transduction. 1 ug pMD2.G, 1 ug pPAX2,
and 1 g destination vector was used for transfection. Puromycin (2 ug/
ml) was added to the cells 24 h post transduction for selection.

Mutagenesis

Mutagenesis primers were designed using QuikChange Primer
Design software (Agilent Technologies). KOD Hot Start or Pwo DNA
Polymerase (Merck Millipore) were used according to the manu-
facturers' protocols. For Pwo DNA polymerase elongation periods
were extend to 14 min per cycle. The PCR product was purified with
the QlAquick PCR purification kit (QIAGEN) and amplified in
Escherichia coli.

Knockout generation and validation

First single guide RNAs (sgRNAs) were designed using the sgRNA-
design tool of the Broad Institute, CRISPick or CRISPOR
(crispor.tefor.net) (53, 54 Preprint, 55). sgRNAs were provided with
sticky end overhang sequences for ligation with Bbsl-digested
pSpCas9(BB)-2A-Puro V2.0 vector which was a gift from Feng
Zhang (Addgene plasmid # 62988; http://n2t.net/addgene:62988;
RRID:Addgene_62988) (56). After ligation cells were either trans-
fected with two sgRNAs using XtremeGene HP DNA transfection
reagent according to manufacturer’s instructions (for N2a) or by
electroporation with the 4D-Nucleofector X Unit using the Amaxa SF
Cell Line 4D-Nucleofector X Kit according to manufacturer’s in-
structions (for SH-SY5Y). 24 h post-transfection cells were grown in
4 pg/ml Puromycin for 48 h. Single cells were selected using serial
dilution. Genomic DNA was purified (Invitrogen) and amplified by
touchdown PCR using the GO-taq polymerase (Promega). Proper
genome editing was verified by Sanger sequencing (by Eurofins
Genomics EU) and immunoblotting.

Immunofluorescence

Cells were seeded on coverslips and washed three times with DPBS
(GIBCO) followed by fixation with 4% PFA (Santa Cruz) for 10 min and
permeabilization with 0.5% Triton X for 10 min. Subsequently, cells
were blocked with 1% BSA in PBS for 1 h at RT. Fluorophore-coupled
primary antibodies were incubated for 1 h at RT in the dark. Cov-
erslips were mounted with mounting solution (Prolonged Gold with
DAPI: Invitrogen) on microscope slides (Thermo Fisher Scientific)
and imaged using a confocal microscope Zeiss LSM800 with a 63x
magnification oil-immersion objective. Image analysis was per-
formed with Image) 1.53j (Fiji).

Immunoblotting
Cells were washed with DPBS before harvesting by scraping on ice.

Lysis was performed with RIPA buffer (50 mM Tris, pH 7.5, 150 mM
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NaCl, 0.1% SDS, 0.5% sodium desoxycholate, 1% Triton X, PhosStop
[Roche], and protease inhibitor [Roche]) and protein concentrations
were adjusted using BCA assays. Protein samples were separated by
SDS-PAGE (100V) and transferred (2 h 15 min, 0.3 A) on a nitrocel-
lulose membrane (0.45 um pore size). Membranes were blocked with
I-Block (Invitrogen) and incubated at 4°C overnight with the primary
antibody. After washing three times with TBS-T-buffer, secondary
antibody coupled to horseradish peroxidase was added to the
membrane for 1 h at RT. Immunoblots were washed another three
times with TBS-T before enhanced chemiluminescence analysis

using ECL (PerkinElmer) and x-ray films (Fuji Medical).
Immunoprecipitation

Cells grown in 2-4 x 15 cm cell culture plates per sample were
harvested by scraping on ice and stored at -80. Lysis was performed
for 30 min at 4°C with MCLB buffer (50 mM Tris HCl, pH 7.5, 150 mM
NaCl, 0.5% NP0, 1x PhosStop, and 1x protease inhibitor) or glycerol
buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM EDTA,
05% Triton X, 1x PhosStop, inhibitor, and 1x protease inhibitor).
Samples were cleared from debris by centrifugation (20,0009 for
10 min at 4°C) and Ultrafree-CL spin-filter tubes (Millipore CL
0.45). Protein concentrations of lysates were adjusted following
determination by BCA and samples incubated overnight with
pre-equilibrated anti-HA-agarose (Sigma/Pierce Anti-HA Aga-
rose) or anti-Flag M2 affinity gel (Merck Millipore) using an
overhead shaker at 4°C. Subsequently, agarose beads were
washed five times with the respective buffer and eluted by
boiling in SDS sample buffer (200 mM Tris-HCL, 6% SDS, 20%
glycerol, 300 mM DTT, and bromophenol blue) (5 min at 95°C) or
washed five more times with DPBS (GIBCO) before elution with
HA peptide (Sigma-Aldrich). Eluted immune complexes were
precipitated with TCA (final concentration 20%) and washed with
ice cold acetone. Samples were resuspended in 50 mM am-
monium bicarbonate buffer containing 10% acetonitrile and
trypsinized for 4 h at 37°C.

APEX2-mediated biotinylation

Cells were grown in the presence of 500 uM biotin-phenol (Iris
Biotech) for 30 min at 37°C and pulsed with 1 mM H,0, at RT.
Biotinylation was stopped by washing three times with quencher
solution (10 mM sodium azide, 10 mM sodium ascorbate, 5 mM 6-
Hydroxy-2,5,7,8-tetramethylchroman2-carboxylic acid [TROLOX],
DPBS). The third quenching step was performed for 15 min before
washing three times with DPBS. Cells were either lysed in RIPA
buffer or frozen at -80°C after adjusting cell numbers.

Streptavidin pulldown

Biotinylated samples were thawed on ice and lysed in qRIPA buffer
(50 mM Tris pH 7.5, 150 mM NacCl, 0.1% SDS, 0.5% sodium desoxy-
cholate, 1% Triton X, 10 mM sodium azide, 10 mM sodium ascorbate,
5 mM TROLOX, PhosStop [Roche], and protease inhibitor [Roche])
for 40 min at 4°C. Samples were cleared from debris (20,000g, 10
min, 4°C) and incubated with pre-equilibrated streptavidin agarose
beads (Sigma-Aldrich) overnight at 4°C in an overhead shaker. Pull-
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downs were washed twice with RIPA buffer followed by four times
washing with 3 M urea wash buffer (50 mM ABC buffer, 3 M urea).
TCEP was added to a final concentration of 5 mM and incubated for
30 min at 55°C. Once cooled to RT samples were incubated with
jodoacetamide (IAA) for 20 min at RT in the dark followed by ad-
dition of DTT (20 mM). Samples were then washed with 2 M urea
wash buffer (50 mM ABC buffer, 2 M urea) before trypsinization
overnight at 37°C.

Mass spectrometry

Digests were stopped by the addition of formic acid and samples
were desalted on custom-made stage-tips (C18 material-Supelco
Analytical) (57). Using an Easy-nLC1200 liquid chromatography
(Thermo Fisher Scientific), peptides were loaded onto custom filled
C18 reversed-phase columns and separated using a gradient of
5%-33% acetonitrile in 0.5% acetic acid over 90 min and detected on
an Q Exactive HF mass spectrometer (Thermo Fisher Scientific).
Dynamic exclusion was enabled for 30 s and singly charged species
or species for which a charge could not be assigned were rejected.
MS data were processed and analyzed using MaxQuant (1.6.0.1) (58,
59) and Perseus (1.6.10.43). Proximity proteomics was performed in
triplicates and interaction proteomics experiments were performed
in quadruplicates. Unique and razor peptides were used for
quantification. Matches to common contaminants, reverse identi-
fications and identifications based only on site-specific modifi-
cations were removed before further analysis. Log, H:L ratios were
calculated. t tests were used to determine statistical significance
between conditions. A g-value < 0.05 was considered statistically
significant. Log, fold change (H:L) > 2 and >1 was used as cutoff for
experiments involving HA-IPs and APEX2, respectively. Functional
annotation enrichment analysis was performed using DAVID (60, 61)
coupled to significance determination using Fisher's exact test and
correction for multiple hypothesis testing by the Benjamini and
Hochberg FDR.

diGly proteomics

Cells were cultured in lysine- and arginine-free DMEM supple-
mented with dialyzed FBS, 2 mM L-glutamine, 1 mM sodium py-
ruvate, penicillin/streptomycin, and light (K0) lysine (38 pyg/mL) and
arginine (66 pg/ml). Heavy medium was the same except the light
lysine was replaced with K8-lysine (L-Lysine, 2HCL U-13C U-15N,
Cambridge Isotope Laboratories Inc). Cells were processed as es-
sentially as described in Fishkin et al (2016) (62). Briefly, cells were
washed twice with ice-cold PBS and lysed in 5 ml denaturing lysis
buffer (8M urea, 50 mM Tris [pH 8], 50 mM NacCl, 1x PIC [protease
inhibitor cocktail, EDTA-free; Roche], 50 yM DUB inhibitor PR-619
[Millipore]). Samples were incubated on ice for 10 min and then
sonicated with 3 x 20 s pulses. After removal of non-solubilized
material (15,000g/10 min), differentially labeled lysates were mixed
at equal ratios based on total protein determined by BCA (Pierce-
Thermo; typically, 10 mg of total protein). After reduction with 5 mM
DTT and alkylation with 10 mM chloroacetamide, lysates were
digested with 5 ng/ul lys-C (Wako) for 1 h at RT. Subsequent di-
gestion of peptides with trypsin (Promega) was performed as de-
scribed (63). Lyophilized peptides were resuspended in 1.5 ml IAP
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buffer (50 mM MOPS [pH 7.4], 10 mM Na,HPO,, and 50 mM NaCl) and
centrifuged to remove any insoluble material (2,500g/5 min). The
supernatant was incubated with anti-diGly antibody (32 pg/IP)
conjugated to protein A agarose beads (Cell Signaling) for 1 h at
4°C. Unbound peptides were removed through 3x washing with IAP
buffer and once with PBS. Bound material was eluted 4x with 50 pul
0.15% TFA and peptides were desalted using C18 stage-tip method
(57). Each sample was immunoprecipitated sequentially two times
and each IP was analyzed separately by mass spectrometry. Pep-
tides samples were separated on a nanoflow HPLC system (Thermo
Fisher Scientific) using a 226 min gradient of 5-33% acetonitrile
containing 0.5% acetic acid on custom filled C18 reversed-phase
columns and analyzed on a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific) using data-dependent acquisition
selectingthe most intense peaks from each full MS scan acquired in
the Orbitrap for subsequent MS/MS while excluding peptides with
unassigned charge states or charge states below +3 from frag-
mentation (see RAW files for specific settings). Raw data files from
quadruplicate samples were processed with MaxQuant (1.6.0.1) as
described previously (58, 59) using a human (UP000005640) UNIPROT
database and the following parameter settings: first search peptide
mass tolerance 20 ppm, main search peptide mass tolerance 05 D,
tryptic digestion allowing up to two missed cleavages, cysteine
carbamidomethylation (57.021464) as fixed modification, methionine
oxidation (15.994946), N-terminal protein acetylation (42.010565) and
diGG (114.042927; excluded from the C terminus) as variable modi-
fications, revert decoy mode and peptide, protein and site FDR < 0.01.
Perseus (1.6.10.43) was used for data sorting. Log, H:L ratios were
calculated. t tests were used to determine statistical significance
between conditions. A g-value < 0.05 was considered statistically
significant. Log, fold change (H:L) > 0.5 and < -0.5 was used as cutoff.
Heat maps were generated using MultiExperiment Viewer (64).

Denaturing immunoprecipitation

Cells in 2 x 15 cm cell culture dishes were harvested by scraping,
washed with DPBS and frozen at -20°C. Lysis was carried out with a
denaturing buffer containing 1% SDS (50 mM Tris pH 8.0, 150 mM
NacCl, 0.5 mM DTT, 0.5 mM PMSF, 10 mM NEM, 0.5% NP40, 1% SDS,
protease inhibitor [1x], benzonase) for 15 min at 4°C-Lysates were
diluted to 0.1% SDS with NP40-buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 10 mM NEM, 0.5% NP40, 1x protease inhibitor) and sonicated (8 x 1
s pulse, 1s rest) on ice. Debris was cleared by centrifugation (>20,000g,
10 min, 4°C) and protein concentrations adjusted across samples
following BCA. Samples were incubated with pre-equilibrated anti-HA-
agarose overnight at 4°C in an overhead shaker. Before elution,
samples were washed either four times with USP2 wash buffer (50 mm
Tris HCL, pH 8.0, 300 mM NaCl, 0.5% NP40, and protease inhibitor [1x])
and once with USP2 reaction buffer (50 mM Tris HCL, pH 8.0, 10 mM NaCl,
0.5 mM DTT, and 0.01% NP40) or five times with NP40 buffer followed by
differential treatment with recombinant USP2.

TUBE pull-down
Cellsin 2 x15-cm cell culture dishes were harvested by scraping and

washed with DPBS. Cell numbers were adjusted using a cell counter
(Invitrogen Countess) and samples frozen at -20°C. Cell pellets
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were lysed with TUBE buffer (50 mM Tris, pH 7.5, 150 mM NaCl, T mM
EDTA, 1% NP40, 10% glycerol, 50 uM PR-619, 5 mM 1,10-phenantroline,
2 mM PMSF, 10 uM bortezomib, and 1x protease inhibitor cocktail)
with or without 200 pg/ul GST-TUBE (Lifesensors). Samples were
rotated on an overhead shaker for 10-15 min at 4°C before incu-
bation with TBS-T (20 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween-
20) pre-equilibrated glutathione sepharose (GE Healthcare) for 4 h
on an overhead shaker at 4°C. Samples were washed four times with
TBS-T and eluted with three times SDS sample buffer (200 mM
Tris—HCL, 6% SDS, 20% glycerol, 300 mM DTT, and Bromophenol Blue).

Data Availability

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD030729.
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Table 1 - Ubiquitin remnant diGly profiling of CCNF WT vs. KO (N2a, SH-SY5Y) or

mutant (patient-derived LCL) cells.

Table 2 — Protein expression profiling of CCNF WT vs. KO (N2a, SH-SY5Y) or mutant

(patient-derived LCL) cells.

Table 3 - Interaction proteomics of HA-Flag-CCNF from N2a and SH-SY5Y cells.

Table 4 — Proximity proteomics of APEX2-CCNF from N2a and SH-SY5Y cells.

Figure S1: Reproducibility across diGly proteomics experiments.
(A) Venn diagrams of diGly peptides found in quadruplicate experiments in N2a and SH-
SY5Y CCNF WT and KO cells as well as ctrl and CCNF mutant LCLs.
(B) Changes in protein abundance in CCNF WT vs. KO and ctrl vs. CCNF mutant in N2a,
SH-SY5Y and LCLs, respectively. Bar graph shows percentage of quantified proteins with
either no (grey), decreased (blue; log, FC (H:L) < -0.5) or increased (red; log, FC (H:L) > 0.5)

total protein abundances changes in CCNF KO or mutant compared to the respective control

(C) Total abundance changes of proteins with commonly decreased diGly sites in CCNF KO
and mutant cells (Figure 1G). White indicates undetected proteins, grey shows proteins with
unchanged abundances, while blue and red labels proteins with decreased (log, FC (H:L) < -

0.5) and increased (log, FC (H:L) > 0.5) abundance, respectively.
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Figure S2: Biotinylation in APEX2-CCNF expressing cells.

(A) N2a and SH-SY5Y APEX2-CCNF expressing cells were differentially treated with biotin-
phenol (BP) and H,O, prior to PFA fixation and staining with Biotin-FITC and DAPI. Scale bar
indicates 10 ym.

(B) Volcano plots showing proteins detected by proximity biotinylation with APEX2-CCNF or
APEX2-TBC1D7 in biotin-phenol and H,O, treated SH-SY5Y cells. Proteins enriched in
proximity to APEX2-CCNF and APEX2-TBC1D7 are shown in orange (t-test difference >
0.75, FDR corrected, g-value < 0.05, Student’s t-test) and blue (log, FC < -0.75, FDR
corrected, g-value < 0.05, Student’s t-test), respectively. Known interactors of CCNF are
highlighted with black circle. Top hits for CCNF and TBC1D7 are highlighted.

(C) Heat map of known CCNF interactors found in IP-MS and proximity proteomics
experiments in this study (Figure 2D). Abundance changes of CCNF interactors are
highlighted in grey (unchanged), red (increased) and blue (decreased). Proteins marked in

white were not detected in respective dataset.

Figure S3: TOLLIP and TRIM28 are potential CCNF binding partners.
(A, B) Lysates from parental (mock), HA-Flag-FBX028 or HA-Flag-CCNF overexpressing
SH-SY5Y cells were subjected to HA (A) or Flag (B) immunoprecipitation followed by SDS-

PAGE and immunoblotting. Arrows indicate specific protein bands.



887

888

889

890

891

892

893

894

895

Figure S4: HSP90AB1 stability and CCNF-dependent HSP90 client and co-factor
binding.

(A) Empty or HA-FLAG-HSP90AB1 expressing SH-SY5Y CCNF WT or KO cells were
subjected to an 8 h pulse-chase with cycloheximide (CHX) and Btz.

(B) Lysates from HA-FLAG-HSP90AB1 overexpressing SH-SY5Y CCNF WT or KO cells
were incubated with HA agarose prior to SDS-PAGE and immunoblotting. Arrows indicate

specific protein bands.
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2.2 Publication II

Ubiquitin profiling of lysophagy identifies actin stabilizer CNN2 as a target of
VCP/p97 and uncovers a link to HSPB1

Published as:

Kravi¢ B, Bionda T, Siebert A, Gahlot P, Levantovsky S, Behrends C, Meyer H. Ubiquitin profiling
of lysophagy identifies actin stabilizer CNN2 as a target of VCP/p97 and uncovers a link to HSPB1.
Mol Cell. 2022 Jul 21;82(14):2633-2649.¢7. doi: 10.1016/j.molcel.2022.06.012. Epub 2022 Jul 5.
PMID: 35793674.

Contribution:

In an exploratory approach to find novel interactors of CNN2, I performed state-of-the-art proximity
proteomics using stable isotope labeling of amino acids in cell culture to investigate the proximity
proteome of CNN2 in the context of lysosomal damage. This involved cloning CNN2 into the
APEX2 vectors, establishing stable cell lines, as well as sample preparation and data analysis.
Combined, my experiments led to the identification of HSPB1 as a novel interactor of CNN2 and

P02 as a critical component in the lysophagic process.
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