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Abstract

Parkinson’s Disease is the second most common age-related neurodegenerative disorder,
with multiple lines of evidence suggesting that mitochondrial dysfunction may underlie
the etiology of the disease. The kinase PINK1, and the ubiquitin (Ub) E3 ligase Parkin,
function in a pathway to maintain mitochondrial quality control through the engulfment of
mitochondria by the autophagy system, in a process termed mitophagy. Through a positive
feedback loop centred on the production of S65-phosphorylated Ub, PINK1 and Parkin
work in concert to ubiquitinate proteins on the outer mitochondrial membrane, leading to
the recognition, engulfment, and eventual destruction of the damaged mitochondria by the
autophagy machinery. While significant work has been done to establish the substrates
and chain type composition of the Ub placed on mitochondrial substrates by Parkin, little
work has been done to establish the broader Ub chain architecture: the degree of chain
branching, and the relationship between phosphorylation and chain formation in the context
of a single ubiquitin moiety. Further, while Drosophila melanogaster has been successfully
used as a model organism to understand that PINK1 and Parkin function in a common
pathway, the chain composition of mitochondrial Ub has not been explored in this model.
Using a novel mass spectrometry-based technique, Ub-clipping, combined with biochemical
methods for understanding Ub biology, this thesis explores the composition and architecture
of the mitochondrial ubiquitome. Using a depolarisation-induced HeLa cell model, it was
found that Parkin predominantly produces mono- and short chain-ubiquitination of integral
mitochondrial membrane proteins, and that mono- and distal Ub moieties are preferentially
phosphorylated. Further, significant method development was performed to enable detection
of the lowly abundant mitochondrial Ub in Drosophila, and it was found that treatment of
flies with the oxidant paraquat robustly induces formation of pS65-Ub in the presence of
endogenous levels of PINK1 and Parkin. These results further our understanding of the
precise nature of Parkin-mediated ubiquitination events, and provide the first evidence that
the feedforward production of pS65-Ub occurs in response to the induction of mitochondrial
damage in Drosophila. The paraquat model for inducing PINK1 and Parkin activation will
form a basis for future studies understanding the role of PINK1 and Parkin, in enabling the
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study of other players in the PINK1/Parkin pathway, and in determining the downstream fate
of pS65-ubiquitinated mitochondria, in the context of an organism.
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Chapter 1

Introduction

1.1 Mitochondria are hubs of cellular metabolism

Mitochondria are highly dynamic organelles that contribute to a plethora of cellular functions,
including ATP generation, synthesis of important cofactors such as iron-sulfur clusters,
immune signalling, and apoptosis [267, 171]. Additionally, mitochondria are a major source
of reactive oxygen species (ROS), which perform vital signalling functions but can result in
damage to proteins, lipids and DNA [267, 171]. Mitochondria are believed to have arisen
from an endosymbiotic event involving the engulfment of an early α-proteobacterium by
an archaeal ancestor [69, 153]. Mitochondria therefore contain multiple vestiges of their
bacterial ancestry, including their own circular DNA chromosome (mtDNA) and an inner and
outer mitochondrial membrane (IMM and OMM respectively) that predominantly contain
α-helical and β -barrel structures, respectively [69, 280, 94, 293]. A brief summary of several
of the vital processes performed by mitochondria follows.

1.1.1 The OXPHOS system

The best-appreciated function of mitochondria is their role in generating ATP, the energy
currency of the cell. This is achieved through the oxidative phosphorylation (OXPHOS)
system, consisting of a series of five IMM-embedded multi-subunit complexes. In brief,
Complexes I through IV generate an electrochemical proton gradient, consisting of ∆Ψm
and ∆pH, across the IMM through a series of oxidative reactions that are coupled with the
pumping of protons from the matrix to the intermembrane space (IMS), resulting in the
reduction of molecular oxygen. Complex V then facilitates the energetically favourable
transfer of protons accross the IMM back into the matrix to generate ATP from ADP and
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inorganic phosphate. The OXPHOS system is dependent on the tightly controlled transport
of metabolites across the IMM, which is achieved through the action of a range of membrane-
embedded carrier proteins for substrates that include ADP, ATP, phosphate and pyruvate
among others [133]. Complex I (NADH:ubiquinone oxidoreductase) is the largest of the
OXPHOS complexes, consisting of 45 subunits in humans [19, 174]. Complex I is the major
source of mitochondrial ROS, and mutations in many subunits and assembly factors have
been reported to be causative in childhood-onset neuromuscular disorders [182, 174]. Further,
exposure to chemicals that induce ROS generation through Complex I has been associated
with neurodegenerative disease [278], as described further in Section 1.3.

1.1.2 Mitochondrial protein import

The mitochondrion can be divided into four compartments: the OMM, the IMM, the IMS
and the matrix. Of the approximately 1,000 proteins in the mitochondrial proteome, only
13 are encoded by the mitochondrial genome, translated in the mitochondrial matrix, and
directly assembled alongside nuclear-encoded subunits into the IMM-resident OXPHOS
Complexes I, III, IV, and V [181]. The remaining proteins are encoded by the nuclear
genome, translated in the cytosol, and imported post-translationally into the mitochondria
where they must localise to the correct sub-mitochondrial compartment [11]. All nuclear-
encoded proteins, with the exception of some single pass OMM proteins, are imported via the
translocon of the outer membrane (TOM) complex, which in humans consists of the β -barrel
pore-forming TOMM40 subunit, the receptors TOMM20, TOMM22, and TOMM70, and the
small TOM proteins TOMM5, TOMM6, and TOMM7 [87, 108, 11, 290]. Translocation of
nuclear-encoded mitochondrial proteins through the TOMM40 pore usually occurs from the
N-terminus and requires the protein to be either unfolded or in a single loop conformation,
which is aided by binding of the precursor to cytosolic chaperones [290, 11]. OMM-targeted
proteins either diffuse laterally into the OMM from the TOM complex [75], or are transported
through the IMS and assembled in the OMM by the sorting and assembly machinery (SAM)
complex [11]. Matrix- or IMM-targeted proteins containing an amphipathic presequence
are imported via the translocase of the inner membrane 23 (TIM23) complex, while IMM-
integral carrier proteins are imported via the TIM22 complex [229, 11]. Import that occurs
through the TIM23 complex requires an intact mitochondrial membrane potential (∆Ψm),
which is generated by the OXPHOS system [11]. Following import, the protein’s amphipathic
presequence is cleaved by the mitochondrial processing peptidase (MPP) to form a mature
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protein [11]. The reliance on ∆Ψm for mitochondrial protein import causes OXPHOS and
mitochondrial protein import to be closely coupled.

1.1.3 Mitochondrial homeostasis

The maintenance of the correct abundance, distribution, and functioning of mitochondria
within the cell requires a number of interweaving homeostatic mechanisms. These include
mitochondrial dynamics, biogenesis, and turnover of proteins and whole organelles. Mito-
chondria constantly fuse and divide; changes in the balance of mitochondrial fission and
fusion occur in response to or concurrent with changes in metabolic demands, or in response
to mitochondrial insults [218]. Mitochondrial fission relies on Drp1, a large Dynamin family
GTPase that is recruited from the cytosol to scission sites through binding of OMM-resident
adapters [262, 205]. Mitochondrial fusion is mediated by the mitofusins (Mfn1 and Mfn2
in humans), which mediate OMM fusion, and OPA1, which mediates IMM fusion [24, 72].
The mitofusins and OPA1 are integral OMM (facing the cytosol) and IMM (facing the
IMS) proteins respectively [73, 199]. Many functions of mitochondrial fission have been
proposed, including in aiding mitochondrial motility, particularly along axons [98], improved
release of Cytochome c during apoptosis [155], and segregation and degradation of damaged
mitochondria by autophagy [291], a process described further in Section 1.3. Conversely,
mitochondrial fusion has been implicated in efficient energy generation via OXPHOS [175],
and in protecting mitochondria from destruction by mitophagy [67, 226]. Further maintaining
mitochondrial homeostasis are mitochondrial transport, biogenesis and degradation, and
disruption of this delicate balance of processes can lead to numerous diseases [143, 147].

Several interconnected and partially overlapping modes of mitochondrial quality control
exist, in different physiological contexts and in response to different inputs. One such
pathway is the destruction of mitochondria by autophagy, termed mitophagy, in response to
mitochondrial damage. An important step in the signalling for the autophagic destruction of
damaged mitochondria is the labelling of the organelle with ubiquitin (Ub), a small protein
modifier discussed further below. This chapter will explore the process of mitophagy, and
specifically the Ub-dependent process initiated by the enzymes PINK1 and Parkin. First, a
discussion of the Ub system is presented, including methods that have been developed for
analysing ubiquitination in cells. Next, the role of PINK1 and Parkin in mitochondrial quality
control in health and neurodegenerative disease will be discussed, followed by a review of
the animal models of PINK1 and Parkin deficiency.
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1.2 The Ub system

Ub is a small protein that participates in myriad intracellular signalling processes as a
post-translational modification (PTM) of target proteins. Its 76-amino-acid sequence is
highly conserved, with human and Drosophila Ub sequences being identical, while the yeast
sequence differs by only three residues. It folds tightly into a compact structure with a
flexible 6-residue tail at the C-terminus, resulting in a highly stable protein that is resistant to
acid and heat (Figure 1.1A) [299, 215]. Canonical ubiquitination involves the conjugation
of the Ub C-terminus to the amino-ε group of substrate lysine residues, forming a covalent
isopeptide (amide) bond. More recently, non-canonical ubiquitination of serine, threonine
and cysteine residues has been described; these modifications are more labile than lysine
ubiquitination, and have therefore not been as well-studied [161]. Ubiquitination of proteins
involves a three-step ATP-dependent process involving E1 activating, E2 conjugating, and E3
ligase enzymes (Figure 1.1B). The human genome encodes two E1 enzymes, approximately
40 E2s, and over 600 E3s [144]. There are two main categories of E3 enzymes, Really
Interesting New Gene (RING) and Homologous to E6AP C-Terminus (HECT) [238, 126].
RING ligases function as E2 activators, stimulating Ub transfer directly from the E2 to the
substrate (Figure 1.1B, left). In comparison, HECT ligases transfer the Ub from the E2 onto
a catalytic C residue on the E3, before transferring the Ub to the substrate lysine (Figure
1.1B, right) [238]. A third class of E3 ligases, RING-in-between-RING (IBR) -RING ligases
(RBR ligases), structurally resemble RING ligases but function similarly to HECT ligases in
that Ub is transferred to the substrate via a catalytic C on the E3 [311].

1.2.1 Structure-function relationships in the Ub system

Ubiquitination is a highly complex PTM, due to the fact that Ub, itself a protein, can be
further modified by PTMs. Ub contains 7 lysines, which alongside its N-terminus are all
solvent exposed, allowing further ubiquitination to form chains (Figure 1.1A). Ub chains
may consist of a single linkage type (homotypic), different linkages (heterotypic), and may
contain multiple Ub linkages on a single moiety (branched chains); the vast combination of
potential modifications of Ub is termed the Ubiquitin Code (Figure 1.1C) [126]. For RING
E3 ligases, the chain type specificity is predominantly determined by the E2, while for HECT
and RBR E3 ligases, the chain type is determined by the E3 [325, 126]. Ub chains linked at
K48 and K63, termed canonical linkages, are the most common Ub linkage type. K48 chains
are thought to destine the substrate for degradation by the Ub-proteasome system (UPS),
while K63 chains are generally thought to have non-degradative signalling roles [23, 48, 265].
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In addition to the canonical chains, the non-canonical M1 (linear), K6, K11, K27, K29 and
K33 chains all exist in cells [305, 118, 275]. More recent work has established a role for
M1-linked chains in immune signalling [254], K11 chains in cell cycle control [314], while
K6 chains have been implicated in mitophagy [36, 63]. Further, Ub chains of mixed linkages
occur in cells, and a function has been described for K11/K63 mixed chains in the regulation
of MHC Class I receptor import into cells [12]. Chain branching has also been detected
in cells [35], but the extent to which this modification is important for cellular signalling
remains unclear.

Due to the location of the K residues on different surfaces of Ub (Figure 1.1A), differently
linked Ub chains form distinct structures. Generally speaking, K63- and M1-linked chains
form very open structures, analogous to beads on a string [127]. Conversely, K6, K11, and
K48 chains form compact structures, in which the various linked Ub molecules form direct
interfaces with one another [89, 15, 32]. These structural differences underlie the function
of distinct chain types in diverse signalling processes, and is conferred by the preferential
binding of proteins containing different Ub-binding domains (UBDs) to specific chain types.
Mechanistically, UBDs may recognise a specific chain type by directly binding the Ub-Ub
interface, which underlies the K48-specific binding of the Ub-associated (UBA) domain of
the yeast protein Mud1 [284]. Alternatively, linkage specificity can be conferred by linkage-
specific avidity, a form of cooperative binding in which binding of one domain to Ub places
the second domain in an optimal conformation for binding to a specific chain type [258].
This is the case for the protein Rap80, which contains two Ub-interacting motifs (UIMs) that
confer K63 linkage specificity [263]. Rather than recognising the Ub-Ub interface, linkage
specificity in Rap80 is determined by an alpha-helical linker between the two UIMs that
places the second UIM in a position to preferentially bind the open K63-linked conformation
[258]. Substrate monoubiquitination can also be recognised by the binding to both the Ub
and a domain within the substrate, as is the case for the binding of polι to monoubiquitinated
PCNA during DNA damage [8]. In addition to recognition of Ub modifications by UBDs,
substrate ubiquitination can cause autoinhibition by blocking a binding site; monoubiquitina-
tion of Smad4 prevents its association with phosphorylated Smad2, which regulates TGFβ

signalling [43]. Ubiquitination has also been shown to control subcellular localisation of a
protein, such as the monoubiquitination of p53, which controls its export from the nucleus
[20].
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Ubiquitination is relieved by deubiquitinases (DUBs), for which 99 genes (including
some probable pseudogenes) exist in humans [29]. Ub-specific protease (USP) DUBs are
generally believed to have some degree of substrate specificity but low Ub chain type prefer-
ence [45]. Conversely, JAMM family DUBs such as AMSH tend to have a preference for K63
chains [162], while the OTU family DUBs OTUB1 and OTULIN are K48- and M1-specific
respectively [306, 115]. USP30, a mitochondrial-resident DUB, is unusual among USP
DUBs as it shows linkage specificity towards K6 chains [183, 310]. The function of USP30
is described further in Section 1.3.7.

To add further complexity to the Ub code, Ub can also be modified by other PTMs
such as acetylation and phosphorylation [194, 104, 112, 129]. Acetylation at K6 and K48
was detected in higher molecular weight smears on SDS-PAGE gels, indicating that the
acetylated Ub was conjugated to substrates [194]. Because acetylation, like ubiquitination,
occurs on K residues, such a modification could directly antagonise ubiquitination, although
the biological function of Ub acetylation is still unclear. Mass spectrometry (MS)-based
proteomics datasets have revealed phosphorylation of Ub at T7 and T12 [140], T14 [335],
S20 [148], T22, T55 and T66 [273], S57 [212], T59 [234], and S65 [200]. In vitro assays
have found that phosphorylation at Ub at different sites can alter the activity and chain type
specificity of both E3 ligases and DUBs, indicating that Ub phosphorylation could affect
the chain type complement of a given system [92]. However, only the function of S65
phosphorylation has been determined in vivo, for its role in mitophagy as described further
below. These PTMs greatly expand the repertoire of potential Ub modifications, which could
allow for exquisite regulation of diverse protein functions. However, the interplay between
different modifications on Ub itself has remained mostly unexplored.

1.2.2 Methods for studying ubiquitination in cells

Several classes of tools have been developed to study ubiquitination in cells and organisms,
which in many cases utilises the biology of the Ub system. Many different antibodies
have been raised against total or conjugated Ub, specific chain types, and K11/K48-linked
heterotypic chains [54, 190, 324]. Similarly, UBDs, such as tandem Ub binding entities
(TUBEs), which are synthetic constructs consisting of a tandem series of four UBDs [85],
have been used for affinity enrichment of ubiquitinated substrates for various applications
including the estimation of average Ub chain length in cells [47, 90, 289]. The varying
chain type specificity of different DUBs has also been harnessed to determine the chain type
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complement of a biological sample, using a technique called Ubiquitin Chain Restriction
(UbiCRest) [88]. If treatment of a sample with a chain-type specific DUB liberates Ub, this
indicates that the sample in question contains that particular chain type.

The function of specific Ub chain types in cells has been investigated using K-to-R
Ub mutants [23]. These investigations have allowed the initial discovery that Ub K48 is
important for targeting proteins to the proteasome, and is indeed the only lysine in Ub that is
essential for viability in yeast [48, 23]. However, the use of Ub mutants has several important
caveats. Firstly, overexpression of mutant Ubs without concurrent knockdown of the cellular
Ub pool results in the mutant Ub comprising only a small fraction of the total Ub; this can be
overcome by knocking down Ub in cells [318]. However, Ub is encoded in four different
genes, two of which are fused to ribosomal subunits [49]. Therefore, replacement of WT Ub
with a mutant form requires small hairpin (sh)RNA treatment of the four Ub-encoding genes,
and reintroduction of both the mutant Ub and the ribosomal subunits [318]. Secondly, as
suggested by its highly conserved amino acid sequence, cellular viability is highly sensitive
to mutations in Ub, especially those that affect binding of Ub to UBDs [236]. The K-to-R
mutations could also interfere in as yet unappreciated ways with other lysine modifications
such as acetylation. These caveats must therefore be taken into account when analysing
results obtained using Ub mutants.

Most importantly, MS approaches have enabled the unbiased analysis of the ubiquitome:
ubiquitination events on both substrates and Ub at a proteome-wide scale [282]. MS analysis
of ubiquitomes is enabled by the fact that, during tryptic digest, ubiquitination events can be
observed by the presence of a diGly remnant on previously ubiquitinated K residues [212].
While trypsin usually cleaves C-terminally to K and R residues, ubiquitination results in a
missed cleavage event at the ubiquitinated substrate K residue. Trypsin also cleaves Ub at
R74, leaving the C-terminal G75 and G76 (diGly) residues still attached by an isopeptide
bond to the substrate K residue. A ubiquitinated peptide is therefore characterised by a
missed cleavage event, and the addition of 114 Da due to the diGly [212]. DiGly remnant
analysis, combined with the development of methods for Ub- or diGly-enrichment and sample
fractionation, has resulted in the detection of more than 50,000 different ubiquitination sites
in cells [56]. The number and abundance of these ubiquitination events can be modulated
by various cellular stressors including UPS or DUB inhibition, or mitophagy induction as
described further below [305, 118, 292, 62, 237, 96]. However, due to the process of tryptic
digest, which divides proteins into multiple peptides, the context of each modification with
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respect to one another is lost. DiGly proteomics therefore cannot easily answer the question
of whether and to what extent multi-monoubiquitination occurs, and whether combinations
of Ub modifications, such as chain branching or an interplay between chain formation and
phosphorylation, occur in cells.

It was recently established that Lbpro, the leader protease from the Foot and mouth disease
virus (FMDV), has specificity for ISG15, a Ub-like protein that is conjugated to protein K
residues via its C-terminus during immune signalling [274]. Unlike typical deconjugating
enzymes, which cleave the isopeptide bond between the ISG15 C-terminal glycine and the
substrate lysine, Lbpro cleaves ISG15 C-terminal to residue R155 [274] (Figure 1.2A). This
cleavage event, when performed on an ISGylated substrate, results in the formation of a C-
terminally clipped ISG15 that is unable to be recognised by the ISG15 conjugation machinery,
and a diGly-modified substrate K residue that is unable to be ISGylated (Figure 1.2A). Given
that ISG15 and Ub share homology, including 100% identity in the four important C-
terminal residues, it was shown that Lbpro could also deconjugate Ub from substrates via
an identical mechanism (cleaving at R74), although with much lower activity (Figure 1.2B)
[274]. However, mutation of L102 of Lbpro to a bulky tryptophan allowed increased binding
and activity towards Ub with a concurrent reduction in activity towards ISG15 [275]. Lbpro

L102W, referred to as Lbpro*, can therefore be used for the analysis of ubiquitomes in cells,
in an application termed Ub-clipping [275]. Similarly to tryptic digest, Lbpro* treatment
leaves a diGly remant on previously ubiquitinated K residues, but unlike tryptic digest, Lbpro*
treatment does not further digest the Ub molecule into peptides (Figure 1.2B). The benefit
derived from the use of Ub-clipping is therefore two-fold. Firstly, this specificity only for
R74 of Ub means that multiple modifications of Ub such as chain branching can be detected
via MS by the presence of multiple diGly modifications of a single Ub moiety (Figure 1.2C).
Secondly, the collapse of a complex ubiquitinated sample into diGly-modified mono-Ubs can
greatly simplify sample preparation; enrichment of the diGly-modified Ub can be performed
by SDS-PAGE fractionation and excision of the 8 kDa mono-Ub band [275]. Analysis of
Ub-modified substrates, which would resolve at their original size on SDS-PAGE following
Lbpro* treatment, and analysis of multi-monoubiquitination of non-Ub substrates, are further
potential applications of Ub-clipping that have not yet been explored in depth [275]. One
potential application of Ub-clipping is in analysing the interplay between Ub phosphorylation
and chain formation by the kinase PINK1 and the E3 Ub ligase Parkin, which occurs during
mitophagy, as described in the following section.
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cleaves ISG15 C-terminal to R155, either on free ISG15 (not shown) or on an ISGylated
substrate. It is hypothesised that this would disrupt immune signalling via inactivation of
ISG15 or by preventing further ISGylation of substrates. B-C. Mechanism of action of Lbpro

against Ub and its application to Ub-clipping [275]. Left, Lbpro cleaves Ub C-terminal to
R74, which when applied to a diUb molecule liberates two Ub proteoforms, Ub1-74 and
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1.3 PINK1, Parkin and mitophagy

1.3.1 Mitochondrial involvement in Parkinson’s Disease

Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease,
first described by James Parkinson in 1817, and has an estimated prevalence of 1.8% of people
aged over 65 [233]. PD is characterised clinically by motor symptoms such as resting tremor,
bradykinesia (slowing of movement), and postural instability [86], and non-motor symptoms
such as olfactory and gastrointestinal dysfunction [78, 110]. The classic motor symptoms
of PD are believed to be caused by loss of dopaminergic (DA) neurons of the substantia
nigra pars compacta, with aggregates termed Lewy bodies, predominantly containing the
protein α-synuclein, accumulating in the brains of most PD patients [13, 266]. Parkinsonism
refers to a collection of diseases, of which PD is most common, that recapitulate the clinical
symptoms of PD but may be caused by different genetic or environmental factors [230].

The first indication that mitochondrial dysfunction may play a role in the etiology of PD
came when patients who had been exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a by-product present in certain illicit drugs, exhibited symptoms of parkinsonism
within days after injecting the substance [135, 38]. MPTP readily crosses the blood brain
barrier, is metabolised to the toxic metabolite 1-methyl-4-phenylpyridinium (MPP+) by
non-dopaminergic cells, then is rapidly taken up by dopaminergic neurons where it inhibits
Complex I of the mitochondrial respiratory chain [259, 223]. Population studies found links
between PD and exposure to pesticides such as rotenone and paraquat (PQ), which both elicit
mitochondrial oxidative damage through Complex I [55, 252, 278]. Further, post-mortem
studies of idiopathic PD patient brains have revealed selective deficiency in Complex I [246],
as well as mtDNA mutations and other mitochondrial pathologies [331, 6, 283].

Further evidence for the role of mitochondria in the etiology of PD came with studies of
genetic forms of parkinsonism. While most cases of PD are idiopathic, approximately 10%
of parkinsonisms have a genetic cause [270]. Two of the most prevalent causes of autosomal
recessive parkinsonsim are mutations in PRKN (PARK2), encoding the E3 ligase Parkin,
and PINK1 (PARK6), encoding the protein kinase PTEN-induced putative kinase 1 (PINK1)
[122, 295, 294]. Early studies in Drosophila indicated that PINK1 and Parkin function in
a common pathway that serves to maintain mitochondrial integrity [210, 30]. Since then,
myriad studies in cell culture systems have shown that these proteins are able to induce
mitophagy, and have determined the precise activation sequence of the pathway in exquisite
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molecular detail. A description of the known mechanisms of PINK1 and Parkin activation
and the turnover of damaged mitochondria is presented below.

1.3.2 PINK1 activation

PINK1 localises to mitochondria and is phylogenetically the most divergent human kinase
[151, 294]. Its structure consists of the N-terminal region, a kinase domain, and a C-terminal
region (CTR; Figure 1.3A). The N-terminal region, consisting of a mitochondrial targeting
sequence (MTS), an OMM localisation sequence (OMS), and a transmembrane sequence
(TMS), is important for the regulation of PINK1’s stability and mitochondrial localisation, as
discussed further below. Its kinase domain, like other kinases, consists of an N-lobe and a
C-lobe. Unique to PINK1, the kinase domain contains three large insertions that protrude
from the N-lobe [132, 249]. The CTR forms extensive contacts with the C-lobe, and is likely
important for its structure [132, 249]. The mechanism by which PINK1 is activated upon
mitochondrial damage is illustrated in Figure 1.3B. Under basal conditions, PINK1 protein
levels in the cell are very low, due to constitutive degradation in a proteasome-dependent
manner [145]. This occurs by the ∆Ψm-dependent import of the PINK1 MTS via the TOM
and TIM23 complexes [145, 59, 185, 160]. The partially imported PINK1 is cleaved first
within the MTS by MPP, then within the TMS by presenilin-associated rhomboid-like protein
(PARL; Rhomboid-7 in Drosophila) to form a 52 kDa product [145, 101, 312, 39, 169, 70].
The 52 kDa protein is retrotranslocated into the cytosol where it is degraded by the proteasome
according to the N-end rule pathway [323]. Upon loss of mitochondrial membrane potential,
MTS-dependent import and subsequent PARL-mediated cleavage of PINK1 is inhibited
[145, 101, 39, 169, 70]. The OMS then directs PINK1 to the OMM [195], in a manner
dependent on TOMM7 [77], where it is stabilised [145, 160, 185]. PINK1 incorporates into
a subset of TOM complexes [136], and this interaction may involve PINK1 dimerisation
[198]. Once stabilised on the OMM, PINK1’s kinase function is activated, which requires
autophosphorylation in trans [197, 132, 249]. The autophosphorylation events stabilise
insertions 2 and 3 respectively in the N-lobe, and insertion 3 in particular is important for
Ub binding [132, 249]. PINK1 phosphorylates Ub at S65 [112, 104, 129], as well as the S65
residue on Parkin’s Ubl domain [128, 253]. Both of these phosphorylation events are required
for full Parkin activation by PINK1, as either S65A Parkin [204, 166] or S65A Ub [201],
mutants that disallow phosphorylation-dependent regulation, greatly reduce Parkin-dependent
mitochondrial ubiquitination. Interestingly, S65 phosphorylation of Ub changes the protein’s
conformation, resulting in an equilibrium between the "common" Ub conformation and a
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C-terminally retracted form (Ub-CR) [310, 41, 65]. PINK1 prefers to phosphorylate Ub that
is locked in the Ub-CR conformation, and structural studies indicate that unphosphorylated
Ub needs to be in the Ub-CR conformation to be phosphorylated [65, 249]. Upon regaining
of ∆Ψm, PINK1 is rapidly re-imported into mitochondria and degraded as above, thereby
allowing an "off" switch for the pathway [136].

1.3.3 Parkin activation

Parkin is an RBR ligase, with a domain structure consisting of an N-terminal ubiquitin-like
(Ubl) domain, a unique Parkin domain (UPD, sometimes referred to as RING0), RING1
(important for E2 binding), IBR, and catalytic RING2 domains (Figure 1.4A) [255, 91, 311].
The known mechanism of Parkin activation by PINK1 is illustrated in Figure 1.4B. Prior
to activation by PINK1, Parkin exists in the cytosol in an autoinhibited state, in which a
UPD-RING2 interface occludes access to the catalytic C431 residue, and the IBR-RING2
linker interacts with the RING1 domain to prevent E2~Ub binding [308, 235, 285]. Parkin
activation therefore requires significant rearrangement of its domain structure. Inactive Parkin
typically localises diffusely in the cytosol, but redistributes rapidly to mitochondria upon
mitochondrial depolarisation in a PINK1-dependent manner [184, 160]. This is achieved
first by phosphorylation of pre-existing mitochondrial Ub by PINK1 [196, 202, 166], which
may be seeded on mitochondrial proteins by the E3 ligase MARCH5 [130]. Parkin binds
pS65-Ub, which induces a conformational change that displaces the Ubl from its interaction
with the RING1 domain [104, 112, 129, 309, 131, 244]. PINK1 then phosphorylates Parkin’s
Ubl at the equivalent S65 residue [128, 253]. Full Parkin activation is achieved when the
phosphorylated Ubl (pUbl) domain binds to the UPD, displacing the RING2 [64, 245].
Further, a conserved linker region between the Ubl and UPD, termed the ACT element,
binds to a hydrophobic pocket on UPD that is vacated by the released RING2 [64]. The
catalytic RING2 domain in active Parkin is highly mobile [64, 245], and Parkin is able to
catalyse the ubiquitination of diverse mitochondrial substrates and produce multiple Ub chain
types in vitro and in vivo [204, 36, 237]. Parkin-catalysed ubiquitination of mitochondrial
proteins provides further substrate for phosphorylation by PINK1, which further recruits
Parkin, and cycles of Ub phosphorylation and chain formation by PINK1 and Parkin on
mitochondria results in robust ubiquitination of mitochondrial substrates [204, 201]. The
retention of Parkin at mitochondria is dependent on its catalytic activity, as C431S Parkin is
partially activated through phosphorylation by PINK1 but is not retained on mitochondria
[138]. The S65-phosphorylated Ub produced on mitochondrial proteins by PINK1 and Parkin
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Fig. 1.3 PINK1 domain structure and activation on mitochondria. A. Domain structure
of PINK1, consisting of the mitochondrial targeting sequence (MTS), outer membrane
targeting sequence (OMS), transmembrane (TM) region, kinase domain, and C-terminal
region. B. PINK1 activation on mitochondria. In healthy mitochondria (left), the ∆Ψm is
intact, and PINK1 is constitutively imported via the TIM23/presequence pathway. PARL
cleaves PINK1 N-terminal to F104, and PINK1 is released into the cytosol. The exposed
N-terminal F104 leads to N-end rule degradation of PINK1 by the proteasome. When
mitochondria are damaged with agents that disrupt ∆Ψm (right), TIM23-mediated import
is blocked. The OMS signals for PINK1 localisation in the OMM, where it interacts with
the TOM complex. PINK1 is activated by autophosphorylation in trans, then active PINK1
phosphorylates Ub on S65. The downstream phosphorylation and activation of Parkin
is shown in Figure 1.4. NTR: N-terminal region, OMM/IMM: outer/inner mitochondrial
membrane.
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Fig. 1.4 Parkin domain structure and activation on mitochondria. A. Domain structure
of Parkin, consisting of the Ub-like (Ubl) domain, activating element (ACT), unique Parkin
domain (UPD), RING1, IBR, repressor element (REP), and RING2 domain. B. Parkin
activation by PINK1, following PINK1 activation in Figure 1.3B. Parkin exists in the cytosol
in an autoinhibited state. It binds pS65-Ub, which displaces the Ubl domain and promotes
its phosphorylation at S65 by PINK1. The Ubl and ACT bind to the UPD, displacing the
catalytic RING2 domain and activating Parkin’s E3 ligase activity. Parkin ubiquitinates
OMM proteins, which provide substrate for PINK1 phosphorylation. More Parkin protein is
recruited, resulting in a positive feedback loop of pS65-Ub production by PINK1 and Parkin.
OMM/IMM: outer/inner mitochondrial membrane.

is recognised in HeLa cells primarily by the autophagy receptors optineurin (OPTN) and
nuclear dot protein 52 (NDP52), which results in the recruitment of the autophagy machinery
to the damaged mitochondria [139].

1.3.4 Parkin substrates and chain types

Initial targeted investigations into the substrates of Parkin-mediated ubiquitination found
the mitofusin proteins [57, 277, 337, 221], the mitochondrial motility-associated protein
Miro [307], as well as Voltage-dependent anion channel 1 (VDAC1) [59] to be Parkin
substrates. Later MS-based studies have followed, showing numerous mitochondrial and
non-mitochondrial substrates [242, 204, 36, 202, 203]. In particular, one recent study used
absolute quantification (AQUA)-based MS techniques to investigate the absolute abundance
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of diGly-modified mitochondrial substrates upon depolarisation [202]. This study identified
the three VDAC proteins as the most heavily ubiquitinated mitochondrial substrates, followed
by a collection of other proteins including Mfn2, CISD1 and TOMM20. The authors were
able to establish the kinetics of substrate ubiquitination and Ub phosphorylation, both of
which correlate positively with Parkin levels [202]. In terms of Ub chain types produced
by Parkin, early cellular studies using Ub K-to-R mutants found that Parkin produces K27
and K63 chains in response to depolarisation [59]. However, more systematic MS-based
studies found Parkin-dependent production primarily of K6, K11, K48 and K63 chains on
mitochondria, and Parkin has also been shown to assemble predominantly those chain types
in vitro [204, 275]. pS65-Ub is a poor substrate for Parkin-mediated ubiquitination, so it
is likely that chains are phosphorylated downstream of ubiquitination by Parkin [310, 204].
While the substrate and chain type repertoire of Parkin has now been established in great
detail, the broader Ub chain architecture, such as the interplay between chain formation and
phosphorylation of Ub, or the presence of chain branching, remains mostly unexplored.

Several observations indicate that Parkin in fact has low substrate selectivity. Firstly,
the structure of active Parkin, in which the catalytic RING2 domain is relieved of contacts
with the rest of the protein, indicates that the catalytic domain potentially has a large amount
of mobility, which could allow ubiquitination of a broad range of substrates [64, 245].
Secondly, the abundance of diGly modifications in different tissues correlates well with the
total abundance of those substrates in the mitochondrial proteome of that tissue; indeed,
the VDAC proteins are both the most abundant and most heavily ubiquitinated proteins
on the OMM [202]. Finally, ectopic targeting of several non-mitochondrial proteins to the
OMM enables their ubiquitination by Parkin, indicating that Parkin ubiquitinates proteins in
close proximity rather than proteins with a particular sequence or structural element [130].
This low specificity underscores the need for tight regulation of Parkin activation to prevent
aberrant ubiquitination of other cellular substrates. These observations also suggest that the
abundance, rather than the precise nature, of Parkin-mediated ubiquitination underlies the
protein’s function.

1.3.5 Mitophagosome formation and delivery to the lysosome

The incorporation of ubiquitinated mitochondria into autophagosomes first occurs by binding
of autophagy receptors, primarily NDP52 and OPTN in HeLa cells, to ubiquitinated mito-
chondrial proteins [139]. OPTN recruitment to mitochondria results in the activation of the
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kinase TBK1, which phosphorylates OPTN and improves its binding to Ub chains [83, 232].
Therefore, OPTN and TBK1 function in a second positive feedback loop to promote focal
recruitment of autophagy receptors to the site of mitochondrial damage [83]. The autophagy
receptors recruit the kinase ULK1, and the proteins DFCP1 and WIPI1, while Atg9A is also
recruited, resulting in the initiation of autophagosome formation at the site of the damaged
mitochondrion [139, 99]. The Atg8 family of proteins, which in humans consist of six mem-
bers with partially redundant functions (LC3A, LC3B, LC3C, GABARAP, GABARAPL1,
and GABARAPL2), are Ub-like proteins that are required for the efficient expansion of the
autophagosomal membrane [288, 192, 206]. The Atg8 proteins are first processed by Atg4
to reveal a C-terminal G residue [120]. Next, the processed Atg8 is conjugated via its C
terminus to phosphatidylethanolamine (PE) in a ubiquitination-like process requiring the E1-
like Atg7, the E2-like Atg3, and the E3-like Atg5/Atg12/Atg16 complex [95, 272, 178, 176].
The Atg5/Atg12/Atg16 complex is itself produced by another ubiquitination-like process
involving Atg7 and the E2-like Atg10 to conjugate the C-terminus of Atg12 to Atg5, which
then assembles noncovalently with Atg16L1 [177, 176]. After recruitment of Atg8 proteins
to the growing phagophore, the Atg8s recruit further autophagy receptors, including p62,
resulting in a third positive feedback loop of Atg8-driven receptor recruitment [206]. The
Atg8 proteins are also essential for downstream delivery of the autophagsome to the lysosome,
either through autophagosome-lysosome fusion or degradation of the inner leaflet after fusion
[192, 288]. Hence, loss of either Atg5 or Atg8 greatly diminishes autophagy [288, 192, 117].
Following fusion of the autophagosome with the lysosome, the mitochondrial contents are
degraded by lysosomal hydrolases. Therefore, mitophagy is considered to be a protective
mechanism that removes dysfunctional mitochondria from the network to prevent oxidative
damage or apoptotic signalling caused by lost mitochondrial integrity.

1.3.6 Involvement of p97 and the proteasome

While it is understood that the primary means of depolarisation-induced mitochondrial
turnover in cultured cells is mitophagy, proteasomal processes appear to also be involved
in PINK1/Parkin-dependent mitophagy. OMM proteins can be turned over under steady-
state levels via ubiquitination, extraction from the membrane by the AAA ATPase p97, and
degradation by the proteasome, in a process termed OMM-associated degradation (OMMAD)
[189, 319]. Early experiments found that inhibition of p97, or the proteasome, resticted
depolarisation-induced mitophagy [277, 21], while more recently it has been shown that p97
is recruited to depolarised mitochondria in a manner that is dependent on Parkin and the p97
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cofactor UBXD1, and that this recruitment enhances the rate of mitophagy [7]. Degradation
of the mitofusin proteins (required for fusion of the OMM) appears to be an early event in
mitophagy and occurs via this pathway [189, 337, 319]. This finding led to the hypothesis that
rapid degradation of mitofusins by Parkin prevents the damaged mitochondrion from fusing
with the network, which in turn aids its turnover by mitophagy [277]. Indeed, later studies
found that Mfn2 is the most rapidly ubiquitinated substrate in response to depolarisation, and
that p97-mediated Mfn2 degradation is necessary for destruction of ER-mitochondria contact
sites, which then promotes further substrate ubiquitination by Parkin [164]. However, more
recent studies into the process, using more physiological levels of Parkin, have found that
p97 inhibition did not dramatically affect Parkin-dependent ubiquitination of mitochondrial
proteins or the turnover of the majority of OMM proteins upon mitophagy induction [203].

1.3.7 USP30 is a negative regulator of PINK1/Parkin mitophagy

USP30 is the only DUB that is localised to mitochondria, with an N-terminal OMM localisa-
tion sequence and its catalytic USP domain facing the cytosol (Figure 1.5A) [183]. The first
evidence for the involvement of USP30 in the PINK1/Parkin pathway came from a screen
for DUBs that could counteract Parkin-mediated mitophagy in cultured cells [10]. Studies
in flies also showed that Usp30 knockdown could partially rescue the phenotypes of Pink1

and park mutants (encoding Pink1 and parkin), as well as PQ-induced neuronal toxicity
[10]. Early cellular studies found that USP30 could cleave K6, K11, and K48 linkages
in cells, while other studies in vitro showed that USP30 preferentially cleaves K6-linked
di-Ub [36, 310, 63, 243]. This apparent chain type specificity is unusual among USP DUBs,
which are typically pan-specific for all Ub chain types [45]. Crystal structures of USP30 in
complex with K6-linked diUb have established the molecular explanation for this preference,
wherein contacts between the USP domain and both the distal and proximal Ub moieties
restricts the possible orientation of the Ub moieties with respect to each other, preferring
the K6-linked configuration (Figure 1.5B) [243, 63]. Indeed, the K6 linkage preference
is conferred solely by binding, as K11 and K48 linkages are more efficiently hydrolysed
once bound to USP30 [243]. The residues in USP30 that mediate the contacts that confer
K6 specificity are well conserved across species, but are not conserved among other USP
family members [243]. In addition to cleaving K6 chains, USP30 is clearly able to counteract
substrate monoubiquitination, as it can regulate the abundance of diGly-modified mitochon-
drial substrates as measured by MS [36, 203]. One potentially important USP30 substrate is
TOMM20, whose ubiquitination has been described as essential for mitophagy [10], while
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K6-linked ubiquitination specifically of TOMM20 has been shown to be regulated by USP30
[63]. Further, while some sites on TOMM20 are regulated both by USP30 and Parkin,
others are regulated by USP30 in a Parkin-independent manner [203]. Consistent with a
Parkin-independent role for USP30, the DUB has been shown to regulate basal mitophagy,
while Parkin appears to function only in damage-induced mitophagy [10, 152]. USP30 has
also been found to be involved in pexophagy (autophagy of peroxisomes), due to the presence
of a peroxisome localisation sequence [36, 152]. This finding indicates that pexophagy might
also be mediated by ubiquitination, which is corroborated by evidence that PINK1 targeted
to peroxisomes can induce their autophagic degradation [136].

The currently accepted model for the involvement of USP30 in PINK1 and Parkin-
mediated mitophagy is that USP30 activity under basal conditions regulates the amount of
ubiquitination of mitochondrial substrates prior to PINK1 activation, which potentially sets
the threshold for activation of PINK1/Parkin (Figure 1.5C, left) [36]. Activation of PINK1
and Parkin results in deactivation of USP30, allowing robust production of Ub chains on
mitochondrial proteins, leading to autophagic clearance of the damaged organelle. Three
mechanisms for the inactivation of USP30 upon activation of PINK1 and Parkin have been
proposed (Figure 1.5C, right). Firstly, Parkin is able to ubiquitinate USP30 directly, which
could result in turnover of the protein by the proteasome [10]. However, USP30 degradation
was observed only at longer timepoints, and monoubiquitination of USP30 appears not
to affect its DUB activity [10, 63]. Secondly, pS65-Ub is a poor USP30 substrate, so
phosphorylation of Ub chains by PINK1 is likely to prevent their hydrolysis by USP30 [310].
Finally, USP30 is an exo-DUB, meaning that it can only cleave Ub chains one moiety at a time,
starting from the most distal [63, 243]. Therefore, it has been proposed that long Ub chains
may hinder USP30-mediated cleavage [243]. However, whether USP30 does indeed function
in physiological conditions to counteract PINK1/Parkin mitophagy remains to be determined,
as most studies have been cell-based, relying on USP30 overexpression. USP30 has also
been described as a regulator of mitochondrial protein import, by deubiquitinating proteins
as they are imported through the TOM complex [214, 203]. Therefore USP30’s primary
function, be it in regulating mitochondrial protein import or in counteracting mitophagy,
remains to be established.
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Fig. 1.5 USP30 domain structure, mechanism of K6 linkage specificity, and regulation
on mitochondria. A. Domain structure of human USP30, consisting of a transmembrane
(TM) region, localisation sequences for mitochondria (OMS) and peroxisomes (PEX), and
USP domain. B. Mechanism of USP30 K6 linkage specificity. USP30 (left) contacts both the
distal and proximal moiety, restricting its substrate preference to K6-linked Ub. Conversely,
most other USP DUBs (right) form most of their contacts with the distal Ub moiety, which
does not restrict the orientation of the proximal Ub. Therefore, USP DUBs typically have
low Ub linkage specificity. C. USP30 activity on mitochondria. Under basal conditions
(left), USP30 deubiquitinates mitochondrial proteins, thereby reducing initial substrate for
phosphorylation by PINK1. Upon mitochondrial damage and PINK1/Parkin activation (right),
USP30 activity is reduced. This may occur by 1) ubiquitination and proteasomal degradation
of USP30, 2) phosphorylation of Ub chains, thereby preventing USP30-mediated hydrolysis,
and/or 3) increased Ub chain length, which would hinder USP30’s obligate exo-DUB activity.



1.3 PINK1, Parkin and mitophagy 21

1.3.8 PINK1/Parkin-independent mitophagy

Additional to its role in response to damage, mitophagy is important in several physiologi-
cal processes during development, including elimination of paternal mitochondria during
egg fertilization, and in the elimination of mitochondria during the differentiation of red
blood cells [271, 1, 250, 241]. Patients with homozygous loss-of-function alleles of PINK1

and PRKN do not display developmental abnormalities [122, 295], which suggests that
PINK1- and Parkin-mediated mitophagy either does not occur during these processes, or
operates redundantly with other pathways. Further, PINK1 and Parkin have been shown
to be dispensable for basal mitophagy in mice and flies [168, 142]. Indeed, several other
mitochondrial-resident E3 ligases have been identified, which conceivably could induce
autophagy receptor recruitment by ubiquitinating mitochondrial substrates independently
of or cooperatively with PINK1 and Parkin [189, 144, 326]. MUL1 (Mitochondrial Ub E3
ligase 1, also known as MULAN, MAPL, GIDE, and HADES) is a RING E3 ligase that is
localised to the OMM with its RING domain facing the cytosol [144]. It has been shown
to be involved in numerous cellular pathways, including NF-κB signalling, apoptosis, and
mitochondrial dynamics [159, 103, 329, 222]. Further, an LC3-interacting region (LIR)
has been described in the MUL1 RING domain that enables binding to GABARAP, an
Atg8 family protein, which implicates MUL1 in mitophagy [3], although the functional
relevance of this interaction is unclear. Overexpression of MUL1 in flies rescues Pink1 and
park mutant phenotypes, and Mfn2 has been shown to be a substrate of MUL1-mediated
ubiquitination [329]. MUL1-mediated SUMOylation of Drp1 has also been described as a
means of regulating mitochondrial fission [222]. It is likely, given that manipulations that
increase mitochondrial fission tend to rescue Pink1 and park mutant phenotypes in flies
[220], that MUL1’s protective effect on PINK1 and Parkin phenotypes is due to its role in
regulating mitochondrial dynamics [329, 222]. MARCH5 (also known as MITOL) is another
OMM-spanning E3 ligase and has similarly been proposed to regulate a wide variety of
functions, including innate immune signalling, apoptosis, mitochondrial dynamics and, most
recently, mitochondrial protein import [327, 268, 326, 214]. MARCH5 has been shown
to ubiquitinate sites that are deubiquitinated by USP30, and to ubiquitinate the autophagy
receptor FUNDC1, which is discussed further below [214, 25].

The F-box family protein FBXO7 is another E3 ligase that has been implicated in PINK1-
and Parkin-dependent mitophagy [16]. Interestingly, autosomal recessive forms of parkin-
sonism, similar to those described in patients with PINK1 or PRKN mutations, have been
described due to mutations in PARK15, the gene encoding FBXO7 [52, 209]. While FBXO7
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is not exclusively resident at mitochondria, it partially redistributes to mitochondria in a
PINK1-dependent manner upon depolarisation [16]. Further, FBXO7 interacts directly with
both PINK1 and Parkin through distinct binding sites, and loss of FBXO7 expression reduces
Parkin translocation to mitochondria upon depolarisation [16]. Overexpression of human
FBXO7 in Drosophila is able to rescue park mutant phenotypes [16]. However, while
FBXO7 was shown to genetically interact with Pink1, its ectopic expression was unable to
rescue Pink1 or Pink1, park double mutants. This suggests that FBXO7 acts downstream
of PINK1, but, unlike parkin [210, 30], its function is totally dependent on Pink1 activity
in flies. However, FBXO7 has been shown not to be a substrate of PINK1 [128], indicating
that this activation is indirect. While the fly data indicated that FBXO7 and parkin may
interact redundantly in flies, FBXO7 was unable to rescue mitophagy in HeLa cells, which
lack endogenous Parkin expression [16]. These results could indicate either that FBXO7 and
parkin can operate redundantly to induce mitophagy only in flies, or that the rescue conferred
by FBXO7 is not through mitophagy. Further work is needed to determine the precise role of
FBXO7 in mitochondrial quality control.

Ub-independent mitophagy has also been described. During erythrocyte differentiation,
the mitochondria of red blood cells are removed by mitophagy via a mechanism that requires
the protein NIX (also known as BNIP3L) [250, 241]. FUNDC1, an intregal OMM protein,
has also been described as a Ub-independent mitophagy receptor that directly associates
with the core autophagy machinery through its LIR [146]. FUNDC1-mediated mitophagy
occurs in cells in response to hypoxia but not depolarisation with FCCP, highlighting the
diversity of mitophagic pathways in different circumstances [146]. Interestingly, cross-
talk has been observed between FUNDC1- and MARCH5-mediated mitophagy, whereby
MARCH5 ubiquitinates FUNDC1, resulting in its proteasomal degradation, which may act
as a fine-tuning mechanism to prevent over-induction of mitophagy in response to stress [25].
Externalisation of cardiolipin, normally resident in the inner leaflet of the IMM, to the outer
leaflet of the OMM, has also been described as a signal for various forms of mitochondrial
damage-induced mitophagy [28]. Further, PINK1- and Parkin-independent mitophagy in
response to iron chelation has also been described [2].

1.3.9 Mitophagy-independent mitochondrial quality control

In addition to PINK1/Parkin-independent forms of mitophagy, there are alternative mitochon-
drial quality control pathways, some of which appear to involve PINK1 and Parkin. These
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quality control pathways maintain mitochondrial integrity at different levels, in different sub-
compartments or in response to different stimuli. OMM-associated degradation (OMMAD) is
a Ub-dependent quality control pathway for membrane-spanning OMM proteins [189, 319].
Proteins destined for degradation are ubiquitinated, extracted from the membrane by p97 and
delivered to the proteasome where they are deubiquitinated, unfolded, and hydrolysed into
peptides [189, 337, 319]. As discussed in Section 1.3.6, an interplay between OMMAD and
mitophagy is believed to improve the efficiency of mitochondrial turnover. The mitochondrial
unfolded protein response (UPRmt) is a broad transcriptional response in nuclear-encoded
genes that was first described in mammalian cells but is best characterised in C. elegans

[156, 332, 186]. In worms, the UPRmt is initiated by the redistribution of the transcription
factor ATFS-1 from mitochondria to the nucleus [79, 186]. ATFS-1 contains both an MTS
and a nuclear localisation sequence (NLS), and under steady-state levels is imported into
the mitochondria and degraded by the Lon protease [186]. When mitochondrial protein
import is disrupted, for example by deletion of the Tim23 protein or treatment with PQ, the
mitochondrial import of ATFS-1 is inhibited and the protein localises in the nucleus via its
NLS, where it activates a broad transcriptional response including expression of chaperone
proteins and a switch from oxidative to glycolytic metabolism [186]. The mechanism of
UPRmt activation in mammals is less clear, although it has been found to be stimulated
by exogenous expression of the ∆OTC protein, a form of the ornithine transcarbamylase
enzyme that is prone to misfolding in the mitochondrial matrix [332, 170]. Three potential
paralogs of ATFS-1 (ATF4, ATF5, and CHOP) exist in mammals, but it is likely that UPRmt

activation in mammals occurs via a different mechanism from that of ATFS-1 in C. elegans

[332, 334, 279, 50, 224, 170]. It is also yet to be firmly established to what extent UPRmt

and mitophagy are coordinated, or under which circumstances or cell types each pathway is
preferentially activated [170].

More recently, an alternative vesicular quality control pathway for mitochondria has
been described, termed mitochondria-derived vesicles (MDVs) [188]. MDVs are defined
as cargo-selective vesicles with a diameter of 80 to 100 nm, formed independently of
Drp1, and were first described in the trafficking of mitochondrial contents to peroxisomes
[188]. Later, delivery of MDVs to the lysosome for destructuion of oxidised cargo was
described, in a process independent of the core autophagy component Atg5 [264]. The
vesicles can be comprised of IMM only (containing matrix), OMM only (containing IMS),
or both membranes, but there appears to be further selectivity of cargo contained within a
given MDV, as evidenced by the discovery of OMM-containing MDVs that lack TOMM20
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[188, 165]. Interestingly, a role for PINK1 and Parkin has been described in the formation
of matrix-only MDVs [163]. The MDVs were formed in response to oxidative damage
such as Antimycin A treatment, while treatments that dissipated ∆Ψm, such as CCCP or
Oligomycin/Antimycin A (OA) led to mitophagy [163]. It has been proposed that MDV
formation and delivery to the lysosome operates upstream of mitophagy, prior to complete
loss of ∆Ψm, to allow the piecemeal delivery of damaged mitochondrial fragments to the
lysosome [163]. This is because the timescale of MDV formation (1 to 4 hours) was observed
to be faster than that of mitophagy (4 to 24 hours) upon damage induction [163]. Further,
VPS35, encoded by a PD-associated gene [336, 301], has been suggested to partake in the
shuttling of OMM-containing MDVs to peroxisomes, and has been shown in flies to interact
genetically with parkin [14, 150]. It is therefore possible that MDVs are a mitochondrial
quality control pathway that are highly relevant in the pathogenesis of PD.

1.3.10 Methods for measuring mitophagy

Several methods have been descirbed for measuring mitophagy in cells and organisms. Two
reporters, mtKeima and mito-QC, take advantage of the acidic nature of the lysosome and
the varying pH-sensitivity of different fluorophores to allow detection of mitochondrial
delivery to the lysosome by microscopic techniques, and have been successfully applied in
whole-animal models [269, 167, 142]. The mtKeima probe consists of the Keima protein,
a protease-resistant fluorophore whose emission spectrum is dependent on pH, fused to an
N-terminal mitochondrial matrix-targeting sequence [107]. The fluorophore can emit at two
different wavelengths upon excitation, in a manner dependent on pH, so the intensity ratio
of the emission spectra is used to determine whether mitochondria have been delivered to
an acidified lysosome [107]. In comparison, mito-QC consists of an mCherry-GFP fusion
protein fused to the FIS1 OMM targeting sequence [2, 167]. GFP fluorescence is readily
quenched by the acidic lysosome while mCherry fluorescence is resistant, meaning that
targeting of mitochondria to lysosomes can be detected by the formation of "red-only puncta"
[2]. However, given the mito-QC reporter’s OMM localisation, the possibility for degradation
of OMM-localised proteins independently of mitophagy [192] can complicate the use of
this reporter for the analysis of mitophagy. In contrast, while mtKeima is matrix targeted
and therefore protected from OMM-associated degradation, it is incompatible with fixation,
which dissipates the lysosomal pH [107]. More recently, a new pH-sensitive mitophagy
reporter, termed mito-SRAI, has been described [106]. This reporter is targeted to the
mitochondrial matrix, and its fluorescence is retained upon fixation [106]. However, all
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of the above reporter methods analyse late-stage mitophagy, relying on the delivery of an
autophagosome to a correctly acidified lysosome. Lysosome acidification can be disrupted
upon treatment with depolarising agents used to induce mitochondrial damage, such as CCCP
[207], which could hinder the utility of the reporters. These late-stage readouts are also
unable to distinguish between different modes of mitophagy activation upstream of lysosomal
delivery, such as whether the induction is PINK1- or Parkin-dependent.

Generation of pS65-Ub appears to be dependent on PINK1 and amplified by Parkin [139].
Therefore, pS65-Ub has been proposed as a biomarker for PINK1 activity [216]. Given the
specificity of the signal for PINK1 and Parkin activation, the formation of pS65-Ub could
be used as an early-stage readout for mitophagy induction, although it should be noted that
pS65-Ub formation alone does not indicate that mitophagy is occurring. Combining the
readouts of pS65-Ub generation with the delivery of mitochondria to lysosomes could help
to specify whether the turnover of mitochondria is both PINK1- and Parkin-dependent, and
occurs by autophagy. However, monitoring of pS65-Ub formation in response to different
inducers of mitochondrial damage has not been widely employed, unlike the use of mito-QC
[2]. A complementary analysis could help to answer the question of whether PINK1- and
Parkin-dependent mitochondrial turnover occurs primarily by mitophagy or by other means
such as MDV formation.

1.4 Animal models of PINK1 and Parkin deficiency

To date, numerous genetic models of PINK1 and Parkin have been described, mostly in
rodents and Drosophila. While Drosophila models have recapitulated many aspects of
mitochondrial pathology common to AR-JP patients, mouse models have shown much milder
phenotypes, which hinders their use in understanding the etiology of PD and in designing
potential diagnoses or treatments. A description of the known animal models of PINK1 and
Parkin follows.

1.4.1 Drosophila models

Drosophila melanogaster is a commonly used model organism, and is ideal for studying
neurodegeneration due to its straightforward genetic manipulations, short lifespan, high
numbers of progeny, and the fact that approximately 75% of human disease-related genes
are conserved [239, 231, 9]. There are fly homologs of PINK1 (Pink1 gene, Pink1 protein),
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Parkin (park gene, parkin protein), USP30 (Usp30 gene, Usp30 protein), and Atg5 (Atg5

gene, Atg5 protein), and analyses of fly mutants of these genes have been invaluable in
determining the molecular events underlying disease [71, 210, 30, 117, 10]. Treatment of
flies with rotenone or PQ, which both induce mitochondrial dysfunction at Complex I, result
in selective loss of dopaminergic neurons in flies [34, 10]. Surprisingly, PQ treatment did
not appear to alter mitochondrial morphology [10]. The locomotor defects, but not neuronal
survival, in both models can be rescued by treatment with L-dopa, indicating that these are
faithful models of parkinsonism [34, 10]. Unfortunately, of the five Ub-binding autophagy
receptors described in mammals, only p62 has a known Drosophila homolog, Ref(2)P [191].
This complicates our understanding of the molecular events downstream of Pink1/parkin
activation in this model, given that p62 has been described as not important for mitophagy
initiation in HeLa cells [139].

Loss-of-function mutants in the park gene result in reduced lifespan, locomotor defects
and male sterility [71]. Surprisingly, it appears that degeneration of the indirect flight muscles,
rather than neurodegeneration, underlies the locomotor phenotype [71]. However, later stud-
ies found that park mutant flies exhibit selective loss of DA neurons from the PPL1 cluster
[313]. This selective neuronal loss and lack of Lewy pathology provide striking parallels to
the clinical manifestation of familial parkinsonism in humans [313, 276]. Pink1 mutant flies,
like the park mutants, display reduced longevity, male sterility, and mitochondrial dysfunc-
tion leading to degeneration of the indirect flight muscle, accompanied by climbing and flight
defects, as well as modest degeneration of dopaminergic neurons [210, 30]. Both Pink1 and
park mutants display an abnormal wing phenotype and thoracic indentations [71, 313, 210].
Studies of genetic interaction between the two genes found that the phenotype of Pink1 and
park double mutants was no more severe than each single mutant, which provided the first
evidence that the two gene products operate in the same pathway [210, 30]; indeed, these
studies provided the first unequivocal link between two PD-associated genes in a common
pathway. The Pink1 mutant could be rescued by parkin overexpression, but not vice versa,
indicating that parkin operates downstream of Pink1 [210, 30]. This finding in particular is
surprising, given that in vitro and cell-based work has suggested that, in mammals, PINK1 is
required to activate Parkin through relief of Parkin’s autoinhibited state [64, 245, 139, 204].
Drosophila parkin contains an N-terminal region not present in the well-studied mammalian
forms, which combined with the apparent lack of requirement for Pink1 for its activity
suggests that Drosophila parkin may have an alternative mode of activation.
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Proteomics approaches have been used in flies to determine the effect of the loss of
Pink1 and park on mitochondrial protein turnover [302]. While loss of park resulted in
the accumulation of mitochondrial substrates that overlapped well with loss of the core
autophagy gene Atg7, there was also a subset of mitochondrial proteins that appeared to be
regulated by parkin independently of autophagy. Surprisingly, the proteins affected by loss
of Pink1 had very little overlap with the Atg7 mutant, but some overlap with the park mutant,
indicating that Pink1 and parkin may regulate turnover of specific mitochondrial proteins in a
manner that is independent of autophagy [302]. Whether Pink1 and parkin induce mitophagy
in flies has been further questioned by the finding that basal mitophagy, as measured by the
mito-QC reporter, is unaffected by loss of Pink1 or park [142]. However, a more recent study
using the mtKeima reporter found that loss of Pink1 or park negatively affected mitophagy
in aged flies [33], so there may indeed be a role for mitophagy mediated by Pink1 and parkin
in specific contexts.

Drosophila has been an excellent model for identifying other factors that interact with
the PINK1/Parkin pathway. Knockdown of Usp30 was found to partially rescue Pink1

and park mutant phenotypes, as well as PQ-induced neuronal toxicity, which enabled the
establishment of the protein as a regulator of mitophagy [10]. Genetic manipulations that
increase mitochondrial fission rescued Pink1 and park mutant phenotypes, while fusion-
increasing manipulations worsened the phenotypes [220]. While it has since been established
that PINK1 and Parkin do not directly mediate mitochondrial dynamics, later studies have
confirmed that increased mitochondrial fission improves the efficiency of mitophagy, either
by allowing segregation of the damaged mitochondrion or by improving distillation of
damaged and undamaged proteins in the mitochondrial network [277, 125]. Studies in
Drosophila have also found strong genetic interactions between parkin and the PD-related
proteins FBXO7 [16] and VPS35 [150], further implicating mitochondrial maintenance in
PD etiology. Interestingly, while double heterozygous mutants for park and vps35 showed
neurodegenerative phenotypes and increased PQ sensitivity, the authors did not find a genetic
interaction between vps35 and Pink1, suggesting that parkin can operate in Pink1-independent
pathways [150].

1.4.2 Mouse models

Similarly to fly models, mouse models are genetically tractable and offer an insight into the
phenotypic outcomes of various genetic or pharmacological manipulations at an organismal
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level. Complex behavioural outcomes, such as memory or fine motor skills, can be more
easily measured in mice with sensitive assays [51, 166]. As mammals, mouse genes are more
highly conserved to humans than flies; only 1% of human genes have no mouse homolog and
vice versa [27]. One of the earliest PD animal models involved injection of MPTP into mice
[81]. Parenteral administration of MPTP resulted in selective degeneration of nigrostriatal
neurons and reduction in dopamine content, with no effect on serotonin levels [81]. Indeed,
mouse models were used to classify MPTP as a Complex I inhibitor, and in the discovery
that rotenone, another Complex I inhibitor, causes neurodegeneration [82].

Unfortunately, mice deficient in PINK1 or Parkin do not display phenotypes consistent
with parkinsonism, which has somewhat limited their use as a model for the disease [66,
213, 123]. Further, loss of PINK1 does not appear to affect basal mitophagy in mice [168].
Regardless, some important insights into the function of PINK1 and Parkin have been gleaned
from mouse models. A Parkin S65A mutant knock-in mouse displayed modest locomotor
deficits, similar to full Parkin knockout, indicating that this PINK1 phosphosite is important
for Parkin function in vivo [166]. Further, combining the Parkin knockout mouse with the
mutator mouse, in which the mice express a proofreading-deficient mitochondrial DNA
polymerase (polγ) that increases mtDNA mutation load [286], results in neurodegenerative
phenotypes without Lewy pathology [216]. Similarly, having the mice perform exhaustive
exercise resulted in neurodegenerative phenotypes reminiscent of PD, which could be rescued
by inhibiting the STING innate immune pathway [261]. This finding provided further
evidence for the growing connection between PD and immune dysfunction [261, 61]. The
finding that a double-hit of mitochondrial damage in addition to loss of PINK1 or Parkin
is necessary to observe PD-like phenotypes in mice is consistent with the proposal that
the PINK1/Parkin pathway occurs under circumstances of mitochondrial stress, and not
basally. However, it is unclear if this proposal is consistent with the near-complete penetrance
of disease observed in patients with homozygous recessive (or compound heterozygous)
mutations in PINK1 or PRKN. Further, the park loss-of-function phenotypes in Drosophila

could not be rescued by inhibiting the equivalent immune pathways, which suggests that
immune dysfunction does not cause the degenerative phenotypes observed in flies [141].

1.5 Aims

Although many of the molecular details surrounding PINK1- and Parkin-mediated mitophagy
have been elucidated in recent years, several questions remain to be addressed. Firstly,
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what is the architecture of the mitochondrial ubiquitome in cells? To what extent does
chain branching occur, and what is the relationship between Ub phosphorylation and chain
formation on mitochondria? This thesis aims to develop and apply new methods to the study
of mitochondrial ubiquitination events. This includes the novel application of established
methods, such as sodium carbonate extraction and affimer protection assays described in
Chapter 3, and establishment of new methods using Ub-clipping for the analysis of Ub
modifications by MS in Chapter 4. These experiments aim to establish the architecture of the
mitochondrial ubiquitome. To what extent branched Ub chains occur, and the relationship
between Ub phosphorylation and chain formation in vivo will be explored. While it is clear
that alternative E3 ligases and modes of mitophagy exist, the focus of this thesis will be on
the role of Parkin-dependent ubiquitination of mitochondrial substrates. The precise identity
of Parkin’s mitochondrial substrates will not be explored, given this has received ample prior
attention in previous studies.

Secondly, what is the role of PINK1 and Parkin in vivo, in an organism? An important
question that remains in the field is the extent to which the feedforward production of pS65-
Ub by PINK1 and Parkin occurs in physiological contexts, as most studies have explored
this phenomenon in the artificial context of overexpression and chemical depolarisation in
cell culture. To answer this question, methods to determine the mitochondrial ubiquitome of
Drosophila models were established, taking into account the much lower mitochondrial Ub
content in fly tissues compared with cultured cells. The effects of modulation of the levels of
Pink1, parkin, and Atg5 on the fly mitochondrial ubiquitome will also be determined. These
experiments establish the Ub chain type complement of fly mitochondria, investigate whether
flies produce pS65-Ub in a Pink1-dependent manner, and determine whether manipulations
in mitophagy-related genes affect the fly mitochondrial ubiquitome. Further, the role of
ageing and PQ treatment of flies on the makeup of the fly mitochondrial ubiquitome were
investigated, to determine whether these known risk factors for parkinsonism in humans also
affect pS65-Ub production in flies.

Two key principles were followed during the development of the Ub-clipping method
for the study of the mitochondrial ubiquitome, where practical. Firstly, the use of low-cost
techniques and reagents was prioritised to enable the use of the technology as widely as
possible. Secondly, the use of affinity enrichment of Ub was avoided as far as possible.
This is because it is impossible to determine whether affinity enrichment biases against as
yet undefined Ub modifications, so there is always the possibility that affinity enrichment
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methods systematically deplete rare Ub forms. The methods developed therefore aimed to
present a systematic description of the mitochondrial ubiquitome with minimal bias from
purification techniques.



Chapter 2

Materials and Methods

2.1 Expression of recombinant proteins in Escherichia coli

2.1.1 Bacterial transformation and culture

In preparation for recombinant protein expression, plasmids (Table 2.1) were transformed
into BL21 pLysE cells (Sigma). Following a 30 second heat shock at 42 °C, 2x TY medium
was added, and recovery was initiated in a shaking incubator at 37 °C for 1 h. The cells were
plated onto agar plates containing the relevant antibiotic (Table 2.1), and grown overnight at
37 °C. Single colonies were picked and grown overnight in 2x TY at 37 °C to form a starter
culture, from which 10 mL was inoculated into 1 L flasks containing 2x TY. Cells were
grown at 37 °C to an OD600 between 0.6 and 0.8, then expression was induced using IPTG
(Table 2.1). The cultures were grown overnight at 18 °C, then harvested by centrifugation at
4,000 rpm, 4 °C (Beckman rotor JLA 8.1).

Table 2.1 Plasmids and growth conditions used for protein expression.

Plasmid Antibiotics used [IPTG] for induction
pET11d-Lbpro Ampicillin, Chloramphenicol 0.4 mM

pET11d-Lbpro* (L74W) Ampicillin, Chloramphenicol 0.4 mM

pGEX-6P-GST-4xUBA-6xHis Ampicillin 0.2 mM
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2.1.2 Affinity purification of TUBEs using Ni-NTA resin

In order to enrich Ub chains, tandem Ub binding entities (TUBEs) were employed, with
the construct used consisting of an N-terminal GST tag, a series of four UBA domains
from human ubiquilin-1 (residues 536-589) and a C-terminal hexahistidine tag [85]. For
the purification of this construct, Ni-NTA affinity purification was employed as previously
described [47, 90], with modifications. Cell pellets were resuspended gently in lysis buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM BME, 40 mM imidazole), then frozen at -80
°C. Upon thawing, 1 mg/mL lysozyme (Sigma) and 0.1 mg/mL DNase (Sigma) were added,
and lysis was performed by sonication (Sonics VC750 750 W sonicator, 70% amplitude, 10
seconds on, 10 seconds off, 3 minutes total time). Lysates were centrifuged at 19,000 rpm, 4
°C (Beckman rotor JA25.50). Ni-NTA beads (Qiagen, 1 mL slurry per 10 mg expected yield)
were washed with 20 column volumes (CVs) of lysis buffer, then incubated with the clarified
lysate for 15 minutes, 4 °C with gentle rolling. The flowthrough was discarded and the beads
were washed with 400 CVs of lysis buffer. The purified protein was eluted using lysis buffer
supplemented with 300 mM imidazole, and dialysed overnight into storage buffer (PBS
containing 10% (w/v) glycerol, 1 mM DTT). The protein concentration was measured using
a NanoDrop spectrophotometer (Thermo Fisher Scientific), and the sample was concentrated
using an Amicon Ultra 10K MWCO centrifugation device (Merck Millipore) to a final
concentration of 10 mg/mL. The resulting protein was aliquotted into thin-walled tubes,
snap-frozen in liquid nitrogen, and stored at -80 °C prior to use.

2.1.3 Expression and purification of Lbpro

Expression and purification of Lbpro (FMDV, residues 29-195) was performed according
to [119], with modifications. Lbpro* denotes the Lbpro L102W point mutant (L74W in the
construct used), which has 10-fold increased activity towards Ub compared with WT Lbpro

[275]. Both constructs were purified in the same manner and used in subsequent experiments
as indicated throughout the text. Following transformation of the plasmid and induction of
protein expression according to Section 2.1.1 and Table 2.1, the bacterial cell pellets were
resuspended in Buffer A (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA, 5 mM DTT,
5% (w/v) glycerol) and stored at -80 °C. Upon thawing, 1 mg/mL lysozyme (Sigma) and 0.1
mg/mL DNase (Sigma) were added and the mixture was incubated on ice for 10 minutes.
The cells were then lysed by sonication (Sonics VC750 750 W sonicator, 60% amplitude, 10
seconds on, 10 seconds off, 3 minutes total time), and the lysate was cleared by centrifugation
at 19,000 rpm, 4 °C (Beckman rotor JA25.50). The cleared lysate was transferred to a beaker
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Table 2.2 ResourceQ settings for the purification of Lbpro

Column pre-wash 3 CVs, 100% Buffer A, 6 mL/min

Column pre-wash 5 CVs, 100% Buffer B, 6 mL/min

Column pre-wash 3 CVs, 100% Buffer A, 6 mL/min

Sample application 3 mL/min

Column wash 5 CVs, 100% Buffer A, 6 mL/min

Elution 20 CVs, linear gradient 0-100% Buffer B, 6 mL/min

Column wash 5 CVs, 100% Buffer B, 6 mL/min

Column wash 5 CVs, 100% Buffer A, 6 mL/min

containing a stirrer bar, and saturated ammonium sulfate was added dropwise to a final
concentration of 30% (v/v). The mixture was incubated 2 h at 4 °C with gentle stirring,
then centrifuged as above. The supernatant was transferred to a fresh beaker with stirrer
bar, and saturated ammonium sulfate was added to a final concentration of 60% (v/v). The
mixture was incubated at 4 °C with gentle stirring for a further 2 h, then centrifuged as
above. The supernatant was discarded and the pellet was gently resuspended in Buffer A.
The resuspended pellet was dialysed overnight into Buffer A in 10K MWCO SnakeSkinTM

dialysis tubing (Thermo Fisher Scientific). Following dialysis, the lysate was clarified by
centrifugation, diluted 1:10 in Buffer A, then loaded onto a ResourceQ anion exchange
column using a sample pump (GE Healthcare). The conditions used for the ResourceQ
run are outlined in Table 2.2. Elution from the column was performed using Buffer B
(50 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM EDTA, 5 mM DTT, 5% (w/v) glycerol).
The fractions were analysed by SDS-PAGE and those containing Lbpro were pooled and
concentrated to 1.5 mL using an Amicon Ultra 10K MWCO centrifugation device (Merck
Millipore). The concentrated sample was then run on a size exclusion column (HiLoad 26/60
Superdex 75 pg), and the Lbpro-containing fractions were determined by SDS-PAGE. Those
fractions with minimal contamination from other proteins were concentrated as above to a
final concentration of 1 mM, as measured using a NanoDrop spectrophotometer (Thermo
Fisher Scientific). The resulting protein was aliquotted into thin-walled tubes, snap-frozen in
liquid nitrogen and stored at -80 °C until needed.
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2.2 Mammalian cell biology techniques

2.2.1 Cell culture and mitophagy induction

Doxycycline-inducible HeLa Flp-In Trex cells expressing Parkin (WT or C431S, and PINK1-/-

cells expressing WT Parkin; a gift from A. Ordureau and J.W. Harper, Harvard) were cultured
in DMEM plus GlutaMAX (Gibco) containing Penicillin/Streptomycin (P/S; Sigma-Aldrich),
and 10% (v/v) Fetal Bovine Serum (FBS; Gibco). For mitophagy induction, 4 million cells
were plated onto 15 cm dishes and grown at 37 °C, 5% (v/v) CO2 for two days. Parkin
expression was induced with 0.5 µM doxycycline (Sigma) for 16 h, then mitochondrial
damage was induced with OA (10 µM Oligomycin (Merck) and 4 µM Antimycin A (Sigma)),
or CCCP (10 µM Carbonyl cyanide m-chlorophenyl hydrazone, Sigma). Unless otherwise
stated, cells were incubated a further 2 h at 37 °C, 5% (v/v) CO2 prior to harvesting.

2.2.2 Transfection of HeLa cells using FuGENE HD reagent

For the transfection of HeLa Flp-In Trex cells with pcDNA3.1-HA-Ub, the FuGENE HD
reagent (Promega) was used. For each 10 cm dish at approximately 70% confluency, 19 µg
plasmid DNA was added to 879 µL sterile MilliQ water. 56 µL FuGENE HD transfection
reagent was added, then the mixture was briefly vortexed and incubated at room temperature
for 5 minutes. 850 µL of the mixture was then added dropwise to cells containing 15 mL
DMEM with P/S and 10% (v/v) FBS. The cells were incubated at 37 °C, 5% CO2 for 24 h
prior to harvest. Additional treatments, such as CCCP treatment, were performed as indicated
by addition of the drug to the culture medium.

2.2.3 Preparation of mitochondrial extracts

Mammalian cells

Mitochondrial enrichment was performed as per [137], with minor modifications. All steps
were performed on ice or at 4 °C, unless otherwise noted. After aspirating the media, the cells
were washed twice with PBS containing 200 mM chloroacetamide (PBS + CAA; Sigma).
Cells were removed from plates by scraping, resuspsended in PBS + CAA and centrifuged 5
minutes at 1,000 x g. The pellet was washed again in PBS and centrifuged as above, prior
to storage at -80 °C. Frozen pellets were thawed on ice then resuspended in Solution A (20
mM HEPES-KOH pH 7.6, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA) containing 1x
PhosSTOP phosphatase inhibitor cocktail (Roche) and 1x cOmpleteTM protease inhibitor
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cocktail (Roche). After a 20 minute incubation, the lysate was homogenised in a dounce
homogeniser with 35 strokes of a drill-fitted pestle at 1,900 rpm. The homogenate was
transferred to a Falcon tube then centrifuged 5 minutes at 1,000 x g. The supernatant
(containing mitochondria) was transferred to fresh microcentrifuge tubes, while the pellet
(containing nuclei and unbroken cells) was resuspended in Solution A and the homogenisation
and 1,000 x g centrifugation steps were repeated as above to increase the yield. The
supernatants from the two steps were pooled and centrifuged 10 minutes at 10,000 x g. The
supernatant from this step (post-mitochondrial supernatant) was removed, and the pellet
(containing mitochondria) was resuspended in Solution A. This homogenate was cleared
by centrifugation for 5 minutes at 800 x g. The supernatant was transferred to a fresh
microcentrifuge tube and centrifuged 10 minutes at 10,000 x g. The supernatant was removed
and the pellet was washed in Solution A, centrifuged 10 minutes at 10,000 x g, and the
supernatant removed again. This wash step was performed three times in total, then the pellet
was resuspended in Sucrose Storage Buffer (500 mM sucrose, 10 mM HEPES-KOH pH 7.6).
Protein concentration was determined using a PierceTM BCA Protein Assay Kit (Thermo
Fisher Scientific), and the mitochondria were stored at -80 °C until needed.

Mouse brain

Mitochondrial extraction from mouse brain was performed as above with minor modifications.
Freshly isolated brains from 3-month-old CD1 mice (obtained by scavenging) were dissected
into 4 mm3 cubes prior to homogenisation. All subsequent steps were performed as above.

Drosophila whole flies

Purification of mitochondria from whole flies was performed similarly to mammalian cells,
with the following modifications to ensure no contamination from the fly cuticle. Whole
flies were placed in a dounce homogeniser, Solution A containing protease and phosphatase
inhibitors was added (approximately 10 µL per fly), and the flies were homogenised with 35
strokes of a drill-fitted pestle as above. The homogenate was transferred to a Falcon tube
and incubated 30 minutes, then centrifuged for 5 minutes at 1,000 x g. The supernatant
(containing mitochondria) was transferred to microcentrifuge tubes and centrifuged 15
minutes at 10,000 x g. The post-mitochondrial supernatant was removed and the pellet
(containing mitochondria) was resuspended in Solution A. The homogenate was then clarified
by centrifugation for 5 minutes at 800 x g, and the supernatant transferred to a fresh tube. This
clarification step was repeated once more to ensure all cuticle was removed from the sample.
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The supernatant was then centrifuged 10 minutes at 10,000 x g, the post-mitochondrial
supernatant discarded, and the pellet washed three times in Solution A as above. The washed
pellet was resuspended in Sucrose Storage Buffer and stored at -80 °C until needed.

2.2.4 Swelling and Proteinase K protection assay

All steps were performed on ice or at 4 °C. Using mitochondrial extracts prepared in Section
2.2.3, 50 µg aliquots were resuspended in either Solution A or Swelling Buffer (20 mM
HEPES pH 7.6, 150 mM NaCl). The mitochondria were incubated 30 minutes, then 5 mg/mL
Proteinase K was added to tubes as indicated, and incubated a further 10 minutes. 1 mM
PMSF was then added to all tubes, followed by a further 10 minute incubation, then the
samples were centrifuged 30 minutes at 21,000 x g. The supernatant and pellet fractions
were separated and analysed by western blotting as per Section 2.2.9.

2.2.5 Sodium carbonate extraction of mitochondria

Mitochondria produced in Section 2.2.3 were resuspended in 100 mM Na2CO3 (1 µL per
µg mitochondrial protein). The mixture was incubated 30 minutes on ice with occasional
vortexing, then centrifuged 30 minutes, 21,000 x g, 4 °C. The supernatant, containing soluble
and peripheral membrane proteins, was separated and discarded or retained for analysis
by western blotting. The pellet, containing integral membrane proteins, was then used for
downstream applications including Lbpro treatment.

2.2.6 TUBE-mediated Ub pulldown assay

All steps were performed on ice or at 4 °C. For the enrichment of mitochondrial Ub chains,
mitochondria produced in Section 2.2.3 were pelleted at 16,000 x g, 10 minutes, and resus-
pended in TUBE lysis buffer (PBS containing 1% (v/v) NP-40, 2 mM EDTA, 1 mM DTT, 10
mM CAA, 1x cOmpleteTM protease inhibitor cocktail (Roche)) supplemented with 8 µg/mL
TUBE (produced in Section 2.1.2). The mixture was incubated 20 minutes, then centrifuged
15 minutes at 21,000 xg. Glutathione Sepharose 4B resin (GE Healthcare; 5 µL slurry per
100 µg mitochondrial protein) was washed 3 times in 500 µL TUBE lysis buffer. The cleared
lysate was incubated with the beads on a rotating wheel for 2 h. The lysate was then removed
and the beads were washed three times with 500 µL PBST, then once with PBS, prior to use
in downstream applications as indicated.
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2.2.7 UbiCRest analysis of mitochondrial Ub

UbiCRest analysis was performed as previously described [88] with modifications. DUB
constructs used included USP21 (human, residues 196-565), vOTU (Crimean-Congo hem-
orrhagic fever virus, residues 1-183), Cezanne (human, residues 53-446) and OTULIN
(human, residues 1-352) [88]. Additionally, OTUB1*, consisting of residues 1-147 of human
UBE2D2 followed by a 10-residue GGSS linker, followed by residues 16-271 of OTUB1 was
also used as it conferred increased activity [172]. Similarly, AMSH*, consisting of residues
5-188 of STAM2 followed by a 6-residue GGSSGG linker, followed by residues 243-424 of
human AMSH, improves efficiency of the enzyme [172]. The above purified DUBs (gifts
of Paul Elliott, Komander lab) were made to a 2x stock in DUB dilution buffer (25 mM
Tris pH 7.4, 150 mM NaCl, 10 mM DTT) and incubated 15 minutes at room temperature.
Mitochondria treated as per Section 2.2.5 were resuspended in 2x DUB reaction buffer (100
mM Tris pH 7.4, 100 mM NaCl, 10 mM DTT) and mixed 1:1 with each 2x DUB stock.
Samples were incubated 45 minutes at 37 °C, then centrifuged 30 minutes at 21,000 x g, 4
°C. The supernatant and pellet fractions were kept for western blotting analysis.

2.2.8 Affimer protection assays

Using mitochondrial extracts prepared in Section 2.2.3, thawed mitochondria were incubated
with the indicated amounts of biotin-linked affimer proteins (a gift of Martin Michel, Koman-
der Lab [173]) in Solution A on ice for 10 minutes. The samples were then centrifuged 10
minutes at 10,000 x g, 4 °C (Step 1). 1 µM USP21 was added, and the mixture was incubated
1 h at 37 °C. This mixture was returned to ice and pelleted at 10,000 x g, 10 minutes, 4 °C
(Step 2). The pellet was sodium carbonate-extracted as per Section 2.2.5 (Step 3). The pellet
from this next step was resuspended in Solution A containing 1 µM USP21, incubated 45
minutes at 37 °C, and centrifuged as above (Step 4). At each of the four steps noted above,
an aliquot was taken for analysis by western blot.

2.2.9 SDS-PAGE and western blotting techniques

Samples to be analysed by SDS-PAGE were resuspended in 1x LDS loading dye (Life
Technologies) containing 25 mM DTT, and loaded onto NuPAGE 4-12% Bis-Tris gels (Life
Technologies). Samples were run in 1x MES SDS-PAGE buffer (50 mM MES, 50 mM Tris
Base, 0.1% (w/v) SDS, 1 mM EDTA pH 7.3) for 25 minutes at 100 V, then the voltage was
increased to 200 V and run for a further 35 minutes. Coomassie staining was performed
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where indicated using InstantBlue Coomassie Protein Stain (Expedeon) with gentle rocking
overnight, followed by destaining in MilliQ water. western transfer was performed where
indicated using the BioRad Trans-Blot TurboTM transfer system onto pre-cut Immun-Blot
0.2 µm PVDF membranes (BioRad). All incubation and wash steps were performed with
gentle rocking, and three washes were performed between each incubation step. During each
wash step, membranes were incubated in PBS containing 0.1% (v/v) Tween 20 (PBST) for 5
minutes. Blocking was performed in PBST containing 5% (w/v) skim milk powder for 30
minutes at room temperature. Primary antibody incubation was performed overnight at 4 °C
at the concentrations listed in Table 2.3, while secondary antibody incubation was performed
for 1 hour at room temperature in PBST containing 5% (w/v) skim milk at the concentrations
listed in Table 2.3. After the final wash, membranes were incubated in PBS for 5 minutes,
then incubated for 5 minutes in ECL reagent (Clarity, BioRad), and imaged on a BioRad MP
Chemidoc system.

2.3 Lbpro treatment and Mass Spectrometry techniques

2.3.1 Lbpro treatment of mitochondrial extracts

Sodium carbonate-extracted mitochondria

Sodium carbonate-extracted mitochondria (produced in Section 2.2.5) were resuspended in
Lbpro reaction buffer (50 mM NaCl, 50 mM Tris pH 7.4, plus 10 mM DTT unless otherwise
indicated) containing 10 µM Lbpro* and incubated overnight at 37 °C. The samples were
centrifuged 30 minutes, 21,000 x g, 4 °C, and the supernatant containing liberated Ub
proteoforms was retained for further analysis.

TUBE-enriched mitochondrial Ub

Enriched Ub chains produced in Section 2.2.6 were digested on-bead in Lbpro reaction buffer
containing 20 µM Lbpro* for 16 h at 37 °C. The supernatant was removed and the beads
were washed once with Lbpro reaction buffer. The supernatants, containing Ub proteoforms,
were pooled and retained for further analysis.
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2.3.2 Perchloric acid precipitation

Without dialysis

In order to remove excess Lbpro and unwanted mitochondrial proteins after Lbpro treatment,
samples were mixed 1:1 with 1% (v/v) perchloric acid, incubated on ice for 15 minutes,
then centrifuged 20 minutes at 21,000 x g, 4 °C. The supernatant was transferred to a new
tube, then lyophilised, resuspended in 0.1% (v/v) FA and desalted using C4 ZipTips (Merck
Millipore) according to the manufacturer’s instructions. The desalted sample was lyophilised
and resuspended in 0.1% (v/v) FA for analysis by mass spectrometry.

With dialysis

Following the perchloric acid treatment and centrifugation steps above, the Ub proteoforms
were transferred to a pre-equilibrated Slide-a-Lyzer MINI Dialysis unit (Thermo Fisher
Scientific) and dialysed 5 h into 50 mM Tris pH 7.4, then overnight into MilliQ water.
Following dialysis, the sample was lyophilised prior to analysis by mass spectrometry.

2.3.3 Ub purification using StageTips

Mitochondrial Ub proteoforms generated in Section 2.3.1 were further purified using
StageTips [228]. StageTips were assembled using 4 plugs that were cut using a gauge
16 needle (Hamilton) from C4 substrate (AffiniSEP) and assembled into a P200 pipette tip
using a plunger (Hamilton). The matrix was activated by the addition of 20 µL methanol
and the tip was centrifuged inside a 2 mL eppendorf tube at 800 x g for 30 seconds at room
temperature to allow the liquid to pass through. The tip was then equilibrated by passing
through 20 µL 80% (v/v) ACN, 0.1% (v/v) FA, followed by 20 µL 0.1% (v/v) FA. The
sample to be applied to the StageTip was acidified to a pH less than 4 using FA, then loaded
and centrifuged as above until almost all the liquid had passed through. The tip was then
desalted by passing through 25 µL 0.1% (v/v) FA, twice. In some experiments as indicated, a
pre-elution step was included: 10-25% (v/v) ACN, 0.1% (v/v) FA was passed through twice
prior to elution. For elution of the Ub, the tip was transferred to a fresh Lo-Bind Eppendorf
tube, and 25 µL 40-80% (v/v) ACN, 0.1% (v/v) FA was added to elute the protein from the
matrix. A further 25 µL elution buffer was added to ensure full elution, and the sample was
lyophilised.



2.3 Lbpro treatment and Mass Spectrometry techniques 41

Table 2.4 AQUA peptides used in this study and their stock concentrations. Underlined
residues are heavy-labelled (13C, 15N), while [pS] indicates a phosphorylated residue. K(GG)
indicates that the K residue is diGly-modified. All peptides were supplied by Cell Signaling
Technologies except the pS65 peptide, which was supplied by Cambridge Research Bio-
chemicals. The K63/pS65 peptide was used in initial AQUA experiments only and was not
included in the stock.

Peptide Sequence and modifications Stock concentration (fmol/µL)
K6 MQIFVK(GG)TLTGK 20

K11 TLTGK(GG)TITLEVEPSDTIENVK 20

TITLE TITLEVEPSDTIENVK 900

K48 LIFAGK(GG)QLEDGR 150

K63 TLSDYNIQK(GG)ESTLHLVLR 150

pS65 E[pS]LHLVLR 3.3205

K63/pS65 TLSDYNIQK(GG)E[pS]TLHLVLR NA

For AQUA analysis, the sample was resuspended in Trypsin Resuspension Buffer
(Promega) supplemented with Tris pH 8.0 to ensure a final pH above 6. Trypsin (Promega)
was added at a concentration of 1 µg per 50 µg initial mitochondrial protein, and the samples
were incubated 8-16 h at 37 °C. For StageTip purification after trypsin treatment, the sample
was acidified to pH less than 4 using FA. For initial experiments using HeLa mitochondria,
an AQUA stock containing equimolar amounts of all the peptides listed in Table 2.4 was
added. For subsequent experiments, 0.5-2 µL AQUA peptide stock (concentrations listed
in Table 2.4) was added, then the sample was loaded into a StageTip containing 4 plugs of
C18 substrate (AffiniSEP) that had been assembled, activated and pre-equilibrated as above.
The tip was washed 3 times in 0.1% (v/v) FA, then elution was performed twice with 25 µL
80% (v/v) ACN, 0.1% (v/v) FA. The samples were lyophilised prior to mass spectrometry
analysis.

2.3.4 TiO2 enrichment of phosphorylated Ub

Where indicated, enrichment of phosphorylated peptides was performed using the High-
SelectTM TiO2 Phosphopeptide Enrichment kit (Thermo Fisher Scientific). Following
C4 StageTip fractionation and trypsin treatment of Lbpro*-treated Ub from 4 mg sodium
carbonate-extracted mitochondria, the sample was divided between two TiO2 columns and
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prepared according to the manufacturer’s instructions. The eluates were pooled, lyophilised
and analysed by LC-MS as using the AQUA mass spectromtry parameters in Section 2.3.7.

2.3.5 Identifying the source of R-clipping

To identify the cause of the production of Ub1-73, Ub1-74 was generated in vitro by incubation
of 10 µg recombinant Ub with 20 µM Lbpro for 2.5 hours at 37 °C. The Lbpro was removed by
perchloric acid precipitation and dialysis as per Section 2.3.2. The Ub1-74 was incubated with
isolated mitochondria, with or without sodium carbonate extraction as indicated, overnight at
37 °C. The samples were then centrifuged 30 minutes, 21,000 x g, 4 °C, and the supernatant
desalted using C4 ZipTips (Merck Millipore). The resulting samples were analysed by intact
mass spectrometry as per Section 2.3.7.

2.3.6 Lbpro* treatment of UBE2L3

To assess multi-ubiquitination of a Parkin substrate, an in vitro Ub assembly assay was
performed by C. Gladkova [275]. In brief, 0.2 µM human E1, 4 µM UBE2L3, 4 µM
phosphorylated Parkin, 15 µM Ub, and 1.5 µM pS65-Ub were incubated 2 h at 37 °C in
reaction buffer (50 mM Tris pH 8.5, 200 mM NaCl, 10 mM MgCl2, 10 mM ATP, 10 mM
DTT). The assembly reaction was terminated by the addition of 2 mU of apyrase (Sigma) for
1 h at 37 °C, then the assembly was incubated 5 h with 10 µM Lbpro* in Lbpro reaction buffer
(Section 2.3.1) at 37 °C. The mixture was dialysed in a pre-equilibrated Slide-a-Lyzer MINI
Dialysis unit (Thermo Fisher Scientific) in 50 mM Tris pH 7.4 for 5 h, then overnight in
MilliQ water. The sample was then lyophilised prior to analysis by intact mass spectrometry.

2.3.7 LC-MS parameters

Intact MS

For the analysis of intact Ub proteoforms by mass spectrometry, samples were resuspended
in 5% (v/v) ACN, 0.1% (v/v) FA, and 10 µL was injected onto a Dionex Ultimate 3000
HPLC system (Thermo Fisher Scientific). The sample was first loaded onto a C4 PepMap300
precolumn trap (Thermo Fisher Scientific) at a flow rate of 30 µL min-1. Elution from the
trap was performed with an acetonitrile gradient (5-40%) over 45 minutes at a flow rate of 0.3
µL min-1. Immediately prior to electrospray ionisation, the sample was passed through an
EASY-Spray Accucore C4 reverse-phase column (2.6 µm, 150 Å, 75 µm x 25 cm; Thermo
Fisher Scientific). Mass spectrometry was performed with a Q Exactive mass spectrometer
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(Thermo Fisher Scientific) using the following settings: resolution, 140,000; AGC target,
3E6; maximum injection time, 200 ms; scan range, 150-2,000 m/z.

AQUA MS

For the analysis of tryptic digests containing heavy-labelled AQUA reference peptides by
mass spectrometry, samples were first resuspended in 0.1% (v/v) FA. 10 µL was injected
onto a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific), and trapped on a C18
Acclaim PepMap100 (5 µm, 100 µm x 20 mm nanoViper; Thermo Scientific). Peptides were
eluted with a 60 minute acetonitrile gradient (2-40%) at a flow rate of 0.3 µL min-1. The
analytical column outlet was directly interfaced via an EASY-Spray electrospray ionisation
source to a Q Exactive mass spectrometer (Thermo Fisher Scientific). The following settings
were used: resolution, 140,000; AGC target, 3E6; maximum injection time, 200 ms; scan
range, 150-2,000 m/z.

2.3.8 Higher-energy collisional dissociation analysis of R-clipped Ub

For the identification of Ub1-73, a PRM assay was conducted. The LC-MS conditions were
identical to those used for intact MS of Ub above, with minor modifications. The PRM
assay was conducted with an isolation window of 5 m/z around the +12 charge state of the
suspected Ub1-73 peak (m/z = 692.1322), with a higher-energy collisional dissociation (HCD)
collision energy of 30 eV. The MS2 peaks were annotated using Expert System [187], and
cross-checked using Thermo Xcalibur Qual Browser version 2.2 (Thermo Fisher Scientific)
to ensure correct assignment with regard to charge state.

2.3.9 Quantification of mass spectrometry results

Relative quantification of Ub proteoforms by extracted ion chromatogram

Raw files were analysed in Thermo Xcalibur Qual Browser version 2.2 (Thermo Fisher
Scientific) and layouts were applied according to Table 2.5, focusing on the +12 charge state,
which had been established as the most common charge state for all intact Ub proteoforms
analysed [275], aside from Ub1-73 for which the +11 charge state was most highly abundant.
Peaks were manually inspected for charge state and chromatography trends for validation.
The summed peak intensities for each species were quantified and the data inputted into
Microsoft Excel for analysis. The relative abundance of each species was calculated according
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to the following equation, using Ub1-74 as an example:

% Abundance (Ub1-74) =
Intensity (Ub1-74)

Summed intensities o f all Ub species
×100

Relative quantification of Ub proteoforms by peak deconvolution

In the Xcalibur Qual Browser, using the known retention times determined from the extracted
ion chromatogram method above, an averaged mass spectrum was produced across the
retention times for all Ub species being analysed. Using this averaged mass spectrum, a
deconvoluted mass spectrum was generated using the default settings. After deconvolution,
the mass list was imported into Excel, and the intensity of the nominal mass for each Ub
species was extracted. The relative abundance of each species was determined using the
above equation.

AQUA analysis by extracted ion chromatogram

Raw files were opened in the Xcalibur Qual Browser and layouts were applied according to
Table 2.5. MS1 peaks were validated manually by observing the charge state and retention
times as compared with the heavy labelled reference peptides. The peak area for each peptide
was quantified, and the absolute abundance calculated in Microsoft Excel by the following
equation, using the heavy peptide amounts from Table 2.4:

Amount (light ( f mol)) =
Area (light)
Area (heavy)

×Amount (heavy ( f mol))

In the case of the K63-modified peptide, in which the +3 and +4 charge state are both
abundant, the following equation was used:

Amount (light ( f mol)) =
Area (light+3) + Area (light+4)

Area (heavy+3) + Area (heavy+4)
×Amount (heavy ( f mol))

The abundance of total Ub was determined by quantification of the TITLE locus, and was
calculated by addition of the abundances calculated for the TITLE peptide and the K11-GG
peptide, which also contains the TITLE sequence (Table 2.4).
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Table 2.5 m/z values used for quantification of Ub species. H and L refer to the heavy and
light peptides respectively.

Ub species Expected m/z z Lower bound Upper bound

Ub1-74 705.2273 12 705.21321 705.24141

Ub1-74 1x GG 714.7309 12 714.71660 714.74518

Ub1-74 2x GG 724.2345 12 724.21998 724.24894

Intact MS pUb1-74 711.8923 12 711.87806 711.90654

pUb1-74 1x GG 721.4009 12 721.38642 721.41528

pUb1-74 2x GG 730.9094 12 730.89478 730.92402

Ub1-73 755.0486 11 755.03349 755.06369

Ub1-73 1x GG 765.4161 11 765.40082 765.43144

K6-GG H 462.9347 3 462.91 462.95

K6-GG L 460.5915 3 460.57 460.61

K11-GG H 803.4315 3 803.41 803.45

K11-GG L 801.4269 3 801.41 801.45

TITLE H 897.4742 2 897.45 897.49

TITLE L 894.4673 2 894.45 894.49

AQUA MS K48-GG H 489.9391 3 489.92 489.96

K48-GG L 487.6001 3 487.58 487.62

K63-GG H (+3) 751.0767 3 751.06 751.10

K63-GG H (+4) 563.5593 4 563.54 563.58

K63-GG L (+3) 748.7376 3 748.72 748.76

K63-GG L (+4) 561.8050 4 561.79 561.83

S65-p H 385.5396 3 385.52 385.56

S65-p L 383.2006 3 383.18 383.22
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2.3.10 Data presentation and statistical analysis

Pie charts of single replicate results were produced in Microsoft Excel. All other graphs were
produced using GraphPad Prism 7. Statistical tests, such as linear regression analyses, were
performed as indicated using GraphPad Prism 7.

2.4 Drosophila melanogaster techniques and treatments

2.4.1 Drosophila maintenance and husbandry

Flies were maintained on food containing cornmeal, agar, molasses, yeast, and propionic
acid, and incubated in a 12 h/ 12 h light/dark cycle in incubators (MIR-254, Sanyo) at 25
°C. Male flies only were harvested from crosses, and flies were harvested two to five days
post-eclosion unless otherwise indicated. For ageing experiments, flies were separated into
males and females and flipped onto fresh food every two to three days, with anaesthesia
avoided where practicable. For harvest, flies were immobilized by CO2-induced anaesthesia,
and maintained on ice for at least 20 minutes prior to performing mitochondrial enrichment.
Table 2.6 lists the Drosophila lines used in this study.

2.4.2 Paraquat treatment

To induce mitochondrial damage, w1118 flies (both males and females) were transferred to
bottles containing filter paper saturated with 5 mM paraquat (Sigma), 5% (w/v) sucrose. The
flies were incubated at 25 °C for 3 days prior to harvest.
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Chapter 3

Biochemical investigations of the
Parkin-dependent mitochondrial
ubiquitome

3.1 Introduction

PINK1 and Parkin function in a form of mitophagy that can be stimulated using agents that
induce mitochondrial damage [184]. Dissipation of the mitochondrial membrane potential
results in accumulation of PINK1 on the OMM, where its kinase function is activated and it
phosphorylates both Ub and the Ubl domain of Parkin at S65 [136, 112, 104, 129, 128]. pS65-
Ub binding and Ubl phosphorylation of Parkin cause significant structural rearrangements
that activate its E3 ligase activity [64, 245], resulting in the ubiquitination of mitochondrial
proteins [204, 36]. These ubiquitination events lead to destruction of the damaged mito-
chondria by autophagy through recognition of the ubiquitinated proteins by the autophagy
machinery [184, 139]. To date, studies from the Harper group and others have used MS
techniques to derive insights into the Ub chain linkages present on mitochondria, and the
stoichiometry of ubiquitination on mitochondrial substrates [242, 204, 36, 201, 237, 202].
However, an understanding of the mitochondrial Ub chain architecture, including the inter-
play between phosphorylation and chain formation, has so far been lacking. This chapter
provides further insight into the architecture of the Parkin-dependent ubiquitome using bio-
chemical methods.
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To deeply probe the role of Ub architecture in PINK1/Parkin mitophagy, first a method for
the enrichment of mitochondrial ubiquitin was developed using sodium carbonate extraction,
to ensure the absence of contaminating DUB activity and unconjugated mono-Ub in the
mitochondrial sample. The potential presence of intra-mitochondrial Ub was also explored.
Finally, the mitochondrial Ub architecture in depolarised HeLa cells expressing exogenous
Parkin was investigated using a variety of biochemical techniques developed in the Komander
lab. These techniques include UbiCRest, which uses a panel of chain type-specific DUBs to
probe the Ub chain types present on a given substrate [88]; antibodies and affimer reagents
specific for distinct Ub chain types [190, 173]; and the development of an affimer protection
assay to probe the abundance of K6 and K11/33 chains on mitochondria. The following
chapter will then explore the use of Ub-clipping in MS.

3.2 Optimisation of mitochondrial Ub enrichment

3.2.1 Mitochondrial enrichment by differential centrifugation

Using conditions described previously [204], HeLa Flp-In Trex cells expressing doxycycline-
inducible Parkin (wild-type (WT) or catalytic dead C431S mutant) were depolarised to
induce mitophagy. Depolarisation of the mitochondrial membrane potential, ∆Ψm, is a
robust trigger for PINK1/Parkin pathway activation [184], and was achieved using either
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) or a combination of oligomycin and
antimycin A (OA) as indicated. CCCP is a protonophore that rapidly dissipates ∆Ψm by
allowing diffusion of protons across the IMM [105, 84]. However, while CCCP is often
used for the induction of mitophagy [184, 204, 173], it is not specific to mitochondria, and
has been shown to interfere with lysosomal pH [207]. Antimycin A inhibits Complex III
of the respiratory chain [260], while oligomycin inhibits Complex V [211]. Use of the two
drugs in combination (OA) depletes mitochondrial respiration and prevents Complex V from
operating in reverse to maintain the ∆Ψm, resulting in depolarisation [303, 163]. While OA
results in slower depolarisation of ∆Ψm than CCCP [163], CCCP’s effects on lysosomes
mean that this drug is not ideal for investigating autophagy [207]. Therefore, where practical,
OA was preferably used for induction of mitochondrial dysfunction. Crude mitochondrial
fractions were obtained by differential centrifugation, with enrichment of mitochondria
measured by western blotting of TOMM20 (Figure 3.1A). Addition of a sucrose cushion step
resulted in modest further mitochondrial enrichment as indicated by reduction of cytosolic
GAPDH signal (Figure 3.1A, compare lanes 3 and 4), but significantly reduced the yield, and
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was therefore not incorporated into the enrichment method. With chemical depolarisation,
Parkin was enriched in the mitochondrial fraction (Figure 3.1B), and expression levels of
WT and C431S Parkin in whole cell lysates were comparable upon doxycycline induction
(Figure 3.1C).

When comparing recruitment of WT and C431S Parkin to mitochondria, WT Parkin
displayed a strong signal in the mitochondrial fraction relative to the post-mitochondrial super-
natant (PMS), indicating mitochondrial recruitment (Figure 3.1D). In contrast, C431S Parkin
showed modest mitochondrial recruitment, with a doublet band that represents oxyester bond
formation between S431 and the Ub C terminus, that is dependent on PINK1 [97, 138, 333].
This doublet band was also present in the PMS, indicating that C431S Parkin is recruited
to but not retained at mitochondria upon depolarisation. Examination of the Ub signal in
the mitochondrial fractions obtained through differential centrifugation raised two issues
(Figure 3.1E). Firstly, a significant amount of unconjugated mono-Ub was present in the
mitochondrial fraction (Figure 3.1E, first lane). Secondly, when incubated at 37 °C, a large
amount of Ub was released into the supernatant, presumably due to collapse of chains by
a contaminating protease (Figure 3.1E, second lane). The contaminating protease activity
occurred with similar kinetics to digestion with Lbpro (Figure 3.1E, compare lanes 2 and 4),
which would be problematic for downstream applications using Lbpro. Both the contaminat-
ing mono-Ub and the residual protease activity therefore needed to be eliminated in order to
perform analyses of the mitochondrial Ub.

3.2.2 Investigating the sub-mitochondrial localisation of Ub

In order to choose the best approach to separate the conjugated Ub from the contaminating
unconjugated mono-Ub present in the mitochondrial fractions, it was first necessary to de-
termine whether the mono-Ub was inside the mitochondria, and would therefore co-enrich
with any further mitochondrial purification steps. To test this, a swelling and Proteinase K
(PK) protection assay was performed, as described in Figure 3.2. Upon treatment with PK,
proteins that are on the outside of mitochondria are exposed and therefore degraded by PK,
while proteins that are inside the mitochondria are protected. Incubation of mitochondria in a
hypotonic buffer causes swelling of the IMM, which results in disruption of the OMM, and
release of soluble IMS proteins into the supernatant. Combining swelling and PK treatments
can therefore indicate the sub-mitochondrial localisation of a protein of interest (Figure
3.2A). Sodium carbonate (Na2CO3) extraction at high pH disrupts peripheral membrane
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Fig. 3.1 Parkin expression and mitochondrial enrichment. A. HeLa cells were subjected
to differential centrifugation, and mitochondrial enrichment was investigated using organelle-
specific antibodies as indicated. B. HeLa Flp-In Trex (WT Parkin) cells were induced with
doxycycline for 16 h, then depolarised with CCCP for 1 h. Differential centrifugation was
performed to confirm Parkin enrichment at mitochondria. C. HeLa Flp-In Trex (WT or
C431S Parkin) cells were incubated in the presence or absence of doxycycline for 16 h, then
whole cell lysates were immunostained for Parkin to measure induction of expression. D.
HeLa Flp-In Trex cells were induced with doxycycline for 16 h then depolarised with OA
for 4 h. The mitochondrial fraction was obtained through differential centrifugation. The
post-mitochondrial supernatant (PMS) was the supernatant from the 10,000 x g centrifugation
step. E. Following mitophagy induction, mitochondria were incubated for 90 minutes at
37 °C in the presence or absence of 100 µM Lbpro. The resulting mixture was centrifuged
at 10,000 x g, and the pellet (P) and supernatant (S) fractions analysed for Ub content by
western blotting. IB: immunoblot.



3.2 Optimisation of mitochondrial Ub enrichment 53

protein associations, and therefore separates integral membrane proteins from soluble and
peripheral membrane proteins upon high-speed centrifugation [53] (Figure 3.2B). Upon PK
treatment of CCCP-treated mitochondrial fractions, the OMM-exposed proteins Parkin and
TOMM20 were degraded, while the IMS-localised Cytochrome c (Cyt c) remained protected
(Figure 3.3, compare lanes 1 and 3). Swelling resulted in release of the IMS-localised Cyt
c (Figure 3.3, compare lanes 1 and 2 with lanes 5 and 6). Sodium carbonate extraction
resulted in retention of the integral OMM protein TOMM20 and lipidated LC3B-II in the
pellet, while the peripheral membrane-associated Parkin and Cyt c proteins were present in
the supernatant (Figure 3.3, lanes 9 and 10). PK treatment appeared to increase the amount
of mono-Ub detected (Figure 3.3, lane 4), likely due to collapse of poly-Ub chains into Ub
monomers, coupled with a failure of PK to degrade the tightly folded Ub protein. While
there appeared to be a slight increase in mono-Ub release into the supernatant upon swelling
(Figure 3.3, compare lanes 2 and 6), the apparent resistance of mono-Ub to PK treatment pre-
cluded a clear interpretation of this result. Mono-Ub was found in the soluble fraction upon
sodium carbonate extraction, indicating that it is either soluble or peripherally associated
with the membrane (Figure 3.3, lanes 9 and 10). PK treatment resulted in a collapsing of the
poly-pS65-Ub chains into mono-pS65-Ub moieties (Figure 3.3, lanes 3 and 4). Interestingly,
there appeared to be no unconjugated mono-pS65-Ub present prior to PK treatment (Figure
3.3, lanes 1 and 2). This indicated that ubiquitinated substrates, rather than free Ub, are
phosphorylated by PINK1. Sodium carbonate extraction resulted in the retention of pS65-Ub
signal in the pellet, indicating that the pS65-Ub is conjugated mostly to integral membrane
proteins (Figure 3.3, lanes 9 and 10).

To circumvent the apparent resistance of mono-Ub to degradation by PK, N-terminally
tagged HA-Ub was transfected into cells and the experiment was repeated, this time probing
for the loss of signal from the PK-sensitive HA tag by western blot. Unlike when probing
directly for mono-Ub, PK treatment did not result in increased mono-HA-Ub (Figure 3.4,
lanes 3 and 4), indicating that the effect seen in Figure 3.3 was indeed a result of collapse
of Ub chains to PK-resistant mono-Ub. HA-Ub behaved most similarly to Cyt c across the
assay as it was resistant to PK (lane 3) and was released from mitochondria during swelling
(lane 6), indicating that the unconjugated HA-mono-Ub may exist in the IMS. To test the
dependency of the apparent HA-mono-Ub protection upon PK treatment on depolarisation,
the experiment was repeated both with and without CCCP (Figure 3.5). Parkin localisation at
mitochondria was clearly CCCP-dependent as expected, with the majority of Parkin present
in the PMS in the absence of CCCP (Figure 3.5, lane 11), while it was mostly present in



54 Biochemical investigations of the Parkin-dependent mitochondrial ubiquitome

Normal
mitochondria

Proteinase K:
Degrades 

OMM proteins

Swelling:
Releases 

IMS proteins

Swelling
+ Proteinase K:
Degrades OMM,

IMS, IMM proteins

Integral Membrane
Proteins - Pellet

Peripheral Membrane
Proteins - Supernatant

Ub Ub

Ub UbSoluble Proteins
- Supernatant

Na2CO3 extraction:A Swelling/PK
treatment:

B

Fig. 3.2 Swelling, Proteinase K treatment, and sodium carbonate extraction. A. An
explanation of swelling and PK treatment to determine a protein’s sub-mitochondrial lo-
calisation. Red denotes protease sensitivity, while the dotted lines indicate disruption of
the OMM during swelling. B. An explanation of sodium carbonate (Na2CO3) extraction.
High-pH sodium carbonate solution disrupts ionic interactions between peripheral membrane
proteins and phospholipid head groups in the membrane bilayer, thereby solubilising periph-
eral membrane proteins [53]. After centrifugation the peripheral membrane proteins and
soluble, non-membrane-associated proteins will be present in the supernatant, while integral
membrane proteins are retained in the pellet. In the case of Ub, only Ub that is conjugated to
integral membrane proteins will be retained in the pellet fraction.
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Parkin were induced 16 h with doxycycline, then depolarised 1 h with CCCP. Swelling, PK
treatment and sodium carbonate extraction were performed on mitochondrial fractions to
assess the sub-mitochondrial localisation of Ub. IB: immunoblot. IMS: intermembrane space.
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the mitochondrial fraction in CCCP-treated cells (Figure 3.5, lane 13). Similarly, while
TOMM20’s mitochondrial localisation was unaffected by CCCP treatment as expected,
mono-ubiquitination of TOMM20 was observed only in the presence of CCCP (Figure 3.5,
compare lanes 1 and 13). Cyt c’s behaviour in the assay was unaffected by depolarisation.
In contrast, HA-mono-Ub was less efficiently protected from PK treatment in the absence
of CCCP (Figure 3.5, compare lanes 3 and 15). The release of HA-Ub into the supernatant
was also greatly reduced in the absence of CCCP (Figure 3.5, compare lanes 5 and 6 with
lanes 17 and 18). The protection of HA-mono-Ub is therefore mostly CCCP-dependent,
although the mechanism of protection remains unclear. The mitochondrial fraction appeared
to contain autophagosomal membranes as evidenced by the presence of lipidated LC3B
(Figure 3.3). Therefore, the PK protection and release of mono-HA-Ub into the supernatant
during swelling could be due to release of mono-Ub from mitophagosomes rather than from
within mitochondria. These observations are further discussed in Section 3.4.2.
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Fig. 3.5 The sub-mitochondrial localisation of HA-Ub is CCCP-dependent. HeLa Flp-
In Trex cells expressing WT Parkin were transfected with HA-Ub, induced 16 h with
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sodium carbonate extraction were performed on mitochondrial fractions to assess the sub-
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3.2.3 Enrichment of conjugated mitochondrial Ub using sodium car-
bonate extraction

While assessing the sub-mitochondrial localisation of unconjugated mono-Ub, it was found
that sodium carbonate extraction efficiently separated Ub chains from unconjugated mono-Ub
(Figure 3.3, lanes 9 and 10). Therefore, sodium carbonate extraction was trialled as a method
for further purification of mitochondrial polyubiquitin, downstream of differential centrifuga-
tion. Figure 3.6A shows the effect of sodium carbonate extraction on both the presence of
unconjugated mono-Ub and the contaminating protease activity. Following mitochondrial
enrichment by differential centrifugation, a large amount of unconjugated mono-Ub was
present in the mitochondrial fraction (Figure 3.6A, lane 1). Brief (2.5 h) incubation at 37
°C resulted in the release of a substantial amount of mono-Ub into the supernatant (Figure
3.6A, lanes 2 and 3). No reduction in the mono-Ub signal in the pellet was observed during
the 37 °C treatment, indicating that the Ub present in the supernatant was due to collapse
of poly-Ub chains by a protease rather than a release of the mitochondrially associated
mono-Ub into the supernatant. This protease activity occurred in a similar timescale to
incubation with Lbpro (Figure 3.6A, lanes 4 and 5). In contrast, sodium carbonate extraction
(Figure 3.6A, lane 6) severely depleted the unconjugated mono-Ub, while conjugated Ub
appeared to increase in intensity, possibly due to an increase in antigenicity caused by the
removal of soluble and peripheral membrane proteins from the sample. Incubation at 37
°C following sodium carbonate extraction did not cause release of mitochondrial Ub to the
supernatant, indicating that the protease was either removed or inactivated by the sodium
carbonate extraction (Figure 3.6A, lanes 7 and 8). Lbpro treatment collapsed the conjugated
Ub into mono-Ub (Figure 3.6A, lanes 9 and 10), indicating that sodium carbonate extraction
is compatible with downstream applications using Lbpro and other DUBs.

Sodium carbonate extraction efficiently separated unconjugated mono-Ub from conju-
gated mitochondrial (phospho-)Ub in samples expressing both WT Parkin and the catalytic in-
active C431S mutant (Figure 3.6B). Therefore, sodium carbonate extraction can be employed
for the enrichment of conjugated ubiquitin from mitochondria. Enrichment of ubiquitinated
proteins can also be achieved using Tandem Ub Binding Entities (TUBEs) [85]. Previous
studies have used Ub-binding domains to enrich for ubiquitinated mitochondrial proteins
[204, 202, 203]. The TUBE construct used in this thesis consisted of four human ubiquilin-1
UBA domains fused C-terminal to a GST tag, allowing affinity purification of Ub chains
as described previously [85]. When comparing the Ub smear observed by western blotting
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Fig. 3.6 Sodium carbonate extraction enriches conjugated mitochondrial Ub. A. Fol-
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of Ub upon enrichment by sodium carbonate extraction or TUBE pulldown, the majority
of the observed Ub signal for sodium carbonate enrichment was in a mass range between
approximately 40 and 150 kDa (Figure 3.6C, left lane), which was comparable to the 40 to
100 kDa region observed upon crude mitochondrial enrichment (Figure 3.6A, left lane). In
contrast, TUBE pulldown enriched Ub conjugates predominantly between 60 to >200 kDa
(Figure 3.6C, third lane). Therefore, TUBE pulldown appears to bias towards longer Ub
chains or larger Ub-substrate conjugates than sodium carbonate extraction. Further, TUBE
pulldown resulted in a much lower yield of Ub, as evidenced by the abundance of mono-Ub
after treatment with Lbpro* (Figure 3.6C, compare the mono-Ub abundance in the second
and fourth lanes). Given the TUBE’s bias towards longer chains, these results indicate that
the majority of ubiquitination events on mitochondria are mono-ubiquitination of integral
membrane substrates. Given that sodium carbonate extraction better preserved the abundance
and distribution of mitochondrial Ub conjugates than TUBE pulldown, this method was used
wherever possible for the analysis of the mitochondrial ubiquitome. The following section
details several experiments performed using a combination of mitochondrial enrichment,
sodium carbonate extraction, and treatment with reagents that enable an elucidation of the
Ub chain types and complex architectures present on mitochondria.

3.3 Biochemical evaluation of the Parkin-dependent ubiq-
uitome in cultured cells

3.3.1 Linkage-specific antibodies and affimers reveal a broad increase
in Ub chain types

In order to probe the Ub linkage composition of purified mitochondria, western blots using
linkage-specific antibodies and affimers were employed [190, 173]. Commercial linkage-
specific antibodies for K48-Ub and K63-Ub and a commercial pS65-Ub antibody could all
detect WT Parkin-dependent signal accumulation in sodium carbonate-extracted mitochon-
dria, although the relative increase in pS65-Ub was greater than that of K48 or K63 chains
(Figure 3.7A). An antibody specific for M1-linked chains was also tested but no signal could
be detected (data not shown), consistent with the reported absence of M1-linked chains on
mitochondria [204, 202]. The specificity of the pS65-Ub antibody for phosphorylated Ub
was also validated by treating mitochondrial extracts with Lambda phosphatase (λPP). λPP
treatment completely abolished pS65-Ub signal, confirming the antibody’s specificity (Figure
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3.7D).

Linkage-specific affimer reagents were also employed. One affimer is specific for K6
chains, while the other detects both K11- and K33-linked chains with a slightly higher affinity
for K33-linked Ub [88]. In brief, the affimers, based on a cystatin fold, were created by
screening a large library of sequence combinations against K6- and K33-linked di-Ub. Chain
type specificity is conferred by the affimers’ orientation with respect to one another in the
dimeric form, and the affimers are expressed as tandem repeats to aid dimerisation. Given
that K11- and K33-linked Ub dimers have similar conformations, the affimer reagent is
able to recognise both. In contrast, the K6 affimer is highly specific for K6 chains due to
K6-linked Ub’s distinct compact topology [89]. The western blotting method employed for
affimer detection required the use of an anti-Biotin antibody to detect the biotinylated affimer
reagent. Sodium carbonate-extracted mitochondria showed a molecular weight distribution
of K6 affimer signal that was comparable to the anti-total Ub signal (Figure 3.7D). Several
discrete bands, that were removed by sodium carbonate extraction, were detected at similar
abundances in WT and C431S Parkin samples. These bands are likely to be biotinylated
carboxylase enzymes such as pyruvate carboxylase (129 kDa) and acetyl CoA carboxylase
(265 kDa) [193, 5]. Both affimer reagents showed a large WT Parkin-dependent increase
in western blotting signal in the presence of OA (Figure 3.7B). Under high exposures, K6
chains but not K11 or K33 chains could be detected by this method in mitochondria from
C431S Parkin-expressing cells (Figure 3.7C). This is consistent with previous reports that
other E3 enzymes, such as HUWE1, produce K6 linkages on mitochondrial substrates [173].

The use of linkage-specifc reagents in western blotting has several limitations. Firstly,
differing levels of sensitivity between reagents precludes quantitative comparisons of different
chain types. Secondly, analyses are limited to the chain types for which reagents are available,
thus preventing analysis of K27 or K29 chains, or delineating the relative presence and
role of K11 and K33 chains. Analyses of mitochondrial substrates using linkage-specific
antibodies are therefore restricted to qualitative assessments of chain distribution and relative
quantification of a particular chain type between treatments, which are nonetheless useful to
a degree in determining the architecture of the mitochondrial ubiquitome.
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blotting with the indicated antibodies and affimers. IB: immunoblot.
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3.3.2 UbiCRest analysis shows an abundance of K63 chains

Ubiquitin Chain Restriction (UbiCRest) utilises a panel of chain type-specifc DUBs to elu-
cidate the Ub chain types present on a substrate of interest [88]. Unlike western blotting
using linkage-specific reagents, the UbiCRest assay allows a more direct comparison of the
relative abundance of specific chain types within a sample. This assay employed the DUBs
OTUB1 (K48-specific), OTULIN (highly M1-specific), AMSH (K63-specific), Cezanne
(K11-specific at low concentrations, some K63- and to a lesser extent K48-specificity at
higher concentrations), and the pan-specific USP21 and vOTU enzymes [88] (Figure 3.8A).
Collapse of a Ub chain with a particular DUB indicates that its preferred chain type is present
in the sample. Figure 3.8B shows sodium carbonate-extracted mitochondria from depolarised
Parkin-expressing cells after treatment with the aforementioned panel of DUBs. OTULIN
treatment resulted in no difference in the chain distribution on mitochondria compared to the
untreated control, consistent with the absence of M1-linked Ub on mitochondria [204, 202].
OTUB1 and low concentrations of Cezanne had little effect on the mitochondrial Ub smear,
indicating that K48 and K11 chains do not constitute a large proportion of the mitochondrial
Ub. In comparison, AMSH and high Cezanne concentrations did result in a large reduction in
the Ub smear, indicating that K63 chains do constitute a large proportion of the mitochondrial
Ub. Interestingly, several treatments resulted in the formation of di-Ub moieties, indicating
the presence of heterotypic (mixed) chains. A di-Ub doublet was particularly visible upon
AMSH treatment. K6-linked Ub dimers migrate more slowly than other chain types on
SDS-PAGE [89], so the higher di-Ub band may correspond to K6-linked di-Ub. The release
of this dimer into the supernatant upon AMSH treatment indicates that some K6 chains may
exist distal to K63 chains on mitochondria.

The UbiCRest assay was expanded to include a comparative analysis of depolarised
mitochondria from WT and C431S Parkin-expressing cells. Compared with mitochondria
from WT Parkin-expressing cells, the C431S Parkin condition contained less total Ub and
very little pS65-Ub (Figure 3.9, compare lanes 1 and 3). Mitochondria from the C431S
Parkin condition displayed similar relative sensitivities to all of the DUBs tested, indicating
that Parkin has no specific preference for any of the tested chain types (K11, K48 and
K63), but produces a global increase in all analysed chain types. The pS65-Ub signal from
WT Parkin was most sensitive to Cezanne treatment, which may indicate that K11 chains
are preferentially phosphorylated. The pS65-Ub and total Ub abundances correlated well
between OTUB1 and AMSH treatment, indicating no strong preference for phosphorylation
of one of K48 or K63 chains over the other.
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3.3.3 Affimer protection assay shows modest K6-ubiquitination

In order to better understand the relative amounts of K6 and K11/33 chains in mitochondrial
extracts, an affimer protection assay was developed. As explained in Figure 3.10A, the
process begins with the incubation of mitochondrial fractions with the affimer reagent. The
mitochondria were then treated with USP21 to liberate any mitochondrial Ub that was not
protected by the affimer. Next, sodium carbonate extraction was performed to remove the
affimer, then the sample was again treated with USP21 to liberate the newly exposed Ub
chains. 5 ng affimer per microgram of mitochondrial protein was sufficient to provide
maximal K6 affimer protection (Figure 3.10B). Both the K6 and K11/K33 affimers conferred
some protection against USP21 treatment relative to the no affimer control (Figure 3.11, Step
2). The K6 affimer conferred more protection than the K11/K33 affimer to the mitochondrial
smear, consistent with reports that K6 chains are more abundant than K11 or K33 chains
on depolarised mitochondria in this system [204]. Interestingly, the K11/K33 affimer but
not the K6 affimer resulted in the formation of a poly-Ub ladder that was liberated into the
supernatant upon USP21 treatment (Figure 3.11, compare lanes 12 and 20). This suggests
that K11 or K33 chains on mitochondria may be quite long. No discernible protection was
conferred by either affimer against Mfn2 or TOMM20, indicating that the majority of Ub
chain formation on these substrates is not K6-, K11- or K33-linked (Figure 3.10C). This
result contrasts with, but does not contradict, previous reports of K6 chains specifically
modifying Mfn2 and TOMM20 [173, 63], as discussed further below.

3.4 Discussion and conclusions

In this chapter, a new method for the purification of mitochondrial Ub is presented. Simple
mitochondrial enrichment resulted in the retention of substantial amounts of unconjugated
Ub (Figure 3.1E), which would hinder downstream analysis of the abundance and distribution
of Ub chain types. Additionally, crude mitochondrial fractions harboured a contaminating
protease activity that would also complicate downstream analysis (Figure 3.1E). Sodium
carbonate extraction, a method typically used to determine whether a membrane protein asso-
ciates peripherally with the membrane or is an integral membrane protein [53], successfully
separated Ub conjugated to substrates from the unconjugated Ub. The method also either
inactivated or removed the contaminating protease activity, rendering the resultant product
competent for downstream biochemical analyses to probe the mitochondrial ubiquitome
(Figure 3.6A). In contrast, TUBE pulldown of mitochondrial extracts produced low Ub
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Fig. 3.10 Mitochondrial affimer protection assay setup and validation. A. Diagram
explaining the four steps of the affimer protection assay: 1. Incubation of the affimer with the
mitochondrial sample, 2. USP21 treatment to liberate unprotected Ub, 3. Sodium carbonate
extraction to remove the affimer from its bound Ub, and 4. USP21 treatment to deplete the
now-unprotected Ub. B. Titration of the K6 affimer. Increasing affimer amounts as indicated
were incubated with mitochondria, and steps 1 and 2 from A were performed, followed by
immunoblotting for Ub. C. The indicated affimer reagents were incubated with mitochondria
(1 µg affimer with 120 µg mitochondria) then incubated with or without USP21 as per steps
1 and 2 in A, and immunoblotted for the mitochondrial substrates Mfn2 and TOMM20. IB:
immunoblot. RT: room temperature.
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yield, with a bias towards longer chains (Figure 3.6C). Further, the low Ub yield observed
using TUBE pulldown, which biases towards longer chains, indicated that the majority of
mitochondrial ubiquitination is likely to be mono-ubiquitination (Figure 3.6C).

3.4.1 Sodium carbonate extraction reveals most Parkin substrates are
integral membrane proteins

The swelling and PK assay, in addition to determining the sub-mitochondrial localisation
of the unconjugated mitochondrial Ub, revealed that most conjugated mitochondrial Ub is
present on integral membrane proteins (Figures 3.3, 3.6B). While auto-ubiquitination of the
peripherally associated Parkin protein has been described, many of these studies involve
in vitro assembly reactions [308, 112, 309, 64] or overexpression of Parkin, sometimes
with a bulky fluorescent tag, in cell culture systems [160, 225, 129, 44], and are therefore
likely to be artefactual. Conversely, the most abundant Parkin substrates in HeLa cells as
determined by AQUA MS (VDACs 1-3, CISD1, TOMM70A, and TOMM20 [202]) are all
embedded in the OMM [5]. Interestingly, none of the unconjugated mono-Ub appeared to
be phosphorylated (Figure 3.3), indicating that PINK1 prefers to phosphorylate conjugated
Ub. This observation does not appear to be due to a failure of the anti-pS65-Ub antibody to
recognise mono-pS65-Ub, as PK-digested chains could be observed as mono-pS65-Ub within
the same experiment. While there may be a small amount of phosphorylated, unconjugated
Ub produced by PINK1 that is below the antibody’s detection limit, the vast majority of
pS65-Ub is conjugated to substrates. This observation was also made independently recently
using alternative methods [202]. PINK1 has been shown to phosphorylate unconjugated
mono-Ub, dimers and tetramers of all eight linkage types, and mono-ubiquitinated proteins,
all with similar kinetics [113]. The phosphorylation of conjugated Ub by PINK1 is therefore
most likely due to availability of substrate rather than an intrinsic preference for conjugated
Ub. This observation therefore lends weight to the hypothesis that there must be conjugated
Ub present on mitochondria prior to PINK1 activation that is produced by another E3 ligase
[104, 204, 196, 130]. It also suggests that the unconjugated mitochondrial Ub observed
herein is not located in close proximity to PINK1. In terms of signalling for mitophagy,
phosphorylation of Ub that is conjugated to an integral membrane protein would ensure
that the signal for Parkin recruitment is restricted to the damaged mitochondrion, thereby
providing strong spatial regulation of Parkin activity.
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3.4.2 Is there Ub inside mitochondria?

In Section 3.2.2, a mostly CCCP-dependent PK protection of HA-tagged Ub was observed,
raising the possibility that Ub can exist inside the mitochondria, specifically in the intermem-
brane space. This is an unusual observation, given that protein import through the TOM
complex has long been known to require the protein to be either unfolded or in a single
alpha helical loop [76]. A recent cryo-EM structure of the Saccharomyces cerevisiae TOM
complex showed that the TOM40 pore was only 19Å by 13Å wide at its narrowest point,
which would not be large enough for folded Ub [290]. Ub’s resistance to PK degradation
shown in Figure 3.3 is evidence of its tightly folded nature, thus precluding it from being
unfolded at the TOM complex and then imported. Import of Ub into mitochondria through the
TOM complex would therefore need to be co-translational. CCCP treatment depolarises the
IMM, therefore hampering the import of amphipathic presequence-containing mitochondrial
proteins that travel via the TIM23 complex [154, 287]. In contrast, the effect of disrupted
membrane potential on the import of IMS proteins is unclear, as IMS proteins are imported
via a separate pathway involving a distinct subset of TOM complexes [134]. The main
pathway for import of IMS proteins involves a disulfide relay system [68]. Ub lacks cysteine
residues, making participation in this specific pathway impossible. A mechanism for Ub
import into mitochondria is therefore not immediately apparent.

Another explanation for the increased PK protection of Ub upon CCCP treatment is
that the Ub is contained within mitophagosomes that are present in crude mitochondrial
fractions. Figure 3.3 shows that LC3B is present in the mitochondrial fraction, while the
sodium carbonate extraction shows that it is lipidated and therefore marks autophagosomal
membranes. Previous studies in similar albeit not identical HeLa cell culture systems
have shown autophagosome formation within one hour of depolarisation [192, 206]. It is
therefore possible that the swelling reaction, when performed on mitophagosomes, disrupts
both the OMM and the autophagosomal membrane, thus releasing both IMS proteins and
soluble proteins outside the mitochondria into the supernatant. A soluble protein outside the
mitochondria but contained within the mitophagosome would therefore behave identically
to an IMS protein in the swelling and PK assay. Further work to dissect this could involve
enrichment or separation of mitochondria from mitophagosomes, or in vitro import assays to
assess whether Ub can be imported into mitochondria, exists inside mitophagosomes, or is
bound noncovalently to proteins on the OMM. Ubiquitination of IMS-exposed proteins has
been observed during Parkin-dependent mitophagy [242, 237, 203], possibly occuring due to
proteasome-dependent OMM rupture resulting in the exposure of IMS and IMM proteins
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to the cytosol [328]. This explanation for IMS protein ubiquitination is more parsimonious
than one involving Ub import into mitochondria, as Ub import would further require the
import of the E1/E2/E3 machinery to allow Ub conjugation to substrates. However, the exact
mechanism for IMS protein ubiquitination has not yet been established, and therefore import
of the ubiquitination machinery into mitochondria remains a possibility.

3.4.3 The likely Parkin-dependent mitochondrial ubiquitome

The conclusions regarding the makeup of the mitochondrial ubiquitome upon induction of
mitochondrial depolarisation in the presence of Parkin are summarised in Table 3.1. The
comparison of sodium carbonate extraction with TUBE pulldown, which biases towards
longer chains, indicated that a large amount of the mitochondrial Ub is mono-ubiquitination
of mitochondrial substrates. Across the different assays, a relative Ub chain type abundance
was determined: K63 > K48 > K6 > K11 > M1. This corresponds well with previous MS
studies [204, 202]. While K33 chains are recognised by the K11/K33 affimer, the relative
contribution of K33 chains is not easily established by this method alone, and no corroborat-
ing evidence is available in the UbiCRest data. K27 and K29 chains were not studied due to a
lack of suitable tools, but previous studies have shown that these linkages, alongside M1, are
not particularly abundant in this system [204, 202]. Most importantly, the evidence presented
herein begins to give an indication of the broader architecture of mitochondrial Ub. A
model for some of the more complex architectures (excluding substrate monoubiquitination)
of the Parkin-dependent mitochondrial ubiquitome, based on the conclusions presented in
Table 3.1, is shown in Figure 3.12. This model takes into account the relative abundances
of the different chain types, their relative length, the presence of heterotypic chains, and
phosphorylation of specific chain types. However, several unknowns remain: the precise
amounts of each chain type; the location of the pS65-Ub within the chain; and the average
chain length could not be established using these methods. Indeed, the examples of complex
architectures presented in Figure 3.12 are likely to represent only a small fraction of the
Parkin-dependent mitochondrial ubiquitome.

In contrast with the reported literature [173, 63], the affimer protection assay indicated
that the detectable majority of Mfn2 and TOMM20 ubiquitination by Parkin is not K6 chains
(Figure 3.10C). The difference in results can be easily explained by a difference in methods
used. Michel et al. used a K6 affimer pulldown followed by western blotting against Mfn2
to show that Mfn2 is modified with K6 Ub chains, which decrease in abundance upon
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Fig. 3.12 Model for the mitochondrial ubiquitome based on biochemical evidence. Us-
ing the conclusions presented in Table 3.1 and derived from the literature [202], a reconstruc-
tion of some Ub chain architectures on OMM proteins is presented. This model excludes the
contribution of mono-ubiquitination, which is highly abundant, and the specific placement of
pS65-Ub within the chain, which was not investigated in depth in this chapter.

knockdown of the K6-generating E3 ligase HUWE1 [173]. Similarly, Gersch et al. used
the same affimer pulldown to describe significant K6-ubiquitination of TOMM20, Mfn2,
VDAC1 and Miro1, with K6-ubiquitination of TOMM20 alone increasing upon knockdown
of USP30 [63]. In contrast, Figure 3.10C shows the total mitochondrial pool of Mfn2 and
TOMM20, of which K6-modified Mfn2 constitutes only a small fraction. Therefore, while
K6-modified forms of Mfn2 and TOMM20 do exist, they are very lowly abundant, and
therefore the functional relevance of K6 chains on these mitochondrial substrates remains
unclear.

3.4.4 Conclusions and future directions

In this chapter, a new method for the enrichment of ubiquitinated mitochondrial proteins using
sodium carbonate extraction is described. Combined with other biochemical assays, they give
an indication of the broader architecture of the Parkin-dependent mitochondrial ubiquitome,
as summarised in Table 3.1 and illustrated in Figure 3.12. However, the methods described
herein are limited by the availability of reagents to investigate specific Ub modifications,
the sensitivity of western blotting, and the fact that they give mostly qualitative results.
Therefore, an investigation using MS is needed to give a more quantitative understanding
of the mitochondrial ubiquitome. Importantly, the sodium carbonate extraction method is
compatible with downstream Lbpro treatment and MS analysis, thus allowing more in-depth
and quantitative analysis. The application of these methods to the MS context to further
probe the Parkin-dependent mitochondrial ubiquitome is presented in Chapter 4.
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Table 3.1 Summary of the biochemical findings on the Parkin-dependent mitochondrial
ubiquitome.

Method Findings

Sodium carbonate
extraction

• Most Parkin substrates are integral membrane proteins

• Most pS65-Ub is conjugated to substrates

• A large amount of conjugated mitochondrial Ub is mono-Ub or
short chains

Linkage-specific
antibodies and

affimers

• Large WT Parkin-dependent increase in total Ub, pS65-Ub, K6
and K11/33 chains

• Modest WT Parkin-dependent increase in K48 and K63 chains

• K48 chains tend to be longer or decorate larger substrates

• pS65-Ub and total Ub have similar overall molecular weight
distributions

UbiCRest

• M1 << K11, K48 < K63 linkages

• Heterotypic Ub chains are present on mitochondria

• K6/K63 mixed chains with K6 distal to K63

• Parkin-dependent increase in all chain types tested

• K11 chains may be preferentially phosphorylated

• Neither K48 or K63 chains are preferentially phosphorylated

Affimer
protection assay

• K11/K33 < K6 linkages

• Some long K11/K33-linked chains present

• The majority of Ub on Mfn2 and TOMM20 is not K6-, K11- or
K33-linked





Chapter 4

Mass spectrometry investigations of the
mitochondrial ubiquitome

4.1 Introduction

Following the qualitative analysis of the mitochondrial Ub chain architecture presented
in Chapter 3, this chapter details the development of methods to analyse Lbpro*-generated
mitochondrial Ub proteoforms by MS [275]. Compared with western blotting-based methods,
MS provides a more quantitative platform with higher sensitivity, which enables a more
accurate estimate of the abundance of Ub modifications. Substrate ubiquitination can be
evaluated by diGly analysis; tryptic digest results in the retention of a characteristic diGly
remnant from the Ub C-terminus on the lysine of a previously ubiquitinated substrate [212].
Hence, analysis of diGly modifications on Ub gives an indication of the chain types present
in a given sample. Previous studies of the mitochondrial ubiquitome have indicated that there
is an abundance primarily of K6, K11, K48 and K63 Ub chains and S65-Ub phosphorylation
produced by Parkin [204, 36]. However, the interplay between these modifications has thus
far been unexplored without significant manipulation of the cellular Ub pool [201], and very
little investigation into the mitochondrial Ub architecture has been performed. For example,
it is unknown whether branched chains, in which one Ub is further ubiquitinated on two
lysines, exist on mitochondria. While PINK1 preferentially phosphorylates the distal moiety
of a K6 di-Ub in vitro [63], it is unclear whether this preference is maintained in the complex
cellular milieu. Additionally, very little work has been done to establish the composition of
the mitochondrial ubiquitome under more physiological conditions, outside of depolarised
cultured cells. Drosophila are an excellent animal model of neurodegeneration, especially
given that mutations in fly Pink1 and park, homologs of human PINK1 and Parkin, both reca-
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pitulate many aspects of PD [71, 210, 30]. Understanding the effect of genetic manipulations
in flies on the makeup of the mitochondrial ubiquitome could aid our understanding of the
role of PINK1- and Parkin-dependent mitochondrial ubiquitination in the etiology of PD, in
a more physiologically relevant context than previous studies.

This chapter details the development of MS methods in conjunction with Ub-clipping to
analyse the mitochondrial ubiquitome. Ub-clipping uses an enzyme, Lbpro, or its improved
form, Lbpro*, to collapse Ub chains into mono-Ub moieties [275]. However, unlike con-
ventional DUBs, the site of Lbpro* cleavage is two residues upstream of the Ub C-terminus
at R74, and therefore a diGly remnant is retained on previously ubiquitinated substrate
K residues (Figure 1.2A). Therefore, Ub-clipping generates an intact mono-Ub1-74 that
is decorated with diGly modifications that are indicative of prior chain formation (Figure
1.2B). However, while significant work had been done previously in the Komander lab to
engineer Lbpro* and establish a basic pipeline for whole-cell digests and MS analysis, little
targeted work had been done with a specific biological question in mind. Given that PINK1
and Parkin generate pS65-Ub and Ub chains respectively, the use of Ub-clipping should
reveal interactions between these two activities in a way previously inaccessible by other
MS-based techniques; an in-depth analysis of the interplay between Ub chain formation
and phosphorylation in the context of a single Ub moiety. Further, the simplified sample
preparation afforded by Ub-clipping could be applied to more physiological contexts in
which the abundance of mitochondrial Ub is lower than in previously characterised cell-based
studies, without the need for expensive diGly enrichment strategies.

Two applications, termed intact MS and AQUA MS, were used and specific protocols
established for each. Intact MS, which detects mono-Ub decorated with any combination of
phosphorylation and diGly modifications on the same Ub moiety, provides an indication of
the chain architecture [275]. Several permutations in sample preparation were performed, as
indicated throughout Section 4.2 and outlined in Figure 4.1. Optimisation of this process
required the identification and removal of chemical artefacts introduced during sample
preparation, as outlined in Sections 4.2.1 and 4.2.2. In contrast, AQUA MS involves tryptic
digest of the Ub molecule into peptides. Heavy isotope-labelled reference peptides are spiked
into the mixture, allowing quantification of the absolute abundance of a particular peptide in
a sample based on its signal intensity relative to the intensity of the heavy reference peptide
[121]. While the architectural information is lost upon tryptic digest, combining Ub-clipping
with AQUA MS can greatly simplify sample preparation [275]. For example, a complex
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ZipTip desalting

LC-MS

Pre-MS treatment

Fig. 4.1 Experimental setup for analysing the Parkin-dependent ubiquitome by intact
MS. Flp-In HeLa Trex cells expressing WT or C431S Parkin were treated 2 h with OA or
DMSO, then harvested, and mitochondria were enriched by differential centrifugation. Ub
enrichment was then performed either by sodium carbonate extraction of integral membrane
proteins or TUBE pulldown of Ub chains. The samples were treated with Lbpro* to generate
diGly-modified Ub proteoforms, then treated with perchloric acid (PA) to precipitate non-Ub
contaminants. The sample was then either desalted using ZipTips, or dialysed to remove the
PA prior to LC-MS.

mixture of ubiquitinated proteins can be treated with Lbpro, separated by SDS-PAGE, and
the band corresponding to mono-Ub can be excised and treated by in-gel tryptic digest,
allowing quantification of Ub chain types without diGly or Ub chain enrichment [275]. In
this thesis, an alternative purification pipeline is presented using StageTips, which obviates
the need for SDS-PAGE separation for the enrichment of mono-Ub. In this chapter, the
AQUA MS method was developed and optimised using a previously described HeLa cell
model [204], then applied to the study of the mitochondrial ubiquitome of Drosophila and
brain homogenates from mice to better understand the in vivo mitochondrial ubiquitome.

4.2 Intact MS analysis of mitochondrial Ub proteoforms

4.2.1 Identification and removal of perchloric acid artefacts

Given the known interplay between ubiquitination and phosphorylation in the PINK1/Parkin
pathway, Ub-clipping was combined with intact MS to investigate the architecture of mito-
chondrial ubiquitination upon activation of the pathway by chemical depolarisation. Lbpro*-
generated Ub proteoforms were derived from sodium carbonate-extracted mitochondria from
HeLa Flp-In Trex cells expressing WT Parkin, depolarised 2 h with OA (Figure 4.1). To
obtain sufficient signal, 2 mg mitochondrial protein was used per replicate, corresponding
to ten 15 cm dishes of initial cell material. In order to purify the Ub1-74 from the Lbpro*
and mitochondrial contaminants present, the sample was treated with perchloric acid (PA;
Figure 4.1). PA is typically used during the purification of recombinant Ub, as Ub remains
soluble at high PA concentrations while most other proteins precipitate [215]. Surprisingly,
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the initial batches of samples contained many peaks corresponding to Ub proteoforms ad-
ditional to those expected for phosphorylated and diGly-modified Ub1-74 (Figure 4.2A).
The unidentified peaks occurred in multiples of 74 Da, and the modification occurred on
diGly-modified and phosphorylated Ub1-74 in addition to unmodified Ub1-74, indicating
that a 74 Da artefact was indiscriminately modifying Ub molecules. The precise chemical
nature of the artefact was not determined, so the modification was termed PA artefact (PAA).
Unfortunately, both Ub1-74 with two diGly modifications (branched Ub), and phosphorylated
Ub1-74 modified with two PAAs, carried the same mass and charge state distribution (m/z
= 724.05, z = 12; m = 8678.62 Da). It was therefore important to ensure that the two
species could be distinguished by a means unrelated to their mass, in order to ensure that
methods used to remove the artefact did so without removing the bona fide branched Ub
species. Given that the two species represent different chemical modifications, they could be
expected to exhibit different chromatographic properties during LC-MS. The retention time
distribution of PAA-modified Ub proteoforms was therefore analysed (Figure 4.2B). Each
PAA modification resulted in a striking leftward shift in the chromatography pattern relative
to unmodified Ub1-74, while phosphorylation resulted in a modest rightward shift (Figure
4.2B). DiGly modification resulted in a very slight rightward shift (Figure 4.2D, compare
the grey and red peaks in the top panel). Therefore, the identity of the 8678.62 Da peak
could be determined by its behaviour during liquid chromatography relative to unmodified
Ub1-74. In order to prevent the formation of PAAs on Ub1-74 moieties, the PA was dialysed
away from Lbpro*-treated mitochondrial Ub prior to lyophilisation (Figure 4.1). Dialysis
prior to lyophilisation abolished the formation of the PAAs on all Ub species (Figure 4.2C).
The relative amount of branched Ub was reduced compared with previous experiments, but
its retention time distribution relative to unmodified Ub1-74 was consistent with the species
indeed being a doubly diGly-modified Ub (Figure 4.2D, compare the grey and green peaks
in each treatment). Therefore, the removal of PA using dialysis was sufficient to remove the
PAAs, enabling the robust identification and quantification of branched Ub moieties.

4.2.2 Identification and prevention of Ub R-clipping

After removing the PAAs it became apparent that another unwanted modification of the Ub
proteoforms was occurring, resulting in a very high apparent relative abundance of pUb that
was on occasion as high as 80% of the total Ub (data not shown). The mass spectra were
therefore searched for other artefacts, and a highly abundant peak of a mass 156 Da less than
Ub1-74 was found, with a strong rightward shift in retention time relative to Ub1-74 (Figure
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Fig. 4.2 Lyophilisation in perchloric acid modifies Ub with a 74 Da artefact. A. Decon-
voluted mass spectrum of Ub proteoforms from OA-treated Flp-In Trex cells expressing WT
Parkin, after purification without dialysis to remove perchloric acid (PA) as per Section 2.3.2.
B. Extracted ion chromatogram of samples treated as in A, showing Ub1-74 and pUb1-74, with
up to two 74 Da PA artefact (PAA) modifications per Ub. Note that pUb1-74 2x PAA and
Ub1-74 2x GG have overlapping m/z ratios. C. Deconvoluted mass spectrum of Ub treated
as in A, but with a dialysis step to remove the PA prior to lyophilisation. D. Extracted ion
chromatogram of Ub proteoforms from samples treated as in A (top) and C (bottom). Note
the difference in relative retention times (RT) of the Ub1-74 (grey) and Ub1-74 2x GG peak
(green) between the two samples.
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4.3A, and 4.4E, purple peak). The change in mass was equivalent to the loss of an R residue,
so it was hypothesised that this peak may correspond to Ub lacking its C-terminal RGG
residues (Ub1-73) in an event hereafter referred to as R-clipping. Interestingly, R-clipping
only occurred on non-phosphorylated Ub, thus explaining the implausibly high pUb abun-
dances initially observed when quantifying only Ub1-74 (Figure 4.3A, note the absence of a
pUb1-73 peak at 8375.6 Da). To determine whether the peak observed did indeed correspond
to Ub1-73, an MS/MS experiment was performed in which the suspected Ub1-73 peak was
isolated and fragmented (Figure 4.3B). The experiment yielded good y-ion coverage, with
ions mapping unambiguously to the C-terminus of Ub lacking the C-terminal RGG. The
identity of the fragment ions, alongside the mass of the parent ion, confirmed that the species
observed was indeed Ub1-73. While the most abundant charge state of Ub1-74 is +12, the
charge state distribution of Ub1-73 was significantly altered due to the loss of a positively
charged R residue, such that its most abundant charge state was +11. This charge state
disruption meant that quantification of Ub could not be performed by simple addition of the
measured intensities of Ub1-74 and Ub1-73, and therefore the artefact needed to be removed
in order to reliably quantify the amount of Ub proteoforms in the sample.

The structure and known mechanism of Lbpro-mediated ISG15 cleavage, which is almost
identical to that of Lbpro* for Ub, shows that Lbpro has high specificity for cleaving the
R-G peptide bond towards the C-terminus of Ub and ISG15 [274]. This suggested that
it is unlikely that Lbpro* was responsible for hydrolysing the peptide bond N-terminal to
R74. Therefore, it was hypothesised that a mitochondrial peptidase activity may cleave the
exposed R that is generated by Lbpro*-mediated Ub cleavage. This hypothesis was tested by
monitoring the conversion of Ub1-74 to Ub1-73 in mitochondrial extracts in the absence of
Lbpro*. To do this, Ub1-74 was generated in vitro by treating recombinant Ub with Lbpro*.
The Lbpro* was removed by PA precipitation, then the Ub1-74 was dialysed and incubated with
mitochondrial extracts. The samples were then centrifuged and the supernatants prepared
for LC-MS. Incubation of Ub1-74, but not Ub1-76, with mitochondrial extracts resulted in the
formation of Ub1-73, in the absence of Lbpro* (Figure 4.4, compare A and B with D). Note
that Ub1-76 and pUb1-76 were detected upon incubation of mitochondria with Ub1-74 (Figure
4.4A and B); these species correspond to deconjugated mitochondrial Ub due to residual
DUB activity in the mitochondrial extracts, as such species were not observed in the initial
Ub1-74 sample (Figure 4.4C). These Ub1-76 and pUb1-76 species were also more abundant
in crude mitochondrial extracts than sodium carbonate-extracted mitochondria, consistent
with the removal of contaminating DUBs upon sodium carbonate extraction (Figure 3.6A).
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The R-clipping phenomenon was observed in both crude and sodium carbonate-extracted
mitochondrial extracts, but the Ub1-73:Ub1-74 ratio was much higher in crude mitochondria
(Figure 4.4A and B). This suggests that the R-clipping activity is weaker in sodium carbonate-
extracted mitochondria, indicating that the enzyme is likely to be soluble or peripherally
associated with the mitochondrial membrane (Figure 3.2B). As anticipated, incubation of
Lbpro* and Ub in the absence of mitochondria resulted in the formation of Ub1-74 but not
Ub1-73 (Figure 4.4C). The R-clipping enzyme is therefore likely to be a mitochondrial
peptidase, although its precise identity is unclear. It was found that inclusion of 10 mM DTT
during the incubation of sodium carbonate-extracted mitochondria with Lbpro* was sufficient
to abolish the observed R-clipping activity (Figure 4.4E and F). DTT was therefore included
in the Lbpro reaction buffer in all subsequent experiments, and intact MS data were regularly
monitored by peak integration analysis to ensure that no Ub1-73 was produced.

4.2.3 Analysis of mitochondrial Ub proteoforms in HeLa cells

With the removal of the PA and R-clipping artefacts, the amount of mitochondria required
per replicate was reduced from 2 mg to 200 µg, therefore enabling a more practical analysis
of the mitochondrial ubiquitome under multiple conditions. In order to investigate the archi-
tecture of the mitochondrial ubiquitome in a quantitative manner, several initial parameters
were tested. As a label-free method with no reliable internal standards against which to
normalise the data, quantification of intact Ub proteoforms could only be determined relative
to the abundance of all Ub proteoforms in a sample, and between samples that were analysed
under comparable conditions in adjacent MS experiments. Two different quantification
methods were therefore performed and compared. Peak integration of the Ub proteoforms in
the +12 charge state, followed by measurement of the area under the curve, yielded 23.7%
phosphorylated Ub in samples from OA-treated cells expressing WT Parkin when purified
by sodium carbonate extraction (Figure 4.5A). In comparison, deconvolution of the raw MS
spectrum and subsequent quantification of the relative Ub and pUb abundances revealed
33.1% pUb (Figure 4.5B). While the difference in relative pUb abundance was quite large,
the results were consistent across replicates within a single quantification method (Figure
4.5, note that the relative pUb amount is higher across both sodium carbonate extraction
and TUBE-enriched samples in B compared with A). Therefore, combined with previous
reports that pUb comprises approximately 20% of mitochondrial Ub in this system upon
depolarisation in the presence of Parkin [204, 201], peak integration was used for the relative
quantification of Ub proteoforms in subsequent experiments. Quantification by deconvolution
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was also performed in all subsequent experiments, and the trends in relative abundances
were consistent across both methods. For this reason, only the peak integration results are
presented herein.

Next, enrichment of conjugated Ub from mitochondria using sodium carbonate extraction
was compared with TUBE-mediated enrichment of Ub chains. Sodium carbonate extraction,
which does not involve affinity purification of Ub, results in enrichment of Ub attached to
integral membrane proteins, while TUBEs pull down ubiquitinated proteins, with a bias for
longer Ub chains over substrate monoubiquitination (Figure 3.6C). When comparing the two
methods in OA-treated cells expressing WT Parkin, the relative amount of pUb obtained
from sodium carbonate extraction was modestly higher than in the TUBE-enriched samples
(Figure 4.5A). The increase in total mitochondrial Ub upon OA treatment, shown as a fold
increase in the abundance of all Ub proteoforms compared with DMSO-treated cells, was
higher for sodium carbonate extraction than for TUBE pulldown of mitochondrial extracts
(Figure 4.5C). Given that TUBEs bias towards longer chains, this result indicates that a
large amount of Parkin-dependent ubiquitination is shorter chains or monoubiquitination.
Next, the presence of diGly modifications on unphosphorylated and phosphorylated Ub was
compared, thereby giving an indication of where pUb lies within a chain. Figure 4.5D depicts
the fraction of Ub and pUb that is diGly-modified. The proportion of singly and doubly
diGly-modified pUb was much lower than that of unphosphorylated Ub; when sodium car-
bonate extraction was performed, 19.3% of pUb was singly or doubly diGly-modified, while
40.9% of unphosphorylated Ub contained diGly modifications. Similary, TUBE pulldown
revealed 25.7% of pUb to be diGly-modified, compared with 51.3% of unphosphorylated Ub.
Therefore, pUb is preferentially located either on mono-Ub or at the distal end of Ub chains.
Taken together, these results indicate that the mitochondrial Ub deposited by Parkin upon
chemical depolarisation consists mostly of monoubiquitination, while mono-Ub or the distal
end of chains are preferentially phosphorylated.

While Parkin has been shown to be directly activated by PINK1 upon depolarisation in
HeLa cells, several other mitochondrial-resident E3 ligases are known to exist and could
have an effect on the mitochondrial ubiquitome [189, 144, 326]. To disambiguate the role
of Parkin activity in OA-stimulated mitochondrial ubiquitination, WT Parkin expression
was compared with C431S Parkin under identical conditions of OA treatment. WT Parkin
expression resulted in a higher fold increase in total Ub proteoforms (5.30, SEM = 1.05) than
C431S Parkin (1.44, SEM = 0.19) relative to DMSO-treated cells (Figure 4.6A), consistent
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with the known role of Parkin E3 ligase activity in amplifying the mitophagy signal in a
positive feedback loop [104, 204]. However, it should be noted that OA-treated C431S Parkin
samples displayed a nearly 50% increase in mitochondrial Ub relative to DMSO-treated cells,
which is consistent with reports of PINK1-dependent, Parkin-independent mitophagy driven
by phosphorylation of Ub on mitochondrial proteins [139]. DMSO-treated samples lacked
detectable pUb (Figure 4.6B). In contrast, pUb was detected in OA-treated C431S Parkin
samples (Figure 4.6B), which contradicts previous findings that WT Parkin is required for
Ub phosphorylation by PINK1 [204, 201]. However, even with a higher ratio of PINK1 to
total mitochondrial Ub in the C431S Parkin condition, the relative proportion of pUb was
lower than for the OA-treated WT Parkin condition (Figure 4.6B). This result indicates that
active Parkin stimulates PINK1 activity in some way, perhaps by providing Ub substrate in
close proximity to PINK1. The relative proportion of all six detected Ub proteoforms across
the three treatments was quantified (Figure 4.6C and D). In all three samples, the relative
amounts of unphosphorylated 0x GG- and 1x GG- Ub1-74 were noticeably different when
comparing sodium carbonate extraction with TUBE pulldown of mitochondrial extracts. This
is consistent with the different biases of the two extraction methods observed by western
blotting, whereby TUBE pulldown preferentially enriches longer Ub chains (Figure 3.6C).
TUBE enrichment also resulted in a lower relative amount of pUb compared with sodium
carbonate extraction, both for WT and C431S Parkin (Figure 4.6C and D). Interestingly, OA
treatment in the presence of WT or C431S Parkin did not substantially affect the relative
proportion of diGly-modified Ub proteoforms relative to DMSO-treated controls, indicating
that the average chain length across all samples is not changed (Figure 4.6C and D). It there-
fore appears that Parkin amplifies the abundance of mitochondrial Ub without drastically
changing its chain length.

The observation that Ub is preferentially phosphorylated at distal moieties or on monoubiq-
uitinated substrates gives rise to the question: does PINK1 prefer to phosphorylate distal
and mono-Ub, or does Parkin prefer not to build chains onto phosphorylated Ub? PINK1
has been shown to preferentially phosphorylate the distal moiety of K6 di-Ub in vitro [63],
but whether this occurs in a mitochondrial context has not been determined. Further, while
previous work has established that pS65-Ub is a poor substrate for building chains by Parkin
[310, 204], it is less clear whether or not pS65-Ub is an ideal substrate on which to build
Ub chains. The diGly distribution for unphosphorylated and phosphorylated mitochondrial
Ub was therefore calculated, as in Figure 4.5D, for both WT and C431S Parkin samples
(Figure 4.7). If the effect is dependent on Parkin activity, then C431S Parkin mitochondria
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Ub, quantified by peak integration and shown as a fold increase over DMSO-treated cells
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should have a similar distribution of diGly modifications on pUb and Ub. However, as with
WT Parkin, pUb from C431S Parkin mitochondria was preferentially not diGly-modified,
with an almost identical profile compared with WT Parkin when the Ub was purified by
sodium carbonate extraction (Figure 4.7, top). This indicates that the preference for distal or
mono-Ub phosphorylation is Parkin-independent. In contrast, the pUb from TUBE-enriched
C431S Parkin mitochondria appeared to have a much weaker preference for distal phospho-
rylation (Figure 4.7, bottom). The distinction in results observed between sodium carbonate
extraction and TUBE pulldown of mitochondrial extracts may be because most Ub phos-
phorylation occurs on monoubiquitinated substrates, which are better enriched by sodium
carbonate extraction compared with TUBE-mediated Ub pulldown. Taken together, these
results indicate that Parkin primarily deposits mono-Ub on mitochondrial substrates, and
these moieties are preferentially phosphorylated by PINK1. A further discussion of this
phenomenon is presented in Section 4.4.1.

4.2.4 Identification of multi-site ubiquitination of intact UBE2L3

While the focus of this thesis has been on the architecture of Ub chains on mitochondria, it
should be noted that Lbpro-mediated Ub-clipping also leaves a diGly remnant on previously
ubiquitinated substrates [275]. To test whether multi-monoubiquitination of a substrate
protein could be observed by MS, an in vitro Ub assembly assay was conducted using Parkin
as the E3 enzyme and UBE2L3, also known as UbcH7, as the E2. Parkin and UBE2L3
can function together to ubiquitinate substrates in vitro, and UBE2L3 has been shown to
function in Parkin-dependent mitophagy in vivo in cellular assays [311, 129, 60, 46, 245].
UBE2L3 was an ideal target for studying multi-monoubiquitination by Ub-clipping and MS
as it is a relatively small protein that contains a large number of K residues (18 out of 154
amino acids), and it is ubiquitinated during in vitro Ub assembly assays [64]. The in vitro

assembly assay was performed by C. Gladkova, using a higher relative proportion of UBE2L3
than typical assays to further encourage its ubiquitination [275]. This assembly mixture
was treated with Lbpro* and the formation of diGly-modified UBE2L3 was monitored
by intact MS (Figure 4.8). The inset shows the most abundant charge state, +21, with
peaks corresponding to five proteoforms of UBE2L3 (unmodified and up to four diGly
modifications). Such an experiment could not be so easily performed and interpreted by
standard tryptic digest methods, because trypsin would digest the protein internally and
therefore the context of each diGly modification with respect to the rest of the protein would
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be lost. Therefore, investigation of multi-monoubiquitination of substrates is a potentially
powerful novel application of Ub-clipping.

4.2.5 Analysis of Ub proteoforms from Drosophila mitochondria

Ub-clipping and intact MS analysis of mitochondrial Ub proteoforms was performed on
Drosophila whole fly samples. Fly models of Pink1 and park deficiency are one of the few
animal models that show mitochondrial dysfunction and age-related tissue degeneration, and
are therefore an ideal model to investigate the molecular events underpinning these events
[71, 210, 30]. Compared with cell culture models, Drosophila models have the advantage that
a correlation can be drawn between the molecular events caused by a specific manipulation
and the behavioural phenotype, such as flight or climbing, that manifests in the fly. Analysis
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of the mitochondrial ubiquitome in Drosophila models of mitochondrial dysfunction and
manipulation of autophagy can therefore be married with the known effects of the interven-
tion on survivial and locomotor abilities to give an insight into the physiological relevance
of changes in the mitochondrial ubiquitome. Unfortunately, the Ub present on WT (w1118)
mitochondria was barely detectable by western blot, and incubation with an anti-pS65-Ub
antibody failed to generate a signal (data not shown). While the low Ub abundance presented
challenges in detection, it is likely to represent a more physiological abundance of mitochon-
drial Ub than the HeLa system, so the sample preparation method was adapted accordingly.
For initial experiments, a fly model expressing Tribolium castaneum Pink1 (TcPink1) under
the control of a da-GAL4 driver was used in order to boost the pS65-Ub signal above the
threshold for detection by MS. TcPink1 was used because Drosophila Pink1 overexpression
is poorly tolerated by the fly [220], and TcPink1 protein has been shown to be active in

vitro and well-tolerated in flies [316]. Whole flies were lysed and mitochondria enriched by
differential centrifugation, then 500 µg mitochondrial protein (approximately 50 to 100 flies)
was sodium carbonate-extracted, Lbpro*-treated, and purified by PA treatment and dialysis
to obtain the mitochondrial Ub proteoforms. These samples were analysed by intact MS,
and three Ub proteoforms (unmodified, diGly-modified and phosphorylated Ub1-74) were
observed (Figure 4.9A, B). The signal corresponding to pUb1-74 constituted approximately
9% of the total Ub signal in da>TcPink1 mitochondria and could be removed by lambda
phosphatase (λPP) treatment, thus confirming that the species was indeed phosphorylated
Ub (Figure 4.9C, D). Note that combinations of modifications, such as chain branching or
diGly-modified pUb1-74, were not observed (Figure 4.9B). This may be because combina-
torial Ub modifications do not exist on fly mitochondria, or because the amount of total
mitochondrial Ub signal was dramatically less than in the previously studied HeLa context,
meaning that these very lowly abundant proteoforms exist below the level of detection by MS.

With the establishment of a method for studying mitochondrial Ub proteoforms in flies,
the presence of phosphorylated Ub in w1118 flies was investigated. Given that autophagic
turnover decreases with age [257], mitochondria from young (2 to 5 days post-eclosion) and
old (60 days post-eclosion) flies were compared, in an attempt to boost the pUb signal detec-
tion independently of Pink1 overexpression. Notably, the combined raw signal intensities
measured by peak integration for all mitochondrial Ub proteoforms was much higher in old
flies (3.20 x109) compared with young flies (4.07 x108; Figure 4.10A, B). pUb was observed
in samples from both young and old flies (Figure 4.10C, D). The relative composition of
the three observed Ub proteoforms was broadly similar between the two conditions (Figure
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RT: retention time. MA: measured area (shaded region).
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Fig. 4.10 Ub phosphorylation occurs in w1118 flies. A-B. Extracted ion chromatogram of
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(m/z = 711.89, z = 12) from samples A and B. The blue coloured region corresponds to
isotopes of pUb1-74. RT: retention time. MA: measured area (shaded region).

4.10A, B), and similar results were observed in female flies (not shown). However, large sam-
ple amounts were required, thus precluding the analysis of multiple replicates, and the pUb
signal in particular was very low, meaning that a reliable quantification of Ub proteoforms
could not be performed. This, alongside the fact that combinatorial modifications were again
not observed, and the limited scope for normalisation of results between replicates, indicated
that intact MS was not the best method for determining the makeup of the mitochondrial
ubiquitome in flies. Further method development and investigation using AQUA MS was
therefore performed, as outlined in the following section.
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4.3 AQUA analysis of mitochondrial Ub

AQUA-based MS methods are a targeted approach to quantify the absolute abundance of a
particular peptide in a complex mixture [121]. Known amounts of specific reference peptides
containing stable heavy isotopes of Carbon and Nitrogen are spiked into the mixture after
tryptic digest. The heavy and light peptides exhibit identical chemical and chromatographic
properties, and are therefore analysed simultaneously during LC-MS. The heavy labelling
results in a mass shift of the reference peptide that is detected by MS, and the abundance
of the light peptide in the sample is quantified based on its signal intensity relative to that
of the heavy peptide. The AQUA method has been used in previous studies of Parkin-
dependent ubiquitination, in vitro and in depolarised cells [204, 310, 201–203, 275]. Tryptic
digest removes the contextual information of multiple modifications on a single Ub moiety,
so the AQUA MS approach is not ideal for the study of Ub architecture. However, the
addition of Lbpro treatment to the sample preparation pipeline can improve enrichment of
Ub, by generating diGly-modified mono-Ub that can be further enriched by other methods
prior to tryptic digest. Early applications of this method used SDS-PAGE followed by
Coomassie staining, excision of the mono-Ub band, and in-gel tryptic digest to great effect
[275]. However, in-gel digest is not as easily scalable as in-solution methods and is prone
to high levels of sample loss [124]. This section describes an alternative mode of mono-Ub
enrichment using Stop-and-go extraction Tip (StageTip) fractionation [227, 228], which
removed the need for SDS-PAGE fractionation and allowed for in-solution tryptic digest.
The method was developed and validated using mitochondria from HeLa cells, then applied
to Drosophila and brain homogenates from mice.

4.3.1 Enrichment of Ub proteoforms using StageTip fractionation

In order to accurately determine the fly mitochondrial ubiquitome, in which the mitochondrial
Ub content was much lower than in depolarised cells, Ub enrichment after Lbpro* treatment
of sodium carbonate- or TUBE-enriched mitochondrial Ub was required. While PA treatment
and dialysis had been used previously, concerns about the oxidising nature of the acid and its
potential for forming artefacts beyond those described in Section 4.2.1 led to development of
alternative forms of Ub enrichment after Lbpro* treatment. Therefore, an ACN fractionation
method using StageTips was trialled, to enrich the Lbpro*-treated Ub proteoforms prior to
tryptic digest. StageTips are pipette tips that contain a small amount of hydrophobic substrate,
to which peptides and proteins bind [227, 228]. After priming and sample application to the
tip, impurities can be removed by passing buffer through the tip, while high concentrations of
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ACN allow elution of the peptides or proteins from the substrate [228]. It was hypothesised
that Ub, Lbpro*, and other mitochondrial contaminants may elute from the StageTips at
different ACN concentrations, and the method could therefore be used to enrich mono-Ub by
depleting other contaminants. Using Lbpro*-treated Ub generated in vitro, the two proteins
were effectively separated using stepwise fractionation (Figure 4.11A). Almost all of the
Ub eluted with 30% ACN, while Lbpro* eluted with 50% ACN. Next, the effectiveness of
StageTip fractionation at removing contaminants from a complex sample was tested, using
mitochondria from OA-treated HeLa Flp-In Trex cells expressing C431S Parkin (Figure
4.11B). Elution of the sample from the StageTip was performed in three fractions (15%, 40%,
and 80% ACN), and the total ion chromatogram from the intact LC-MS analysis of each
fraction is shown. The 15-40% ACN fraction (middle panel) contained the majority of the Ub
signal, while lacking the contaminants present in the panels above and below that would have
been present if a single elution had been performed (Figure 4.11B). Importantly, the relative
abundance of the measured Ub proteoforms was comparable between the 40% and 80% ACN
elutions, indicating that the fractionation method did not bias towards or against enrichment
of specific Ub proteoforms (Figure 4.11C). A two-step fractionation method was therefore
developed, incorporating a pre-elution step with 20% ACN, followed by elution with 45%
ACN (Figure 4.11D). This allowed improvement in the enrichment of Ub from Lbpro*-treated
fly mitochondria, as measured by intact MS (Figure 4.11E). As shown, this step was directly
compatible with analysis by intact MS, but the eluted sample could also be digested with
trypsin and analysed by AQUA MS. The following sections detail the application of this
method to the analysis of Ub modifications in the HeLa system, in fly models of various
genotypes and environmental permutations, and in mouse brain sections.

4.3.2 AQUA MS analysis of the mitochondrial ubiquitome in HeLa
cells

To demonstrate the utility of the Ub-clipping AQUA MS method in an establised system,
depolarised HeLa cells expressing Parkin (WT or C431S), with or without genetic disruption
of PINK1, were prepared and analysed by AQUA MS (Figure 4.12A). 20 µg mitochondria
was used per replicate, representing a 10-fold reduction in the initial sample requirement
compared with the intact MS analyses presented in the previous section. The Ub was enriched
by sodium carbonate extraction due to its higher yield and reduced bias towards longer chains
compared with TUBE pulldown (Figure 3.6C). Analysis of the total mitochondrial Ub
content showed a five-fold increase in cells expressing WT Parkin (1.6 pmol) compared
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with either C431S Parkin (300 fmol) or PINK1-/- cells expressing WT Parkin (400 fmol).
This result agrees with the theory that both Parkin and PINK1 activity are required for
robust mitochondrial ubiquitination upon chemical depolarisation [204]. For the quantitative
analysis of Ub chain types and phosphorylation, the data were normalised against total Ub
to control for the substantial variation in total Ub between replicates (Figure 4.12C). The
abundance of four chain types (K6, K11, K48 and K63) and S65 phosphorylation (both
total and in the context of K63 chain formation) were quantified. M1-, K27-, K29-, and
K33-linked Ub were not analysed due to a combination of technical issues with detecting and
quantifying their respective diGly peptides, and because these modifications, in particular M1,
K27 and K29, have been shown to be not highly abundant in this system [204]. K6-linked
Ub was detected when WT Parkin was present, while it did not reach the limit of detection
in C431S Parkin or PINK1-/- cells, even with depolarisation (Figure 4.12C). This result
indicates that Parkin is responsible for the majority of K6-linked Ub on mitochondria in the
context of depolarisation in this system. Similarly, K11-linked Ub increased approximately
two-fold in abundance in the WT Parkin condition compared with either control, with C431S
Parkin expression resulting in only a very modest increase in K11 chains compared with
the PINK1-/- control (Figure 4.12C). K48-linked Ub showed a similar trend to K11-linked
Ub, with a modest difference between the C431S Parkin and PINK1-/- conditions, and a
more substantial increase in the presence of WT Parkin (Figure 4.12C). Surprisingly, the
relative abundance of K63 chains was reduced in the WT Parkin condition (Figure 4.12C),
although it should be noted that the absolute abundance of K63 chains was still higher in this
condition owing to the approximately five-fold increase in total mitochondrial Ub (Figure
4.12B). Ub S65 phosphorylation was not detected in the PINK1-/- condition, consistent with
PINK1 being the sole Ub kinase (Figure 4.12C). Conversely, Ub S65 phosphorylation was
detected in both WT and C431S Parkin conditions in the presence of OA and endogenous
PINK1. Notably, the relative pUb abundace in the C431S condition (3.5%) was lower than
for WT Parkin (11.5%), despite a lower total Ub content and therefore a higher PINK1:Ub
ratio, as was observed with intact MS analysis. While the calculated abundance of pUb in
mitochondrial extracts from cells expressing WT Parkin differed between intact MS and
AQUA MS, the relative difference in pS65-Ub abundance between WT and C431S Parkin
conditions measured by AQUA MS was in agreement with the previous intact MS results,
supporting a role for Parkin in increasing PINK1 activity. When analysing the interplay
between phosphorylation and ubiquitination at the K63 locus when WT Parkin was expressed
in the presence of endogenous PINK1, 12.5% of diGly-modified K63 was phosphorylated,
which is comparable to the 11.5% of total Ub that was phosphorylated. Similarly, the
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proportion of phosphorylated, diGly-modified K63 in the C431S sample (5.9%), was slightly
higher than the relative amount of total pS65-Ub in those conditions (3.5%). Therefore, the
preference observed by intact MS against phosphorylation and chain formation on the same
Ub molecule was not consistent in this AQUA analysis of the K63 locus. It has been shown
in vitro that PINK1 can easily phosphorylate both the proximal and distal moieties of a K63-
linked chain [63], and these results suggest that K63 chains are also readily phosphorylated
in vivo. A further discussion of the Parkin-dependent mitochondrial ubiquitome in the HeLa
system is provided in Section 4.4.1. The AQUA MS results generally agreed well with the
reported literature [204, 36], so the method was applied to fly and mouse brain models as
shown in the following sections.

4.3.3 Ageing and paraquat treatment increase mitochondrial Ub phos-
phorylation in Drosophila

Following the optimisation of a method for the analysis of mitochondrial ubiquitomes by
AQUA MS in the HeLa cell model, the method was then applied to the study of the Drosophila

mitochondrial ubiquitome. Due to the low abundance of Ub on Drosophila mitochondria,
several alterations were made to the method. Each replicate required 500 µg mitochondria,
and a TUBE pulldown was used to enrich Ub from mitochondria (Figure 4.13A) as it resulted
in less contamination from hydrophobic integral membrane proteins than sodium carbonate
extraction, despite producing lower yield (data not shown and Figure 3.6C). Autophagy is
known to decline with age in flies [257]. Therefore, it was hypothesised that ageing the flies
may increase the amount of pUb signal observed, due to a reduction in autophagic turnover
of pUb-labelled mitochondria. w1118 flies were aged to between 50 and 60 days, with males
and females separated during the ageing process to control for lifespan effects of mating
and stochastic differences that may arise from unequal loss of one sex. Paraquat (PQ), an
oxidant that induces ROS generation by receiving electrons, predominantly from Complex
I, to produce superoxide anions [18, 55], was also used to stimulate mitochondrial damage.
It was hypothesised that PQ treatment of flies may result in activation of the PINK1/Parkin
pathway, as has been shown in cells [184], thus increasing the abundance of pUb. Flies were
treated 3 days with 5 mM PQ, which resulted in the death of less than 1% of flies prior to
harvesting (data not shown).

Young, aged, and PQ-treated w1118 flies were analysed by AQUA MS. The flies were
harvested and prepared as per Figure 4.13A, and the absolute abundances of diGly-modified
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K6, K11, K48 and K63 Ub peptides were quantified, alongside the abundance of total Ub
and pS65-Ub. The total amount of mitochondrial Ub in 500 µg w1118 mitochondria without
stimulation was 170 fmol. Note that this number is lower than the amount of total Ub
observed in only 20 µg sodium carbonate-extracted HeLa mitochondria in the absence of
PINK1 activity (Figure 4.12B). The total Ub abundance in aged flies was highly variable
across both males and females, but was consistent among flies that were aged and harvested
in parallel. Across both males and females, the average fold increase in total mitochondrial
Ub abundance between young and aged flies was 3.5. In comparison, the PQ-treated flies
displayed a 5.8-fold increase in total Ub abundance relative to untreated w1118 mitochondria,
with less variability among biological replicates than the aged flies. Mitochondria from
untreated w1118 flies lacked detectable S65-Ub phosphorylation under the sample preparation
conditions used (Figure 4.13C). In contrast, aged males and females contained 5.5 fmol
and 3.4 fmol pS65-Ub respectively per 1000 fmol total Ub, while PQ-treated flies had a
much higher pS65-Ub level of 58 fmol per 1000 fmol Ub, which corresponds to 5.8% of the
total mitochondrial Ub. The increase in both total Ub and pUb in the aged and PQ-treated
samples indicated that the Pink1/parkin pathway may indeed be activated by these manipu-
lations, and that PQ treatment is a much more potent activator of Pink1 activation than ageing.

Next, the Ub chain type complement of w1118 mitochondria was examined. As expected,
the canonical K48- and K63-modified Ub were the most abundant diGly modifications, at
82 fmol and 110 fmol per 1000 fmol Ub respectively, while K6- and K11-modified Ub
could be detected at lower abundance (2.2 fmol and 25 fmol respectively; Figure 4.13D-G).
Preliminary experiments did not detect M1-, K27-, K29-, or K33-linked Ub, which may be
due either to technical issues with the peptides or genuine low abundance of these modifica-
tions (data not shown). Aged w1118 mitochondria had a 2.8-fold increased abundance of K6
chains across both sexes relative to young flies (Figure 4.13D). In comparison, PQ treatment
did not result in increased K6 chain abundance relative to untreated flies (Figure 4.13D).
Ageing and PQ treatment resulted in only modest increases in K11-linked Ub abundance
relative to control flies (Figure 4.13E). The abundance of K48-linked Ub appeared similarly
reduced across both aged and PQ-treated flies relative to untreated controls, although the
data across biological replicates for untreated flies were highly variable (Figure 4.13F).
The relative abundance of K63-linked Ub was also lower in both aged and PQ-treated flies
relative to controls (Figure 4.13G). It should be noted that a K63-GG/pS65 doubly modified
heavy-labelled reference peptide was not included in the AQUA analysis of fly samples
because initial characterisation experiments using overexpression of TcPink1 did not result in
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detectable K63-GG/pS65 (data not shown). Given that PQ treatment induced a large amount
of pS65-Ub production, it is possible that some K63-GG/pS65 may have been produced in
this context. The true abundance of K63-GG Ub in the PQ-treated sample could therefore be
higher than displayed in Figure 4.13G. However, this confounding effect would not solely
account for the observed four-fold difference in K63-GG abundance between PQ-treated
and untreated flies. Taken together, both ageing and PQ treatment resulted in increased
mitochondrial bulk ubiquitination and pS65-Ub production, and both manipulations resulted
in a modest increase in K11 chains. The relative amounts of K63 chains were reduced and
K48-modified Ub remained relatively unchanged for both treatments, while ageing alone
resulted in modestly increased K6 chains. The low fmol increase in K6 and K11 chains did
not counteract the large reduction in the proportion of K63 chains, indicating that monoubiq-
uitination of mitochondrial proteins also increased upon ageing and PQ treatment.

Unfortunately, the conditions trialled in Figure 4.13A did not result in the detection of
pS65-modified Ub in unstimulated w1118 mitochondria (Figure 4.13C). Therefore, phos-
phopeptide enrichment was trialled as a method to enrich the pS65-Ub signal in w1118

mitochondria above the limit of detection. 4 mg w1118 mitochondria (approximately 1,000
flies) per replicate was prepared according to Figure 4.13H. Sodium carbonate extraction was
chosen for enrichment of ubiquitinated substrates due to its higher pUb yield as observed by
intact MS in the HeLa system (Figure 4.5A). Approximately 22 fmol pS65-Ub was identified
in 4 mg sodium carbonate-extracted mitochondria (Figure 4.13I). Unfortunately, due to the
phosphopeptide enrichment step, which depletes unphosphorylated peptides, the total Ub
abundance could not be quantified within the experiment, so normalisation across replicates
to total Ub content could not be performed. Regardless, it is clear that the abundance of
pS65-Ub in young, healthy flies is very low, but can be increased upon ageing or treatment
with mitochondrial toxins. This result is congruous with the observation that Pink1 and
parkin do not play a significant role in basal mitophagy in young flies [142].

4.3.4 Genetic manipulations predominantly affect Ub phosphorylation

The effect of various mitophagy-modulating genetic manipulations on the makeup of the
mitochondrial ubiquitome was examined by AQUA MS. These included overexpression of
TcPink1 and parkin, to induce mitochondrial ubiquitination; genetic ablation of Atg5, a core
autophagy machinery component (with and without concurrent parkin overexpression), to
prevent turnover of ubiquitinated organelles; genetic ablation of Pink1, to evaluate whether
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Fig. 4.13 Ageing and paraquat treatment have different effects on the w1118 mitochon-
drial ubiquitome. A. Flowchart illustrating the preparation of fly samples for AQUA MS
analysis. B. Total mitochondrial Ub abundance for young flies (blue; males and females;
three independent replicates), 50-60 day old males (green; four independent replicates), 50-60
day old females (blue; four independent replicates), and young flies treated 3 days with 5 mM
paraquat (PQ; red; males and females; three independent replicates). C-G. fmol abundance
of pS65 (C), K6-GG (D), K11-GG (E), K48-GG (F) and K63-GG (G), normalised to 1000
fmol Ub for samples treated as in B. H. Flow chart depicting the method used to determine
the endogenous amount of pS65-Ub in young w1118 mitochondria using sodium carbonate
extraction and TiO2 enrichment of phosphopeptides. I. fmol abundance of pS65-Ub in 4 mg
mitochondria from young w1118 flies, prepared according to H. Three independent replicates
were performed. Error bars represent mean +/- SEM. N.D.: not detected.
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production of pS65-Ub is dependent on Pink1 in flies; and Pink1 null flies overexpressing
parkin, to determine whether the rescue conferred in this line [30, 210] derives from an effect
on ubiquitination of mitochondrial proteins. For all overexpression studies, the indicated
UAS lines were crossed with da-GAL4 to induce whole-body expression of the protein. In
the case of the Atg55cc5 line, to overcome issues with poor fitness of the line, heterozygous
virgin females were crossed with w1118 males, and males hemizygous for the Atg55cc5 allele
were analysed. Pink1B9 males were collected from balanced stocks, and due to poor fitness
of the line and amount of material required for analysis, only one replicate was analysed.
The Atg55cc5; da>park and Pink1B9; da>park lines were generated by crossing the Atg55cc5;
da-GAL4 and Pink1B9; da-GAL4 lines respectively with UAS-parkC2 to generate males of
the desired genotype. The preparation of mitochondrial Ub from all lines was performed
with whole male flies according to Figure 4.13A. The total Ub abundance in each 500 µg
mitochondrial sample is shown in Figure 4.14A. Only modest differences among genotypes
and biological replicates were observed, with the exception of a single data point from the
Atg55cc5; da>park line, and the single data point available from Pink1B9, which are likely
to be outliers. Therefore, the various genetic manipulations performed did not substantially
affect the total mitochondrial Ub abundance. A large degree of variation in the abundance
of K6-modified Ub was observed, most likely because the abundance of this modification
was very low and prone to fluctuations in signal-to-noise ratio (Figure 4.14B). Both the
Atg55cc5 and Atg55cc5; da>park lines had increased K6 chain abundance compared with
w1118 controls, as did the Pink1B9; da>park line. Whether these increases represent a true
increased abundance of K6 chains or a clearer signal of the lowly abundant peptide due to
higher total Ub in these samples remains unclear (Figure 4.14A and B). Neither TcPink1 or
park overexpression alone resulted in increased K6 chain abundance compared with w1118,
which is surprising given the PINK1/Parkin pathway is known to produce K6 chains on
mitochondria in cell culture models [204]. The fact that an increase in K6 chains was observed
in the Atg55cc5 mutant could mean that the chains may be produced but turned over rapidly
in the presence of functioning autophagy machinery. However, Atg55cc5; da>park did not
have a substantially higher K6 abundance than Atg55cc5 alone, although significant variability
across replicates was observed for this condition, which could mask true differences between
the genotypes (Figure 4.14B). All genotypes tested had modestly higher K11 abundance
than the w1118 control (Figure 4.14C). As with K6 chains, the two lines with genetic loss of
Atg5 had the highest abundance of K11-linked Ub, while parkin overexpression alone did not
starkly increase K11 chains. K48-linked Ub did not dramatically change in abundance for
most genotypes tested (Figure 4.14D). However, there was a slight increase in K48-linked
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Ub in both Pink1B9-containing lines relative to the other genotypes tested. In comparison,
K63-linked Ub was universally more lowly abundant in all genotypes tested relative to
the w1118 control (Figure 4.14E). Of all the Ub modifications that were quantified, S65
phosphorylation showed the most stark pattern among the genotypes tested, consistent with
Ub phosphorylation being central to Pink1/parkin signalling (Figure 4.14F). As expected,
overexpression of TcPink1 led to robust formation of pS65-Ub on mitochondria, while the
Pink1B9 mutant mitochondria lacked detectable pS65 signal, which was not rescued by
parkin overexpression in the Pink1B9; da>park line. pS65-Ub could be detected in only
a single replicate in the da>park line. These results indicate that the rescue that parkin
overexpression confers upon loss of Pink1 [210, 30] is not likely to be through the production
of phosphorylated Ub. In contrast, the Atg55cc5 mutant, both alone and in combination with
park overexpression, led to detectable production of pS65-Ub (Figure 4.14F). This result
indicates that pS65 Ub is likely to be produced on mitochondria in vivo, but the signal is lost
due to rapid turnover of the pS65-Ub-labelled mitochondria by the autophagy machinery.
da-GAL4-driven parkin overexpression did not lead to increased pUb in the context of the
Atg55cc5 mutant, further indicating that parkin’s ability to rescue Pink1 mutant phenotypes in
Drosophila [210, 30] is not by production of pS65-Ub.

4.3.5 Atg5 mutants show increased Ub phosphorylation with age

To further probe the effect of ageing on the Drosophila mitochondrial ubiquitome, Atg55cc5

flies were aged up to 25 days, harvested and their mitochondrial Ub content evaluated by
AQUA MS. Atg55cc5 flies survive to adulthood but exhibit severe mobility defects that can
be rescued by expression of human Atg5, thereby demonstrating that the protein’s function
is conserved from flies to humans [117]. This model was chosen due to the higher baseline
pS65-Ub levels observed in Atg55cc5 flies compared with w1118 flies (Figure 4.14F) and
because loss of Atg5 would be expected to reduce turnover of damaged mitochondria due
to a reduction in autophagy [117, 288]. Therefore, any Ub modification that accumulates
with ageing upon loss of Atg5 may indicate that this modification is produced during age-
related mitochondrial damage and specifically turned over by autophagy. As shown in
Figure 4.15, the total Ub content and normalised amounts of pS65, K6, K11, K48 and K63
Ub modifications were plotted against the average age of the flies at the time of harvest.
Linear regressions were performed to determine whether a relationship between age and Ub
modification abundance existed, with the p-value for a test of non-zero linearity displayed
on each graph. Total Ub abundance and pS65-Ub showed an upward trend with increasing
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Fig. 4.14 Genetic manipulations of Pink1, park and Atg5 have modest effects on the
mitochondrial ubiquitome. A. Total mitochondrial Ub abundance in flies of the indicated
genotypes after sample preparation according to Figure 4.13A. Each data point represents an
independent biological replicate. B-F. fmol abundance of the indicated Ub modifications,
normalised to 1000 fmol Ub for each sample. Error bars represent mean +/- SEM. N.D.: not
detected.
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age, although only pS65-Ub met the threshold for statistical significance (Figure 4.15A and
F). K6-GG and K63-GG both trended downward with age, although the data were scattered
and the association therefore did not reach statistical significance (Figure 4.15B and E). In
comparison, K11-GG and K48-GG remained mostly unchanged regardless of the age of
the flies at harvest (Figure 4.15C and D). These results indicate that pS65-Ub, but not any
specific Ub linkage type, accumulates on mitochondria in an age-dependent manner when
autophagy is defective. This may indicate that K11 and K48 chains on mitochondria can
be removed by an autophagy-independent process such as p97-dependent extraction and
delivery of the ubiquitinated substrates to the proteasome [277, 203], while pS65-Ub may be
resistant to this process. These age-dependent trends agree reasonably well with the ageing
of w1118 flies, with the exception of a marked increase in K6 chains in the w1118 mitochondria
(Figure 4.13). However, it should be noted that young Atg55cc5 flies have increased K6 chains
relative to w1118 controls (Figure 4.14C). These results indicate that increased K6 abundance
is an early event in the Atg55cc5 flies, while accumulation of pS65-Ub occurs gradually over
time. Further work will be required to dissect whether pS65-Ub, K6 chains, K63 chains or
bulk mitochondrial Ub is the bona fide mitophagy signal, as discussed further in Chapter 5.

4.3.6 The mitochondrial ubiquitome of mouse brain determined using
Ub-clipping

Given the association of PINK1 and Parkin with early-onset parkinsonism that causes
degeneration specifically in the brain [122, 295], AQUA MS analysis of the mitochondrial
ubiquitome was next applied to mouse brains. The CD1 mice were harvested at the age of 3
months and mitochondria were extracted from whole brains. Like in flies, the Ub content
on mouse brain mitochondria was very low, and therefore the samples were prepared and
analysed as in Figure 4.13A. The total Ub abundance on 500 µg mouse brain mitochondria
was 1.3 pmol (Figure 4.16A), which was approximately five-fold more than was present
on w1118 mitochondria. Of the four Ub chain types tested, K48-GG was the most highly
abundant, followed by K63 and K11 chains (Figure 4.16B). In contrast, K6-linked Ub was
very lowly abundant, and pS65-Ub was not detected under the conditions used (Figure 4.16B).
A previous study in cortical neurons showed a pS65-Ub abundance of approximately 5 fmol
per 1000 fmol Ub in whole cell lysates [216]. Assuming co-enrichment of the pS65-Ub in
mitochondrial extracts, the abundance of pS65-Ub per 1000 fmol total Ub would be expected
to be higher than 5 fmol in the context of mitochondrial enrichment presented herein, which
would be above the limit of detection. The results presented in this study used whole brains
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Fig. 4.15 Atg55cc5 flies display increased pS65-Ub with age. A. fmol abundance of total
Ub in 500 µg mitochondria from Atg55cc5 flies harvested at the indicated ages, and prepared
as per Figure 4.13A. A linear regression was performed, with the trendline and p-value for
non-zero linearity displayed on the graph. B-F. fmol abundance, normalised to 1000 fmol Ub,
of the indicated Ub modifications for flies treated as in A. Note that only pS65-Ub reaches
the threshold for statistical significance (p < 0.05).
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Fig. 4.16 The mouse brain mitochondrial ubiquitome determined using AQUA MS. A-
B. Whole brains from CD1 mice were enriched for mitochondria, then the mitochondrial
ubiquitome determined as in Figure 4.13A. The total Ub in 500 µg mitochondria (A) and the
normalised abundance of the indicated Ub modifications (B) is shown. The data points (+/-
SEM) represent data from four different mouse brains. N.D.: not detected.

rather than cortical sections that may be enriched for pS65-Ub, which may explain why
pS65-Ub was not detected in this study. Interestingly, while other studies have shown no
change in pS65-Ub levels in cortical sections from Parkin null mice compared with WT
controls [216], later studies found an approximately five-fold increase in pS65-Ub levels in
heart sections of Parkin null mice compared with WT controls, when normalised to total cell
protein content [261]. Therefore, the exact quantification of pS65-Ub levels may depend
on the precise tissue type being examined. These data support the notion that pS65-Ub is
generated in response to mitochondrial damage, and is not highly abundant in young, healthy
mice [216, 261].

4.4 Discussion and conclusions

4.4.1 What is the Parkin-dependent mitochondrial ubiquitome in cul-
tured cells?

This chapter combined Ub-clipping and MS to investigate the architecture of the mitochon-
drial ubiquitome in HeLa cells. A summary of the findings from these investigations using
intact MS and AQUA MS is shown in Table 4.1. The increase in total Ub and pS65-Ub
in the presence of both endogenous PINK1 and exogenous WT Parkin in the context of
depolarisation confirms previously reported findings in support of a positive feedback loop
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of pUb production, in which PINK1 acts upstream of Parkin [204, 201]. The chain type
and pS65-Ub content on mitochondria agreed reasonably well with previous in vitro Parkin
chain assembly assays, and with results obtained under chemical depolarisation in other cell
models [204, 310, 36]. However, in contrast to the reported literature, the abundance of K63
chains relative to the total Ub content, was reduced in the present study in depolarised cells
expressing WT Parkin (Figure 4.12C). This difference in results is likely to reflect subtle
differences in data presentation; given that K63 chains are abundant without PINK1/Parkin
activation, a modest fold-increase in their abundance would represent a large change when
measured as an absolute fmol increase over unstimulated cells [204]. Another finding that
has not been emphasised by previous studies is the degree of substrate monoubiquitination
observed in comparison to chain formation. It has been previously described in vitro [111],
and further established in this study (Figures 4.6 and 4.12), that Parkin is predominantly a
monoubiquitin ligase. The makeup of the mitochondrial ubiquitome, both in stimulated and
unstimulated conditions, is important for determining the precise signal that is recognised
by the downstream autophagy machinery; the possible identity of the bona fide mitophagy
signal is discussed further in the following chapter.

Interestingly, across both the intact and AQUA MS methods, an increased stoichiometry
of Ub phosphorylation was observed when WT Parkin was present, compared with C431S
Parkin in otherwise identical conditions of OA treatment in the presence of endogenous
PINK1 (Figures 4.6B and 4.12C). This is in contrast to a previous study that found that WT
Parkin was required for the production of pS65-Ub [204]. These observed differences may
be due to the use of a longer incubation with OA in the present study, and also support the
previously reported findings that PINK1 can stimulate mitophagy, albeit more slowly, in the
absence of WT Parkin [139]. Given that the ratio of PINK1 to mitochondrial Ub is higher in
the absence of WT Parkin, this finding indicates that Parkin activity increases the activity
of PINK1 towards Ub. Two explanations for this are possible: either the Ub chain types
and monoubiquitination produced by Parkin are more ideal substrates for phosphorylation
by PINK1 than the Ub conjugated by other E3 ligases, or Parkin produces ubiquitinated
substrates in close proximity to PINK1. It has been shown that efficient Ub phosphorylation
by PINK1 requires a strand slippage event in Ub (termed Ub-CR) to provide PINK1 with the
necessary access to S65, which is buried in the "common" Ub conformation [310, 41, 65].
The dynamics of this slippage event may depend on how much dynamic flexibility is present
in the Ub C-terminus, which could in turn depend on the substrate to which the Ub is conju-
gated. However, there is little evidence that PINK1 has significantly increased preference
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for phosphorylation of specific Ub chain types, at least in vitro [204, 310, 63]. In fact,
PINK1 appears to phosphorylate the proximal moiety of K6 chains, which are produced by
Parkin, less efficiently than it does for K48 or K63 chains [63]. Indeed, the results presented
herein support the notion that K63 chains on mitochondria are readily phosphorylated by
PINK1 (Figure 4.12). It is possible that certain specific mitochondrial substrate lysines, when
ubiquitinated, may provide better conditions for Ub strand slippage to occur. A finding to
this effect would help to explain how PINK1 is able to phosphorylate Ub in vivo, which in
the unphosphorylated form has only very low proportions of Ub-CR [65]. However, PINK1
is able to phosphorylate Ub in vitro with no other protein factors present [104, 112, 129], so
induction of the strand slippage event by external factors is not a requirement for phosphory-
lation. An alternative explanation for Parkin E3 ligase activity increasing the stoichiometry
of Ub phosphorylation is that binding to pS65-Ub, which occurs during Parkin’s activation
sequence, causes Parkin to be spatially restricted in close proximity to PINK1 on the OMM
[204, 309]. In turn, the production of Ub chains by Parkin on the OMM would be spatially
restricted to within close proximity of PINK1. Tethering of Parkin to the OMM would avoid
aberrant ubiquitination of undamaged mitochondrial or cellular substrates by Parkin, which
appears to have low substrate specificity due to its highly flexible catalytic RING2 domain
when fully active [64, 245]. Therefore, it is likely that Ub phosphorylation by PINK1 results
in both recruitment and retention of Parkin at the OMM in close proximity to PINK1.

Ub-clipping enabled further investigation into the mitochondrial ubiquitome beyond its
composition, to establish the Ub chain architecture. The intact MS analyses revealed that
the majority of mitochondrial ubiquitination events are likely to be monoubiquitination or
short chains, with very little chain branching. Further, it was found that Ub is preferentially
phosphorylated on mono-Ub moieties or the distal end of chains. These findings were
recently confirmed independently using the same Ub-clipping technology, although different
purification methods were used [203]. It has been found that, in vitro, PINK1 preferentially
phosphorylates the distal moiety of K6 di-Ub, while USP30 has reduced DUB activity
towards distally phosphorylated Ub chains of any linkage type [63]. The preference for
distal Ub phosphorylation was not observed when analysing the K63 locus by AQUA MS
(Figure 4.12C). This is likely to be because K63 chains exhibit a relatively open conformation
[127], which would better allow access by PINK1. Indeed, the preference for distal Ub
phosphorylation by PINK1 was not observed when analysing K63 chains in vitro [63]. It
would be interesting to determine whether modulation of USP30 levels would affect the
apparent preference for distal or mono-Ub phosphorylation, to disambiguate the relative roles
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of PINK1 and USP30 in this process. A model for PINK1- and Parkin-dependent production
of pS65-Ub on mitochondrial substrates in the context of chemical depolarisation is presented
in the following chapter, based on the findings in this thesis and from the scientific literature.

4.4.2 What is the in vivo mitochondrial ubiquitome?

While much work has been done to establish the role of Parkin in mitophagy induced by
chemical depolarisation in cultured cells, very little work has been done to investigate this
process at the organismal level. Therefore, Ub-clipping was applied to the study of the
mitochondrial ubiquitome of Drosophila, to determine whether the positive feedback loop of
Pink1 and parkin activity that is well-established in cell models occurs in this more physio-
logical context. These analyses required significant optimisation of the sample preparation
method, to enable enrichment of the lowly abundant mitochondrial Ub present in flies. K6,
K11, K48, and K63 chains were all detected in mitochondrial extracts from w1118 flies,
while pS65-Ub could be detected when very large sample amounts and further enrichment
steps were included (Figure 4.13). Both ageing and PQ treatment induced changes in the
mitochondrial ubiquitome, as did various genetic manipulations of the mitophagy machin-
ery (Figures 4.13 and 4.14). The effect of these manipulations on the fly mitochondrial
ubiquitome, relative to untreated w1118 flies, is summarised in Figure 4.17. Transgenic
expression of TcPink1 increased pS65-Ub abundance while park did not, which is consistent
with parkin functioning downstream of Pink1. Genetic manipulations of park and Pink1

had only modest effects on the total Ub and abundance of most chain types (Figure 4.17).
These results indicate that, in flies, overexpression of Pink1 or parkin alone does not induce
feedforward ubiquitination of mitochondria. While overexpression of parkin has been shown
to rescue Pink1 mutant phenotypes [210, 30], the effect on mitochondrial ubiquitination was
modest (Figures 4.14 and 4.17). No pS65-Ub was detected in these flies, which confirms
that Pink1 is the sole Ub kinase and that parkin’s ability to rescue Pink1 mutant phenotypes
is pS65-Ub independent. The modest effect on mitochondrial ubiquitination in these flies
suggests that parkin’s ability to rescue Pink1 mutant phenotypes could be independent of its
role in ubiquitinating mitochondrial proteins. Indeed, Parkin has been shown to ubiquitinate
non-mitochondrial targets in cell culture models [242], which could indicate a role for the
enzyme in other pathways. Alternatively, the effect of parkin expression on mitochondrial
Ub may be lost in the context of constant autophagic turnover of ubiquitinated mitochondria.
However, transgenic parkin expression in the context of genetic ablation of Atg5, which
should significantly reduce autophagic flux, did not result in large differences compared with
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Table 4.1 Summary of the mass spectrometry findings on the Parkin-dependent mito-
chondrial ubiquitome in HeLa cells.

Method Findings

Intact MS

• Detectable pS65-Ub production is dependent on OA treatment but
not on the presence of WT Parkin

• WT Parkin increases the stoichiometry of Ub phosphorylation
when compared with C431S Parkin

• WT Parkin increases total mitochondrial ubiquitination in the
presence of depolarisation, with no apparent increase in average
chain length

• Distal or mono-Ub is preferentially phosphorylated in a WT
Parkin-independent manner

• UBE2L3 is multi-monoubiquitinated by WT Parkin in vitro

AQUA MS

• WT Parkin increases bulk ubiquitination and the relative abun-
dance of K6, K11, K48 and pS65 modifications in the presence of
OA and endogenous PINK1

• WT Parkin increases the stoichiometry of S65-Ub phosphorylation
when compared with C431S Parkin

• K63 chains are reduced relative to total Ub (but absolute K63
levels are higher) upon OA treatment when WT Parkin is present

• K48 and K63 chains increase modestly in the presence of C431S
Parkin and endogenous PINK1 compared with PINK1-/- cells

• There is no apparent preference for or against phosphorylation of
K63 chains
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the Atg5 mutant alone (Figure 4.14, Figure 4.17). A further discussion of the role of parkin
in vivo is provided in Chapter 5.

In contrast, ageing, PQ treatment, and genetic ablation of Atg5 all resulted in increased
total Ub and pS65-Ub, while ageing and Atg5 mutants showed increased K6 and K11-linked
Ub (Figure 4.13, 4.14, Figure 4.17). PQ treatment of WT flies resulted in the strongest
induction of pS65-Ub production, which indicates that mitochondrial oxidant-induced PINK1
activation can occur robustly within an animal in the presence of endogenous levels of Pink1
and parkin. Further studies using PQ in combination with genetic modulation of park levels
could reveal whether parkin participates in a feedforward mechanism of pUb production in
Drosophila, as it does in cultured cells. The evidence of increased mitochondrial pUb with
ageing, in the absence of chemical stimulation, supports the notion that mitochondrial damage
accumulates as the fly ages due to a reduction in autophagy [257]. Further, the accumulation
of pS65-Ub during ageing of Atg55cc5 flies suggests that pS65-Ub is a biomarker for the
initial induction of mitophagy, upstream of Atg5.

4.4.3 Utility of Ub-clipping for studying mitophagy

The use of Ub-clipping in the analysis of PINK1/Parkin mitophagy enabled the identifica-
tion of preferential phosphorylation of distal or monoubiquitinated substrates, and multi-
monoubiquitination of UBE2L3 by Parkin in vitro - findings that would not have been
possible with MS approaches that use tryptic digest. While limited trypsinolysis has been
used to some effect to generate diGly-modified Ub1-74 for the analysis of Ub chain branching,
such approaches require fine-tuning of the ratio of trypsin to substrate to ensure that Ub is
cleaved exclusively at R74 [296, 35]. In comparison, Lbpro*’s specificity for R74 means that
no further digestion of Ub occurs, even at extended timepoints [275], although the R-clipping
observed herein underscores the need to ensure that endogenous enzymes are inhibited during
digestion. It will be interesting in future to use Ub-clipping to investigate mitochondrial
multi-monoubiquitination events in vivo, as described further in the following chapter.

The combination of Lbpro* treatment with AQUA MS produced comparable results to
other methods [204, 202], allowing the use of low sample amounts while obviating the
need for diGly enrichment or any affinity-based Ub enrichment in cultured cells. One
significant limitation that was encountered during optimisation of the Ub-clipping method
in mitochondrial extracts from more physiological samples was the requirement for very
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Fig. 4.17 Effect of various manipulations of Drosophila on the abundance of mitochon-
drial Ub. Heatmap summary of the relative change compared with young w1118 flies in the
abundance of total Ub and Ub modifications when normalised to total Ub abundance for
the indicated genetic and environmental manipulations. Note that for pS65-Ub, in order to
calculate a fold change a non-zero value needed to be imputed for w1118 - a normalised value
of 0.01 fmol per 1000 fmol Ub was chosen as this would be expected to be just below the
limit of detection.
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large sample amounts. This was especially difficult when analysing animal tissues, which
contained much less mitochondrial Ub than even the untreated HeLa samples. Each replicate
analysis of fly mitochondria, as shown in Figures 4.13-4.15, required approximately 50 to 100
flies. This requirement meant that any variation between animals could not be determined,
and limited the analysis of difficult-to-aquire genotypes. Further, analysis of specific fly
tissues was impractical when such large amounts were required, so the specific effects of
the described manipulations on the fly brain or muscle mitochondrial ubiquitome could
not be determined. Future studies using side-by-side comparisons of different methods for
enrichment and analysis of diGly-modified peptides by MS could determine which method
is most useful for samples in which the total Ub abundance is low.

4.4.4 Conclusion

This chapter presents the application of a new method, Ub-clipping, to the study of the
mitochondrial ubiquitome in cultured cells, Drosophila, and mouse brain. The method
confirmed previous findings into the chain composition and stoichiometry of pS65-Ub
formation on mitochondria, while further identifying that Ub phosphorylation occurs in vivo

on Ub moieties that are not further ubiquitinated. However, the role of PINK1 and Parkin
outside the context of chemical depolarisation is unclear, as evidenced by very little change
in the makeup of the mitochondrial ubiquitome in flies overexpressing parkin in combination
with loss of Pink1 or Atg5. Importantly, it is unclear whether bulk ubiquitination, pUb, or
a particular Ub chain type is the signal that is recognised by the downstream autophagy
machinery. A discussion of the identity of the bona fide mitophagy signal, and the extent
to which PINK1/Parkin mitophagy occurs in physiological contexts, is presented in the
following chapter.





Chapter 5

Discussion

5.1 The mitochondrial ubiquitome

5.1.1 Summary of the Parkin-dependent mitochondrial ubiquitome in
depolarised cells

The primary aim of this thesis was to apply the Ub-clipping method to better our understand-
ing of the mitochondrial ubiquitome, in particular the Ub chain architecture. While the main
mitochondrial substrates and Ub chain types produced by Parkin have been investigated in
detail [204, 201, 36, 202], the relationship between S65 phosphorylation and chain formation
had not been elucidated, and the relative contribution of chain formation versus monoubiqui-
tination of substrates had not been explored in depth. From the intact MS results presented in
Figure 4.6C, the relative abundances of the different Ub proteoforms can be applied to a pool
of 20 Ub moieties; this yields 13 Ub moieties that are not further ubiquitinated (4 of which
are phosphorylated), 6 that are singly diGly-modified (one of which is phosphorylated),
and one that is doubly diGly-modified (Figure 5.1A). Therefore, a pool of 20 Ub moieties
contains eight Ub linkage points (six singly modified and one branched Ub). The relative
abundances of the different chain types determined by AQUA MS in Figure 4.12C (K6, K11,
K48 and K63 at a ratio of 0.69 : 1.12 : 2.45 : 3.7, rounded to 1 : 1 : 2 : 4) can then also
be applied to the pool of 8 linkage points (Figure 5.1A). This information can be combined
with the information gleaned from biochemical studies presented in Chapter 3 (summarised
in Table 3.1), the known mitochondrial substrates of Parkin (the most abundant of which
are VDAC1 and VDAC3 [202]), and the presumed K48-linked ubiquitination of Mfn2 to
facilitate its rapid degradation by the proteasome [21, 277], to provide a summary model
(Figure 5.1A). In general, the mitochondrial ubiquitome consists predominantly of substrate
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monoubiquitination and short chains, with phosphorylation mainly on mono-Ub moieties and
the distal ends of chains. It is important to note how the composition of the mitochondrial
ubiquitome changes depending on the activation of the PINK1/Parkin pathway; while K48
and K63 chains are the most abundant Ub chain type in the presence of WT PINK1 and
Parkin, they are also present to an appreciable extent in the absence of Parkin and PINK1
activity (Figures 3.7A and 4.12C). Further, while the total abundance of mitochondrial Ub
increased in response to depolarisation in the presence of WT Parkin, the abundance of
diGly-modified Ub relative to total Ub did not drastically change relative to the untreated
condition (Figure 4.6C), indicating that the chain length of the mitochondrial ubiquitome
in the absence of PINK1/Parkin activation is similar to that presented in Figure 5.1A. This
information is important to consider when evaluating the precise nature of the mitophagy
signal produced by PINK1 and Parkin, as discussed further in Section 5.2.

The combined observations regarding pS65-Ub formation and K63 chain formation from
the biochemical and MS analyses presented in Chapters 3 and 4 respectively allow insights
into the co-occurence of these modifications. S65-Ub phosphorylation was unaffected by
K63 chain formation, as measured by AQUA MS (Section 4.3.2), while measurements
by intact MS, which incorporate the effect of all Ub chain types, showed a bias against
phosphorylation and ubiquitination on a single moiety (Figure 4.5D). These results, taken
together, suggest that K63 chains are overrepresented in S65-phosphorylated Ub. However,
the UbiCRest analysis did not detect a preference towards phosphorylation of K63 chains,
at least compared with K48 chains (Figure 3.9). Future work to determine the extent to
which phosphorylation may occur on specific Ub chain types, and determining the precise
identity of branched Ub moieties, could be performed using MS/MS of the doubly modified
Ub species, as discussed further in Section 5.4.1.

Several apparent inconsistencies were observed when analysing the mitochondrial ubiq-
uitome by different methods; many of these can be attributed to limitations of the methods
themselves, and underscore the advantage of using multiple approaches to evaluate this
complex biological system. Firstly, the affimer protection assay appeared to show a higher
abundance of K6 chains in HeLa cell mitochondria than K11 and K33 chains (Figure 3.11),
while the AQUA analysis showed that K11 chains were more abundant (Figure 4.12C). The
AQUA results are much more likely to be accurate, given the highly quantitative nature of
the method, while the extra protection apparently conferred by the K6 affimer could be from
extra protection of other chain types present proximal to the K6 chain (such as K63 chains),
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which may have been protected from USP21 activity by the affimer. Another discrepancy is
apparent in the abundance of Ub chain types determined by intact MS compared with AQUA
MS. According to the intact MS results, over 30% of the mitochondrial Ub was further
diGly-modified (Figure 4.6C), compared with an apparent combined diGly composition of
approximately 15% when analysed by AQUA MS (Figure 4.12C). Similarly, the proportion
of pUb was apparently higher when measured by intact MS compared with AQUA MS.
Several factors combined are likely to explain this observation. Firstly, the four other Ub
linkage types not analysed in this study (M1, K27, K29 and K33) are likely to account
for a proportion of this missing signal, although given their known low abundance from
other studies [204], this will likely account only minimally for this difference. Secondly,
given that branched Ub accounted for approximately 3% of the total mitochondrial Ub (or
10% of the diGly-modified Ub), if the two branchpoints were located close together in the
primary sequence (such as K6/K11), the complex peptide produced during tryptic digest
would not be accounted for in the targeted AQUA MS workflow. Thirdly, the lower apparent
chain type abundance determined by AQUA MS could be partly due to limited efficiency of
tryptic digest of the highly stable Ub moiety, and tryptic digest could be negatively affected
by Ub phosphorylation. Previous studies found that S65-phosphorylated Ub produced a
missed cleavage event at K63 [104, 112], although it should be noted that this peptide was
not observed to an appreciable extent in the current study, presumably due to the use of
relatively high trypsin concentrations (data not shown). Finally, It is possible that the intact
MS quantification, which unlike AQUA only allows relative quantification, may over- or
underestimate the abundance of particular proteoforms. However, Lbpro-mediated digestion
of in vitro-assembled di-Ub moieties resulted in equal proportions of unmodified and diGly-
modified Ub as measured by intact MS, as expected, indicating that the intact MS method
can accurately determine the relative abundance of different Ub proteoforms within a given
sample [275].

5.1.2 VDAC monoubiquitination is likely a major Parkin signal

One of the most abundant mitochondrial ubiquitination events in HeLa cells in response
to depolarisation in the presence of Parkin is ubiquitination of the highly abundant VDAC
proteins, in particular VDAC1 and VDAC3 [202]. Given that two separate sites are highly
ubiquitinated (K53 and K274 of VDAC1 each show 15% fractional occupancy in response to
depolarisation [202]), and that the architecture of mitochondrial ubiquitination is predom-
inantly mono-Ub and short chains (Figure 5.1A), this suggests that a large amount of the
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Fig. 5.1 Model of the Parkin-dependent mitochondrial ubiquitome in response to depo-
larisation. A. Using the ratio of Ub proteoforms determined in Figure 4.6C, the relative
proportion of Ub chain types from Figure 4.12C, the broader architectural features deter-
mined in Chapter 3, and the most abundant Parkin substrates previously reported in HeLa
cells [202], an estimation of the mitochondrial ubiquitome upon OA treatment in the presence
of WT Parkin is presented. The relative abundances were applied to a pool of 20 Ub moieties
to illustrate the general architecture. B. Three main questions regarding the makeup of the
mitochondrial ubiquitome in this context remain unanswered; future method development
using Ub-clipping could reveal further detail.
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mitochondrial ubiquitome could consist of either mono- or multimono-ubiquitination of the
VDAC proteins. While the VDAC proteins’ primary function is in facilitating the transport
of metabolites across the OMM [31], the VDACs have also been described as important
in modulating apoptosis [26, 256] and release of mtDNA into the cytosol in response to
mitochondrial damage [116]. Further, it has been recently described that ubiquitination of
different VDAC K residues by Parkin can form a switch between autophagy and apoptosis
[74]. The VDAC proteins have been shown to oligomerise [330], and this oligomerisation
may allow the release of mtDNA into the cytosol [116]. It would be interesting to determine
whether VDAC ubiquitination affects its oligomerisation, and indeed whether mono- versus
multimono-ubiquitination forms a switch between different fates. In this thesis, Ub-clipping
was applied to determine the extent of multi-monoubiquitination of an in vitro substrate,
UBE2L3 (Figure 4.8). The method could be applied to determine the extent of mono- versus
multimono-ubiquitination of the VDAC proteins (Figure 5.1B), although optimisation of
protein enrichment and solubilisation of these integral membrane proteins are two notable
technical hurdles to be overcome.

5.1.3 Is the mitochondrial ubiquitome maintained across different tis-
sues and species?

The mitochondrial proteome differs between different tissues within a particular organism,
with mitochondria from any two mouse tissues sharing approximately 75% of their mitochon-
drial proteomes [208]. This presumably enables mitochondria to perform specific functions
according to the needs of the particular cell type. It could therefore be expected that the
makeup of the mitochondrial ubiquitome, including the chain type complement, could differ
between different tissues. Within this study, AQUA analyses were performed both on HeLa
cells, a human cell line originally derived from a cervical carcinoma [248], and on mouse
brain homogenates. Unfortunately, given the difference in species and treatment prior to
tissue collection, there are a number of caveats with directly comparing the mitochondrial
ubiquitomes of the two samples. Nonetheless, there was a noticable difference in the relative
amount of K48 and K63 chains in the two tissues, with the mouse brain having a higher K48
chain content (Figures 4.12C and 4.16B). Interestingly, an independent study of both primary
and stem cell-derived neurons similarly found that these cells contained a higher relative
K48 chain complement than HeLa cells, with and without depolarisation [202]. It was also
observed in this study (Figure 4.16B), and independently [202], that neuronal tissues do not
appear to have a large amount of K6-linked Ub. A number of differences were also observed
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between the mitochondrial ubiquitomes of HeLa cells and Drosophila whole flies, although,
again, it is difficult to directly compare samples that have been subjected to different stimuli.
Regardless, mitochondrial damage induced by depolarisation in HeLa cells expressing WT
Parkin led to a robust increase in K6 chains (Figure 4.12C), while mitochondrial damage
induced by PQ did not similarly lead to an increase in K6 chains in flies (Figure 4.13D). It
is possible that differences in the makeup of the mitochondrial ubiquitome could result in
different fates for mitochondria of specific tissues in response to otherwise identical stressors;
further work is needed to explore this hypothesis.

5.2 What is the bona fide mitophagy signal?

During Ub-dependent mitophagy, the Ub-binding mitophagy receptors (OPTN, NDP52 and
to a lesser extent TAX1BP1 in HeLa cells) are recruited to damaged mitochondria, resulting
in autophagy initiation [139]. The vast array of different ubiquitination events produced by
Parkin, and the presence of S65-phosphorylated Ub on damaged mitochondria, means that a
wide variety of Ub signals are present on mitochondria. Is a particular Ub species responsible
for inducing mitophagy, and if so, which one? Such a signal would need to be highly specific
for damaged mitochondria, and presumably would increase in abundance on mitochondria
upon activation of the PINK1/Parkin pathway, or upon a reduction of autophagic turnover,
which is known to decline with age [257]. A discussion of the candidate binding partner
for the autophagy receptors follows, based on the results of this thesis and the scientific
literature.

5.2.1 K63 chains

One early MS-based study of mitochondrial ubiquitination produced by PINK1 and Parkin
proposed that K63 chains may be the "eat me" signal for mitophagy [201]. Several lines
of evidence supported this: firstly, upon chemical depolarisation in HeLa cells, a large
amount of K63-linked Ub was produced in a Parkin-dependent manner, when measured as a
fmol increase in chains upon depolarisation compared with an unstimulated control [204].
Secondly, replacing the cellular Ub pool with a Ub K63R mutant, so that K63 chains could
not be formed, resulted in reduced clearance of damaged mitochondria [201]. Finally, several
studies found more favourable binding of the autophagy receptors OPTN, NDP52 and p62 to
K63 chains compared to K48 chains [201, 83, 232]. In contrast, several lines of evidence,
including work presented herein, suggest that K63 chains may not be the bona fide mitophagy
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signal. Firstly, it is evident that K63 chains are present on mitochondria prior to stimulation
[204], and in the absence of PINK1 activity (Figure 4.12C). The baseline abundance of K63
chains in more physiologically relevant mouse brain tissue (Figure 4.16B) and neuronal
cells [202] is lower than in HeLa cells; however, K63 chains did not increase substantially
upon depolarisation in neuronal cells [202]. Indeed, neither ageing nor PQ treatment of flies
increased the proportion of K63 chains relative to the total Ub (Figure 4.13G), indicating
that this is not the major signal produced on damaged mitochondria in vivo. Likewise, every
genetic manipulation of Drosophila trialled in this study led to a reduction in the proportion
of K63 chains relative to the total Ub, compared with w1118 (Figure 4.14E), and ageing of
Atg5-deficient flies similarly did not lead to increased mitochondrial K63 chains (Figure
4.15E). Further, more in-depth qualitative analyses of (phosphorylated) OPTN binding to all
possible Ub linkage types revealed that OPTN binds M1, K6, K27, K29, and K33 chains as
well or better than K63 chains [232]. Phosphorylated OPTN bound poorly to K48-linked
Ub, which explained the apparent preference for K63 chains observed in previous studies
[232, 201, 83]. The fact that K63 chains are present at reasonably high abundances in the
absence of mitophagy induction, do not change dramatically in abundance upon stimulation,
and that the autophagy receptors bind favourably to other Ub chain types, together suggest
that K63 chains are not the bona fide mitophagy signal.

5.2.2 K6 chains

K6 chains are an attractive candidate as a mitophagy signal; they are an atypical linkage
type produced by Parkin [204] and hydrolysed by USP30 [36, 310, 63, 243], providing a
tunable signal that could be specific to mitophagy. K6 chains are very lowly abundant in
cells in the absence of chemical depolarisation [204], or PINK1 or Parkin activity (Figure
4.12C), and show a large fold increase in abundance upon depolarisation [204, 36]. Further,
when the cellular Ub pool was replaced with K6R Ub, depolarisation-induced mitophagy
was impaired [201], although it should be noted that mutations near either terminus of
Ub may not be well-tolerated in cells [236]. K6-linked ubiquitination of TOMM20 has
been described as being regulated by USP30 [63], while TOMM20 ubiquitination has been
described as important for the induction of mitophagy [10], leading to the proposal that
K6-ubiquitinated TOMM20 is a mitophagy signal [63]. However, only a small fraction of
TOMM20 appears to be modified with K6-linked Ub (Figure 3.10C), while targeting of
PINK1 to peroxisomes is sufficient to induce pexophagy [136], which suggests that PINK1
is the sole mitochondria-specific factor that is required for damage-induced mitophagy. Also,
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while K6 chains exhibit a large fold increase in abundance in response to depolarisation,
their absolute abundance on mitochondria is still low (Figure 4.12C). This caveat could be
overcome if K6 chains were bound with much higher affinity by the autophagy receptors than
other chain types, but this does not appear to be the case, at least for OPTN [232]. Further,
PQ treatment of flies did not substantially increase the mitochondrial K6 chain abundance,
and K6 chains did not increase upon ageing of Atg55cc5 flies, which suggests that K6 chains
do not participate in mitophagy, at least in Drosophila, although young Atg55cc5 flies and
aged w1118 flies did display a slight increase in K6 and K11 chains (Figure 4.17). It has
also been observed that depolarisation of embryonic stem cell-derived neuronal cells or
DA neurons, unlike HeLa cells, failed to induce an increase in the abundance of K6 chains
[202]. However, the contribution of USP30 in these scenarios was not established, and the
lack of K6 chains may simply reflect their rapid removal from mitochondria by USP30. It
would be interesting to investigate whether the lack of K6 chains in these systems is due to
USP30 activity and, if so, whether modulating USP30 activity affects the downstream fate
of the damaged mitochondria in a K6 chain-dependent manner. It should also be noted that
while USP30 has a well-conserved specificity for hydrolysing K6 chains, this specificity is
conferred solely by preferential binding to K6 chains; USP30 has higher activity towards
K11 and K48 chains once bound, which influences USP30’s apparent chain type specificity
depending on the concentration of Ub chain types present [63, 243]. The functional relevance
of K6 chains on mitochondria therefore remains unclear.

5.2.3 pS65-Ub

One candidate mitophagy receptor is pS65-Ub itself, given that it is genuinely unique to
and exquisitely dependent on PINK1 activity. Indeed, upon overexpression of PINK1 in
the absence of Parkin, it was shown that depolarisation could result in the recruitment of
autophagy receptors to mitochondria and the initiation of mitophagy, presumably solely
through the production of pS65-Ub [139]. Further, endogenous mitophagy receptors were
found to preferentially bind to S65D mutant Ub over WT or S65A [139]. Several lines
of evidence presented herein also support this hypothesis, although it should be noted that
processes downstream of mitochondrial ubiquitination were not studied. Firstly, pS65-Ub
was very lowly abundant in the absence of depolarisation in cells (Figure 4.12C) and young,
healthy flies (Figure 4.13I), consistent with a signal that is switched on only when required.
Further, unlike any specific chain type, pS65-Ub increased with age upon genetic loss of
Atg5 (Figure 4.15), and was the only Ub modification to appreciably increase in abundance
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upon PQ treatment of flies (Figure 4.13). However, in vitro binding assays using pS65-Ub
(as opposed to S65D mutants) have found that the autophagy receptors OPTN, NDP52 and
TAX1BP1 bind less efficiently to pS65-Ub than unphosphorylated Ub [201, 83]. Indeed, it
has been shown that neither S65D or S65E Ub mutants recapitulate the function of pS65-
Ub, presenting a further caveat to the use of Ub mutants [201]. Further, increasing the
stoichiometry of Ub S65 phosphorylation by overexpression of PINK1 was shown to be
inhibitory towards autophagy receptor recruitment in cells [202]. Another recent study using
ectopic targeting of Ub constructs to the OMM showed initiation of autophagy in the absence
of PINK1, and therefore presumably pS65-Ub [321]. It is therefore likely that the function
of Ub S65 phosphorylation is in the recruitment of Parkin to drive a positive feedback loop
of Parkin recruitment and ubiquitination of mitochondrial proteins to enable amplification
of the mitophagy signal [204, 202]. Secondary to this, pS65-Ub may protect chains from
hydrolysis by USP30 [310], which could explain why PINK1 overexpression resulted in
autophagy receptor recruitment in the absence of Parkin [139].

5.2.4 Bulk ubiquitination

Another potential signal for recruitment of autophagy receptors is simply a large abundance
of ubiquitinated mitochondrial proteins. Indeed, the results presented herein suggest that
the vast majority of Parkin-dependent Ub signal in HeLa cells is monoubiquitination of
OMM substrates (Figures 4.6C-D and 4.12). Further, the abundance of total mitochondrial
Ub increased upon PQ treatment and ageing of w1118 and Atg55cc5 flies (Figures 4.13B and
4.15A). However, the techniques used in this thesis relied on normalisation of the abundance
of each Ub modification against the total Ub abundance. This approach therefore prevented
normalisation of the total Ub abundance, meaning that the total Ub measurements were
prone to large amounts of variation. A recent, independent application of Ub-clipping to
the analysis of mitochondrial Ub proteoforms produced by Parkin showed an even higher
abundance of Ub that was not further modified by ubquitination or phosphorylation than
shown in this thesis (more than 90% unmodified Ub1-74 even after 6 h OA treatment in the
presence of WT Parkin [203]). However, the authors did not attempt to deplete the highly
abundant unconjugated Ub that is clearly associated with isolated mitochondria (Figure 3.1E),
thus precluding a clear interpretation of the abundance of substrate monoubiquitination
in that study. Nevertheless, it is clear from this thesis and, for example, from the high
stoichiometry of primary site ubiquitination in particular of the highly abundant VDAC1
(approximately 15% at two different sites [202]) that substrate monoubiquitination is the
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major Parkin-dependent ubiquitination event. Further, an in vitro screen found a wide range
of Ub chain types were bound by OPTN [232], so it could be possible that OPTN also
recognises monoubiquitination of (specific) substrates. It has been observed that OPTN
binds preferentially to longer K63-linked chains [83], which could indicate that longer chain
length on mitochondria may result in recruitment of autophagy receptors. However, while it
is difficult to directly measure chain length, the relative abundance of diGly-modified Ub
did not change appreciably upon depolarisation or in the presence of WT Parkin (Figure
4.6C). This result suggests that chain length was minimally affected. Indeed, a recent study
found that targeting of a linear di-Ub construct to the OMM was sufficient to recruit OPTN
to otherwise healthy mitochondria [321]. The di-Ub was not simply a substrate for further
ubiquitination, as a Ub K0 construct (in which all lysines are mutated to arginine) strongly
induced mitophagy initiation [321]. It therefore appears that long chain length is not a
requirement for autophagy receptor binding. However, an important caveat of the study was
the use of a linear di-Ub construct, which binds OPTN well regardless of chain length [232]
but is not present to an appreciable extent on mitochondria, even after depolarisation (Figure
3.8B) [204, 36, 202, 275]. The recruitment of OPTN to linear di-Ub-decorated mitochondria
may therefore represent an artefact of the experimental setup [321].

5.2.5 Combinatorial modifications

The fact that Parkin produces a range of Ub chain types on mitochondria suggests that a
more complex ubiquitination event may constitute the mitophagy signal. In vitro binding
assays have revealed that OPTN binds M1-linked chains most efficiently, out of the eight
possible Ub linkage types [232]. However, neither this work nor other reports have found
evidence of M1-linked chains on mitochondria (Figure 3.8B) [204, 36, 202, 275]. Given that
OPTN has been shown to be important for the induction of mitophagy [139], why does it
bind most effectively to a Ub chain type not present on mitochondria? One possibility is that
OPTN’s most preferable binding partner is in fact a more complex type of Ub modification.
Given that Parkin produces a number of chain types, it is possible that the mitophagy signal
is in fact a heterotypic chain. The UbiCRest analysis revealed a di-Ub doublet released from
mitochondria upon treatment with the K63-specific DUB AMSH, indicating the presence
of K63-containing heterotypic chains (Figure 3.8B). The higher-migrating species could
represent slow-migrating K6 chains, while the lower band likely represents another non-K63
chain type. This result suggests that heterotypic chains, a subset of which contain K6 linkages
existing distal to K63 chains, may exist on mitochondria. The MS data indicated that the
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degree of chain branching was low (Figure 4.6C), so this most likely represents a mixed chain.
It would be interesting to determine whether any of the autophagy receptors have increased
binding to K63 linkage-containing mixed chains. A recent study using ectopic targeting of
di-Ub constructs to mitochondria found that a Ub K0 construct more effectively induced
mitophagy induction than a construct in which Ub chains could be formed, leading the
authors to conclude that chain branching may occur basally and be inhibitory to autophagy
receptor recruitment [321]. However, the results presented herein do not show substantial Ub
chain branching (Figure 4.6C), so this is unlikely to explain the increased receptor binding
to the K0 mutant. Another candidate combinatorial modification is S65-phosphorylated K6
chains. Unfortunately it was not possible to determine whether phosphorylated K6 chains are
present on mitochondria, as attempts at sequencing diGly-modified pUb1-74 revealed poor
coverage in the N-terminal region (data not shown; Figure 4.3B shows poor b-ion coverage).
Further, given that the distal moiety of a K6-linked di-Ub is preferentially phosphorylated
by PINK1 in vitro [63], and this preference appears to maintained in vivo (Figure 4.7), the
context of the two modifications would be lost upon digestion with Lbpro* as they would
exist on separate moieties. Several reports have found that the autophagy adaptors bind less
well to phosphorylated Ub chains [201, 83], but these studies did not test phosphorylated K6
chains. A vast array of potentially complex Ub signals could therefore signal for the selective
recruitment of the autophagy receptors to damaged mitochondria.

An alternative function of different chain types in mitophagy could be in the recruit-
ment of different factors to mitochondria. While it has been shown that OPTN, NDP52,
and TAX1BP1 can operate reduntantly to induce mitophagy [139], a recent study found
differential recruitment of OPTN and NDP52 to mitochondria upon ectopic targeting of
Ub constructs to the OMM, which may indicate that the receptors recognise different Ub
signals [321]. While this discussion has centred on the role of the mammalian mitophagy
adaptors, and primarily OPTN, NDP52, and TAX1BP1, it has also been observed that the
Rab proteins are recruited to mitochondria in a Ub-dependent manner [322]. The authors
found that RABGEF1, which contains two UBDs, is recruited to damaged mitochondria in a
Parkin-dependent manner, where it recruits Rab5, then Rab7A. Rab7A in turn was important
for assembly of Atg9A vesicles. This pathway was previously found to be important for
autophagic degradation of damaged mitochondria by appropriately positioning the grow-
ing phagophore around the damaged mitochondria [320]. RABGEF1 was found to bind
mono-Ub, pS65-Ub, K48 di-Ub and K63 di-Ub with similar affinity [322]. It would be
interesting to explore whether RABGEF1 has a more complex Ub chain type preference, and
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whether altering the mitochondrial Ub chain type complement has differential effects on the
recruitment of the autophagy adaptors and the Rab proteins. It is also important to note that
no clear homologs of OPTN, NDP52 or TAX1BP1 are known to exist in Drosophila, and it
is unclear whether mitophagy initiation occurs in flies in a manner that is similar to that of
mammalian cells.

5.2.6 Is ubiquitination sufficient to induce mitophagy?

The preceding discussion has centred on the role of Ub-dependent signalling for mitophagy,
in the assumption that there are no mitochondria-specific factors – other than PINK1 – that
are necessary for mitophagy signalling. Several observations support that the mitophagy
signal derives solely from Ub. Firstly, artificial targeting of PINK1 to peroxisomes is able to
cause autophagy of that organelle, which suggests that specific factors on the OMM (aside
from PINK1) are not important [136]. Secondly, in the absence of the five Ub-binding
autophagy receptors, mitophagy initiation does not occur in response to depolarisation, and
cannot be rescued by reintroduction of receptor constructs that are unable to bind Ub [139].
Similarly, it is possible to bypass the Ub-binding function of autophagy receptors, and
artificial targeting of NDP52 to mitochondria or peroxisomes can also initiate mitophagy
or pexophagy respectively [297]. Thirdly, ectopic targeting of a linear di-Ub construct was
sufficient to induce mitophagy initiation by OPTN in the absence of mitochondrial damage or
PINK1 activity [321]. However, several observations suggest that other local factors may be
involved in mitophagy initiation, perhaps through improving the efficiency of autophagosome
formation. Firstly, while targeting of PINK1 to either mitochondria or peroxisomes can
induce their autophagy, the pexophagy occurs less efficiently, and targeting PINK1 to
lysosomes did not result in their autophagy [136]. Further, while artifical targeting of NDP52
to mitochondria can induce mitophagy, this occurs much less efficiently than occurs during
depolarisation [297]. Given that there is some overlap between the proteomes of mitochondria
and peroxisomes, including USP30, Fis1 and MUL1 [320, 188, 152], this suggests that there
may indeed be other local factors that facilitate mitophagy. Further, it has been reported that
cardiolipin, typically considered a mitochondrial-specific lipid, also exists in peroxisomes
[317]. Given the known role for cardiolipin in mitophagy [28], this could be one such factor.
Further work is required to determine the degree of conservation, both of Ub-dependent
signalling and organelle-specific factors, in the autophagy of mitochondria, peroxisomes, and
other cellular components, in order to better understand the process of mitophagy initiation. It
also remains to be fully elucidated whether Ub-independent mitophagy, such as that mediated
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by NIX or FUNDC1, occurs independently to or cooperatively with Ub-dependent mitophagy
in physiological settings.

5.3 Does Parkin-dependent mitophagy occur in vivo?

Since the discovery that treating mitochondria with depolarising agents led to a robust
induction of mitophagy in a Parkin- and PINK1-dependent manner [184, 185, 160], it has
been proposed that a defect in mitophagy likely underlies the parkinsonism experienced by
patients with homozygous recessive mutations in PARK2 or PARK6. However, several lines
of evidence suggest that mitophagy may not be the sole, or even main, pathway by which
PINK1 and Parkin preserve mitochondrial integrity in vivo. It has been found that loss of
PINK1 does not affect basal mitophagy in mice [168], and loss of either Pink1 or parkin in
flies similarly does not affect basal mitophagy [142]. While this thesis did not focus on the
molecular events downstream of mitochondrial ubiquitination, it was interesting to note that
many of the genetic manipulations of the mitophagy machinery had only modest effects on
the makeup of the mitochondrial ubiquitome. Further, while PQ treatment of flies resulted in
robust formation of pS65-Ub, how can one reconcile the apparent double-hit hypothesis of
PINK1/Parkin loss and exogenous mitochondrial damage with the near-complete penetrance
of parkinsonism in humans with PARK2 or PARK6 mutations? An early indication that
PINK1 and Parkin may regulate mitochondrial quality control independently of mitophagy
came from a study of protein half-lives in Pink1-, park-, and Atg7- deficient flies [302].
Turnover of mitochondrial proteins was affected in all three lines, with some overlap between
the targets of parkin and Atg7. However, a subset of mitochondrial proteins, including several
encoded by the mitochondrial genome, were turned over by Pink1 and parkin independently
of the core autophagy machinery. Therefore, it is possible that multiple mitochondrial quality
control pathways are influenced by PINK1 and Parkin, and depolarisation-induced mitophagy
may indeed be an extreme event with limited physiological relevance.

5.3.1 Mitophagy or MDVs?

A compelling candidate for the physiological role of PINK1 and Parkin is in the formation of
MDVs to allow the piecemeal delivery of selected dysfunctional mitochondrial components to
the lysosome. Multiple studies have identified apparent cargo-selective turnover of mitochon-
drial components, including the study by Vincow et al. mentioned above [302]. Additionally,
PINK1 and Parkin have been observed to be specifically associated with mitochondrial frag-
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ments enriched for Complex I components in a cell model with deleterious mtDNA mutations
[93]. Further, overexpression of a misfolding-prone matrix-targeted protein, ∆OTC, in cells
also leads to the association of PINK1 and Parkin with punctate mitochondrial-associated
structures, allowing turnover of damaged components while sparing the remainder of the
mitochondrial network [17]. These studies, combined with the characterisation of MDVs
as vehicles for cargo-selective mitochondrial turnover (discussed in Section 1.3.9), are all
consistent with a model in which the primary function of PINK1 and Parkin in vivo is in the
delivery of damaged mitochondrial components to the lysosome via MDVs. The hypothesis
is also supported by the finding that treatment of cells with Antimycin A alone primarily
induces MDV formation while OA stimulated mitophagy, and that the timeline of MDV
formation is more rapid than that of mitophagy [163]. Unfortunately, given the small size
of MDVs, imaging them is challenging, especially within the context of an organism. It
is therefore not yet known whether MDVs are formed in complex tissues such as neurons.
Further, given the small size and low abundance of these vesicles, it would be difficult to
analyse their Ub content as has been described for whole mitochondrial fractions in this
thesis; indeed, MDVs that have budded off from mitochondria were likely to have been
lost during sample preparation, which used differential centrifugation to enrich membranes
of a particular density. It would therefore be useful to develop methods to enrich MDVs
biochemically to determine their cargo, trafficking factors and potential ubiquitination events
using unbiased approaches such as MS. Another outstanding question is how mitophagy and
MDV formation are regulated with respect to one another. Do PINK1 and Parkin operate
a switch between mitophagy and MDV formation? Determining the ubiquitination profile
of mitochondria undergoing mitophagy, compared with that of MDVs, could determine
whether the extent or type of ubiquitination determines the downstream fate of damaged
mitochondrial cargo.

5.3.2 Immune regulatory roles for PINK1 and Parkin

An increasingly apparent consequence of the loss of PINK1 and Parkin activity is dysreg-
ulation of immune signalling. Indeed, large-scale association studies have found a link
between PD and autoimmune diseases such as type 1 diabetes and rheumatoid arthritis
[315]. PINK1 and Parkin have been described as important in suppressing the presentation
of mitochondrial antigens on cell-surface major histocompatibility complex (MHC) Class
I receptors, in a process that relies on the formation of MDVs [158]. This process could
be triggered by lipopolysaccharide (LPS) treatment [158], and intestinal infection with a
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Gram-negative bacterium was sufficient to cause PD-like phenotypes in PINK1-/- mice [157].
Innate immune activation was also observed in PRKN-/- and PINK1-/- mice that had been
subjected to exhaustive exercise [261]. The immune response, and associated neurodegenera-
tion, could be rescued by concurrent loss of STING – an immune regulator that responds to
the presence of cytosolic DNA – leading the authors to hypothesise that PINK1 and Parkin
function to prevent mtDNA release into the cytosol [261]. However, genetic disruption of
the STING pathway in Drosophila was insufficient to rescue the defects caused by loss of
park in this model, suggesting that immune suppression, through the STING pathway, is
not a conserved parkin function [141]. Regardless, the implication of PINK1 and Parkin
in preventing aberrant immune activation [158, 261], combined with the observation that
PD-like symptoms are triggered by intestinal infection in mice [157], and the emerging role
of the gut microbiota-brain axis in the etiology of PD [247], mean that this is an important
avenue for future research.

5.3.3 The PINK1-Complex I connection

Defects in the Complex I of the mitochondrial OXPHOS machinery have been implicated in
the etiology of PD. A specific defect in Complex I activity was observed in brain tissue from
sporadic PD patients [246], PINK1 and Parkin were observed specifically associated with
Complex I-positive structures in a model of mtDNA heteroplasmy [93], and an association
was found between exposure to toxins that directly affect Complex I activity and onset
of PD [135, 38, 278]. Several lines of evidence also point to an involvement of PINK1
in maintaining Complex I activity. Firstly, several tissues in both mice and Drosophila

with genetic ablation of PINK1 show a specific reduction in Complex I activity [180], and
expression of the yeast enzyme Ndi1p, to bypass Complex I, is able to rescue Drosophila

Pink1-null phenotypes [300]. Further, two separate studies independently found an interaction
between PINK1 and the Complex I subunit NDUFA10 (ND42 in Drosophila) [219, 179].
Morais et al. [179] investigated the phosphorylation status of Complex I in mouse tissues
and found that loss of PINK1 was associated with reduced phosphorylation of NDUFA10.
Reintroduction of WT or phosphomimetic NDUFA10 (or ND42) was able to rescue the
Complex I defect in PINK1-deficient cell lines or flies respectively, suggesting a role for
PINK1 in the phospho-regulation of Complex I. In contrast, Pogson et al. [219] performed a
screen of phenocopiers and suppressors of Drosophila Pink1 null phenotypes and found that
overexpression of ND42 was able to rescue the Pink1 Complex I defect. However, the authors
did not observe a requirement for phosphorylation of ND42, and neither study demonstrated
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that PINK1 directly phosphorylates NDUFA10 or ND42 [219, 179]. Interestingly, no
Complex I defect was observed in park-null flies, and accordingly, overexpression of Complex
I-related genes ND42 and Ndi1p did not rescue the phenotypes of park-deficient flies
[300, 219]. These studies suggest that PINK1, but not Parkin, operates in some way in
ensuring the proper functioning of Complex I. In contrast, another study found that Vitamin
K2, which may act as an electron carrier to overcome OXPHOS defects, was able to rescue
both Pink1 and park null phenotypes in flies [304]. Further work is needed to determine
precisely the mechanism by which PINK1 ensures the proper functioning of Complex I, for
example whether this is in regulation of Complex I enzymatic activity, import of subunits
or assembly factors, or turnover of damaged subunits or complexes. It also remains to
be determined whether this proposed function of PINK1 is mediated in some way by the
phosphorylation of Ub, or by the formation of MDVs.

5.3.4 PINK1/Parkin involvement in mitochondrial protein import reg-
ulation

The fact that the vast majority of mitochondrial proteins are translated in the cytosol and
imported into mitochondria means that regulation of protein import can be a means of
modulating mitochondrial function, and events deleterious to protein import could be very
detrimental to mitochondrial function. Several reports have implicated PINK1, Parkin,
or the ubiquitination of mitochondrial proteins in the regulation of mitochondrial protein
import. Gehrke et al. [58] found that PINK1 and Parkin both have a positive effect on
the mitochondrial localisation and translation of specific mRNAs that encode respiratory
chain subunits. Genetic interaction studies in flies revealed that PINK1, Parkin and the
translation repressor Pum operate in a pathway, with PINK1 most upstream and Parkin most
downstream, and the authors observed ubiquitination of another translational regulator, Glo.
More recently, Jacoupy et al. [100] developed a biosensor for mitochondrial protein import,
which itself appeared to cause protein import stress. They found that import of the biosensor
could be improved by overexpression of PINK1, Parkin, or S65D Ub. This rescue was
unaffected by loss of Atg5 so was therefore autophagy-independent. Quantitative proteomics
revealed an increase in K11-linked chains upon expression of the biosensor, compared with
an increase in K63 chains upon OA treatment, which supports the intriguing possibility that
different Ub chain types could denote alternative downstream fates. The effect was negatively
regulated by USP30 overexpression, further suggesting that this is a Ub-dependent pathway.
However, neither report can fully exclude that the beneficial effect conferred by PINK1 and
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Parkin is through formation of MDVs [58, 100]. Further, more recent reports suggest that
USP30 in fact positively regulates the import of specific mitochondrial proteins, and that
this process is not regulated by PINK1 or Parkin [214, 203]. However, a role for disrupted
mitochondrial import in the etiology of PD is possible, as certain forms of α-synuclein can
bind to TOMM20 competitively with MTS-containing proteins, resulting in mitochondrial
stress [40]. While TOMM20 was shown to interact with the TOM complex receptor subunit
TOMM22 in non-neuronal cell lines, this interaction was not observed in neuronal tissues but
could be observed upon knockdown of endogenous α-synuclein, suggesting that α-synuclein
may interfere with the TOMM20-TOMM22 interaction basally. Given that some genetic
forms of PD appear to be caused by increased levels of α-synuclein [22], and indeed α-
synuclein is a major component of Lewy bodies [266], these findings suggest that the loss
of DA neurons could occur due to mitochondrial damage caused by α-synuclein-induced
import stress [40]. Indeed, overexpression of PINK1 or Parkin in Drosophila rescued the
locomotor dysfunction of flies overexpressing α-synuclein [80, 281]. It would be interesting
to further investigate whether this rescue is conferred by a direct regulation of mitochondrial
import, or perhaps by mitochondrial turnover by mitophagy or MDV formation. Such a
discovery could help to unravel which functions of Parkin and PINK1 are important in vivo.

5.3.5 Non-mitochondrial roles for Parkin

In the absence of mitochondrial damage, Parkin exists in the cytosol in an autoinhibited
state [184, 308]. It is therefore possible that Parkin could have functions beyond ubiqui-
tination of OMM proteins. While overexpression of parkin in flies rescues the locomotor
defects induced by loss of Pink1 [30, 210], there was little effect on the mitochondrial
ubiquitome in this genotype relative to w1118 or Pink1B9 flies lacking parkin overexpression
(Figures 4.14 and 4.17). Could Parkin’s protective function in this scenario be conferred
by a non-mitochondrial function? Parkin has been shown to regulate the ubiquitination of
numerous non-mitochondrial substrates [242], and recently has been described as impor-
tant for downstream trafficking of a subset of MDVs to the lysosome [240]. Our current
understanding is that Parkin activation requires PINK1-dependent phosphorylation, both of
Parkin and Ub [128, 104, 112, 129]. In order for Parkin’s E3 ligase activity to be activated in
non-mitochondrial contexts, an alternative activation mechanism would therefore be required
to relieve the protein’s autoinhibition. A recently published structure of active Parkin found
that a previously unappreciated linker region, termed ACT, was important for allowing
relief of autoinhibitory contacts between the UPD and the RING2 domain [64]. This linker
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contained several annotated phosphorylation sites, which could allow PINK1-independent
phosphoregulation of Parkin activity, thereby enabling activation of Parkin outside the OMM
[64]. It has also been suggested that Parkin’s RING1 domain can bind DNA, leading to
the hypothesis that Parkin acts as a transcription factor in a manner independent of its E3
ligase activity [37, 42]. If Parkin does indeed function in alternative, non-mitochondrial
pathways, the redistribution of Parkin to the mitochondria upon induction of damage may
deplete the protein from alternative sites. However, the loss of park in flies results in clear
mitochondrial dysfunction [71], and given the links between mitochondrial dysfunction and
neurodegeneration [283], it is highly likely that Parkin’s main function in vivo is in the
maintenance of mitochondrial quality control.

5.4 Future directions

5.4.1 Development of methods to sequence diGly-modified intact Ub

An important remaining question regarding the makeup of the mitochondrial ubiquitome
concerns the precise identity of the doubly modified Ub species observed (branched Ub and
diGly-modified pUb). Preliminary experiments using higher-energy collisional dissociation
(HCD) in a Q Exactive mass spectrometer yielded good y-ion (C-terminal) coverage, but
failed to generate sufficient b-ions to gain sequence coverage of any lysine other than
K63 (Figure 4.3B). Indeed, it appears that K63 chains can be branched in cells [275], but
the identity of other lysine residues that participate in branching remains unclear. Two
complementary approaches could be used to determine the site-specific identity of multiply-
modified Ub species by MS. Firstly, alternative modes of fragmentation such as electron
capture dissociation, during which fragmentation occurs more evenly along the peptide
backbone than HCD, have been successfully used to gain high sequence coverage for intact
Ub (a frequently used model substrate for intact MS method development) [338, 251].
To enable a more high-throughput analysis, specific software for the analysis of MS/MS
spectra of diGly-modified Ub would need to be developed, as most software for targeted
proteomics analysis (for example Skyline) relies on relatively simple spectra derived from
small, trypsin-digested peptides [149]. Secondly, recent advances have been made in ion
mobility spectrometry, a method that allows proteoforms of an identical mass to be separated
based on their gas-phase mobility in the presence of an electric field [298]. Branched Ub with
differently placed diGly modifications could be expected to exhibit different ion mobility,
and could therefore be identified without the need for MS/MS-based sequencing. Such
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an approach would first require characterisation of the ion mobility profiles of different
multiply-modified Ub proteoforms of a known identity produced in vitro, prior to application
to a complex in vivo sample.

5.4.2 Does paraquat induce mitophagy in vivo?

In this study, a robust generation of pS65-Ub on mitochondria was observed in response
to non-lethal doses of PQ (Figure 4.13C). It would be interesting to probe the cellular
responses downstream of pS65-Ub formation – whether the mitochondria are turned over, and
whether this occurs by mitophagy – using a mitophagy probe such as mito-QC or mtKeima.
Manipulation of the levels of Pink1 and parkin could also determine whether these factors are
responsible for turnover of PQ-damaged mitochondria in the context of an organism. Further,
the treatment could be used as a screen for other E3 ligases that may operate alongside
or redundantly with parkin, and determine whether USP30 counteracts damage-induced
mitophagy in a more physiological system. It would also be interesting to determine whether
other forms of mitochondrial damage result in activation of the PINK1/Parkin pathway, and
generation of pS65-Ub, in an organism. One alternative mode of mitochondrial damage is
overexpression of ∆OTC, a form of the matrix-localised ornithine transcarbamylase enzyme
that is prone to misfolding [332]. While initial studies of ∆OTC in mammalian cells found
that it induced UPRmt [332], more recently it was found that ∆OTC expression led to
import arrest and activation of PINK1 [102]. Interestingly, this occurred without a loss of
mitochondrial membrane potential, indicating that depolarisation is not necessary for the
induction of mitophagy [102]. ∆OTC expression led to clearance of discrete mitochondrial
fragments containing aggregated proteins rather than the entire mitochondrial network, and
therefore may represent a more physiological trigger of mitochondrial damage than chemical
depolarisation [102, 17]. ∆OTC expression in flies also resulted in disrupted mitochondrial
function that could be rescued by concurrent overexpression of parkin [217]. However, the
observed locomotor deficits were mild, and no neurodegeneration was observed in this model
system, limiting its use as a physiological mitochondrial stressor [217]. Another potential
physiological source of mitochondrial damage could arise from mtDNA mutations, as
increased mtDNA mutations have been observed in a number of neurodegenerative diseases
including PD [114]. Studies in the mutator mice, which express proofreading-deficient
mtDNA polymerase (polγ) [286], have found that pS65-Ub is generated in this model, and that
endogenous Parkin protects against mitochondrial damage in DA neurons [216]. However,
expression of an equivalent mutant mitochondrial DNA polymerase construct in flies does not
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result in strong degenerative phenotypes [109]. Recently, an alternative Drosophila mutator
model was described, using the expression of a mitochondrially targeted cytidine deaminase,
APOBEC1 [4]. This model produced a higher degree of non-synomynous mutations and
consequently the flies displayed mitochondrial dysfunction, and reduced locomotor activity
and survival [4]. It would therefore be interesting to determine whether either of these two
models, ∆OTC or mito-APOBEC1, leads to the generation of pS65-Ub in flies, as occurs
with PQ treatment, and whether this correlates with increased mitophagy in the context of an
organism.

5.5 Conclusions

Given the association of PINK1, Parkin, and mitochondrial dysfunction with the pathogenesis
of PD, it is vital to understand precisely how PINK1 and Parkin function to maintain
mitochondrial integrity, to better understand disease progression and to provide therapeutic
intervention for this currently incurable disease. PINK1 and Parkin, a kinase and Ub ligase
respectively, operate in a pathway that generates S65-phosphorylated Ub on mitochondrial
substrates. In this thesis, a new method, termed Ub-clipping, was applied to understand
the architecture of the Ub signal produced on damaged mitochondria by Parkin, revealing
that the majority of the signal consists of short chains and monoubiquitinated substrates,
with phosphorylation predominantly on mono-Ub moieties and the distal ends of chains. Ub
phosphorylation occurs independently of Parkin activity, but is increased in the presence of
WT Parkin and is absolutely dependent on PINK1. Further, the mitochondrial Ub composition
of Drosophila was determined for the first time, and it was discovered that PQ treatment
robustly induces the formation of pS65-Ub in the presence of endogenous PINK1 and Parkin,
thereby indicating that the feedforward process of pS65-Ub production occurs not just in
cultured cells, but also in an organism.
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