NN \‘L\:\_:mﬁ_\x\
OPEN ACCESS S m‘&

This electronic thesis or dissertation has been
downloaded from the University of Bristol Research
Portal, http://research-information.bristol.ac.uk

Author:
Shree, Nitheyaa

Title:
Investigating post-translational modifications of mitochondrial proteins

mitochondrial fission factor (MFF) and PTEN-induced kinase 1 (PINK1)

General rights

Access to the thesis is subject to the Creative Commons Attribution - NonCommercial-No Derivatives 4.0 International Public License. A
copy of this may be found at https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode This license sets out your rights and the
restrictions that apply to your access to the thesis so it is important you read this before proceeding.

Take down policy

Some pages of this thesis may have been removed for copyright restrictions prior to having it been deposited on the University of Bristol
Research Portal. However, if you have discovered material within the thesis that you consider to be unlawful e.g. breaches of copyright
(either yours or that of a third party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data
protection, obscenity, defamation, libel, then please contact collections-metadata@bristol.ac.uk and include the following information in your
message:

*Your contact details
*Bibliographic details for the item, including a URL
*An outline nature of the complaint

Your claim will be investigated and, where appropriate, the item in question will be removed from public view as soon as possible.



Investigating post-translational
modifications of mitochondrial proteins:
mitochondrial fission factor (MFF) and
PTEN-induced kinase 1 (PINK1)

-% University of
Y] BRISTOL

Nitheyaa Shree Ramesh

A dissertation submitted to the University of Bristol in
accordance with the requirements for award of the degree
of Doctor of Philosophy in the School of Biochemistry,

Faculty of Health and Life Sciences

September 2024

Word Count 36,912



Abstract

Proteins can undergo a variety of reversible and irreversible modifications following
translation, collectively referred to as post-translational modifications (PTMs). These
modifications provide cells an extra layer of regulating many characteristics of
proteins, such as their subcellular localization and function. The cross-regulation and
co-regulation of PTMs adds to the complexity of this process. Some common PTMs
explored in this thesis include phosphorylation, SUMOylation, and ubiquitination of
the mitochondrial proteins, mitochondrial fission factor (MFF) and PTEN-induced
kinase 1 (PINK1).

The work presented in the first part of this thesis explores the interplay between
phosphorylation, SUMOylation, and ubiquitination of the outer mitochondrial
membrane protein, MFF. | briefly examine the potential role of one sentrin-specific
protease, SENP6, in editing poly-SUMO chains on MFF. | also identify MARCHS5 as
a putative ubiquitin E3 ligase for MFF. Additionally, | show that ubiquitinated MFF is
a substrate for PINK1-mediated phosphorylation, potentially in a SUMO-dependent

manner.

PTEN-induced kinase 1 (PINK1) is a mitochondrial kinase that plays a pivotal role in
the clearance of damaged mitochondria. The majority of this thesis explores the
SUMOylation of PINK1, namely with first identifying PINK1 as a novel SUMO2/3
substrate. PINK1 is likely SUMOylated by the E3 ligase, mitochondrial anchored
protein ligase (MAPL), in a lysine-independent manner. | briefly explore the
functional role of PINK1 SUMOylation, with preliminary data suggesting that the role
of MAPL in regulating basal mitophagy requires PINK1, and this process occurs
possibly via PINK1 SUMOylation. Ultimately, this suggests that PINK1 SUMOylation
potentially plays a protective role in regulating PINK1-dependent mitophagy. Insights
into the exact mechanism and function of PINK1 SUMOylation could be used to

modulate this process for future therapeutic applications.
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1.1 Post-translational modifications

After translation, proteins can undergo multiple different types of covalent
modification, collectively referred to as post-translational modifications (PTMs)
(Ramazi & Zabhiri, 2021). These modifications, which can either be reversible or
irreversible, provide an additional layer of spatial and temporal control and regulation
of a protein, and augment the complexity to the cellular proteome. PTMs range from
the addition of a small methyl group (methylation) to the addition of bigger
polypeptides such as ubiquitin (ubiquitination) (Khoury et al., 2011). Although most
amino acids can be modified in some manner, lysines, cysteines, and serines have
been identified as being some of the most modified amino acids. For example,
lysines can be modified by 15 known PTMs (Z. Li et al., 2022).

Common and well characterized PTMs include phosphorylation, ubiquitination,
acetylation, sulfation, methylation, SUMOylation, prenylation, palmitoylation,
glycosylation, and myristoylation, each having a wide array of functions ranging from
affecting a protein’s function, location, stability, and its interaction with other proteins
(Khoury et al., 2011; Ramazi & Zabhiri, 2021). In addition, the individual protein
substrates can undergo multiple PTMs, and even some PTMs can themselves be
modified, again increasing complexity to allow mare tightly controlled and nuanced

regulation.

PTMs have been identified and studied using a variety of experimental approaches
including mass spectrometry, proximity ligation assays, immunoprecipitations, as
well as computational predictive tools for specific PTMs (Mann & Jensen, 2003).
Publicly available computational PTM prediction sites such as DeepUbi, SUMOgo,
and GPS-Pal provide a low-cost initial screen for identifying new substrates and sites
for further experimental validation (Chang et al., 2018; Fu et al., 2019; Ning et al.,
2021). Moreover, comprehensive PTM databases, such as the dbPTM, regularly
collate literature about PTMs and synthesize into a public search database (Z. Li et
al., 2022).
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Importantly, disruption of normal PTMs of proteins have been associated with a
variety of diseases, with neurological diseases being one of the main groups
affected based on current studies, reviewed in detail in Ramazi & Zahiri, 2021.

1.1.1 SUMOylation

SUMOylation is the covalent addition of a small ubiquitin like modifier (SUMO) to a
substrate (Vertegaal, 2022; Wilkinson & Henley, 2010). This reversible post-
translational modification is mediated via a highly conserved process and plays

important role in the localization, stability, or function of its substrates (Hay, 2005).

SUMO is a ~11 kDa protein, of which there are three mammalian isoforms (SUMOL1,
SUMO2, and SUMO3). SUMO2 and SUMO3 only differ by three amino acid residues
(~97% similarity), and are generally not distinguished in many studies, and thus
referred to as SUMO2/3 (Saitoh & Hinchey, 2000), while sharing ~50% similarity with
SUMOL. Additionally, SUMO4 and SUMOS5, originally presumed to be pseudogenes,
have been shown to be present in certain tissues, although much more work is
needed to elucidate the mechanisms and roles that SUMO4 and SUMOS5 play in
regulation of certain processes (Bohren et al., 2004; D. Guo et al., 2004, Liang et al.,
2016). Specifically, SUMO4 shares an ~87% similarity with SUMO2 although
SUMOA4 is yet to be identified endogenously (Bohren et al., 2004; D. Guo et al.,
2004). Similarly, SUMOS5 reportedly has a ~88% similarity to SUMO1 and has been
shown to play a role in regulating PML nuclear bodies, although more evidence is
needed to determine the extent of effects of this new SUMO isoform (Liang et al.,
2016). The yeast homologues of SUMO are Smt3 and Pmt3 (Nishida et al., 2000;
Tanaka et al., 1999).

SUMO proteins all have a similar structure comprising of a tight globular fold of
several 3-sheets wrapping around one a-helix, and a flexible N-terminal end which is

conducive for chain formation (Bayer et al., 1998).

SUMO itself contains SUMO-interacting motifs (SIMs) by which other proteins can
interact and provide a key regulatory measure for downstream signaling effects
(Kerscher, 2007). SIMs consist of a short hydrophobic motif that can noncovalently
bind to SUMO between its a-helix and (3-sheet (Kerscher, 2007).
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Although not always the case for individual substrates, SUMO1 conjugation has
been largely attributed to basal SUMOylation while global SUMO2/3 conjugation has
been shown to increase in response to stress (Saitoh & Hinchey, 2000). This is
explored later in section 1.1.1.7

Most SUMOylation occurs in the nucleus and one of the earliest SUMO substrates to
be identified was a nuclear protein, Ran GTPase activating protein 1 (RANGAP1)
(Matunis et al., 1998). Since then, thousands of putative SUMO substrates have
been validated, with more known SUMO substrates increasing by the day (Hendriks
et al., 2018). Canonically, the role of SUMOylation has been heavily focused on
nuclear substrates; however, numerous extranuclear SUMO substrates, including
multiple synaptic and mitochondrial proteins, have been identified, extending the
focus of SUMOylation beyond just the nucleus (Vertegaal, 2022; Wilkinson &
Henley, 2010).

SUMO is canonically conjugated to the epsilon amino group of lysine, although
recently a non-canonical SUMO substrate, cofilin, has been identified to be
SUMOylated in the alpha amino group (Weng et al., 2023). SUMO conjugation is
mediated by several enzymes including E1 and E2 SUMO enzymes, and can include
and E3 ligase as well. SUMO deconjugation involves a family of proteases, aptly
named sentrin-specific proteases (SENPs) (Pichler et al., 2017).
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Figure 1.1- SUMO1, SUMO2/3, and ubiquitin structure.
(A) Sequence alignment of ubiquitin, SUMO1, SUMO2, and SUMO3 with identical residues highlighted
in orange, highly conserved residues highlighted in green, and identical residues between the three

SUMO paralogues highlighted in blue (B) structure of ubiquitin (Uniprot ID: 1D3Z), SUMO1 (Uniprot ID:
1A5R), and SUMOZ2/3 (Uniprot ID: 2AWT) (Figure from (Martin, Wilkinson, et al., 2007))

1.1.1.1 SUMO Conjugation and Deconjugation

In summary, the process of SUMOylation requires pro-SUMO cleavage by sentrin
specific proteases (SENPs) to expose a diglycine motif at the C-terminus of SUMO
(Gong et al., 1999) (Figure 1.2). Very similar to the process of ubiquitination,
SUMOylation is facilitated by E1, E2, and E3 enzymes. After the C-terminus is
cleaved, mature SUMO is then activated in an ATP-dependent reaction forming a
thioester linkage with a cysteine in the active site of an E1-activating enzyme,
comprising of SAE1/SAE2. This activated SUMO then binds to an E2-conjugating
enzyme, Ubc9, also via a thioester linkage with a cysteine in the active site of Ubc9.
It is important to note the Ubc9 is the only E2 enzyme for SUMOylation, as opposed
to several hundreds of E2 enzymes for ubiquitin (Lee et al., 1998). After binding the
Ubc9, this Ubc9-SUMO complex can directly transfer SUMO onto substrates with or
without the help of an E3 ligase that can be specific to substrates (Figure 1.2)
(Sampson et al., 2001).



Chapter 1 : Introduction

Not all SUMO substrates are SUMOylated at lysines within in a consensus motif (Xu
et al., 2008). In fact, only ~75% of validated SUMO substrates are SUMOylated at a
lysine in a SUMO consensus motif, consisting of y-K-x-E/D, where ( is a
hydrophobic reside (I, M, P, A, L, or V) and x denotes any amino acid (Rodriguez et
al., 2001). Several extended variations of this consensus motif exist, such as the
phosphorylation-dependent SUMO motif -K-x-E/D-x-S-P (PDSM) (Hietakangas et
al., 2006), negatively charged residue-dependent SUMO motif Y-K-x-E/D-x-E/D
(NDSM) (Yang et al., 2006), as well as a hydrophobic cluster-dependent SUMO
motif (Matic et al., 2010). It is also important to note that not every lysine in a SUMO
consensus motif is SUMOylated, as the lysine must be in the right orientation and
presentation to key enzymes involved in the SUMO cycle including SAE1/SAE2 and
Ubc9 (Matic et al., 2010).

SUMO can be deconjugated from substrates by sentrin-specific proteases (SENPS)
of which there are six mammalian forms: SENP1, SENP2, SENP3, SENP5, SENP6,
and SENP7 (Guo & Henley, 2014). These have been identified to have varied
subcellular localization as well as preference on which SUMO paralogues they act
on, adding on to the tightly regulated SUMO system (Wilkinson & Henley, 2010).
This is explored more in detail in section 1.1.1.3
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Figure 1.2- SUMOylation cycle.

Pro-SUMO is first cleaved by sentrin-specific proteases (SENPs), exposing a diglycine motif on the C-
terminal end. Mature SUMO is then activated by the SAE1/SAE2 activating enzymes, subsequently
conjugated to the E2 enzyme Ubc9, and then transferred to substrates with or without the help of E3
ligases. (made with Biorender) (Figure redrawn from (Wilkinson & Henley, 2010))

1.1.1.2 SUMO ligases

As illustrated in Figure 1.1, SUMOylation involves a series of key enzymes, namely
an E1 activating enzyme, an E2 conjugating enzyme, and can include an E3 ligating

enzyme (Pichler et al., 2017).
El

SUMO EL1 activating enzyme consists of a heterodimer of two subunits (SAE1 and
SAEZ2 in mammals), with the yeast homologues of SUMO activating enzyme
subunits being Aosl and Uba2 (Pichler et al., 2017; Schulman & Wade Harper,
2009). This SUMO E1 enzyme was first found in yeast due to its high sequence
likeness to the ubiquitin E1 enzyme Ubal. Like Ubal, the SUMO E1 enzyme
performs several crucial functions in the SUMOylation cycle, starting with correctly
identifying SUMO (out of other SUMO-related modifiers such as ubiquitin and
NEDDS) (Lois & Lima, 2005).

After this initial step, the E1 enzyme through an ATP-dependent reaction, forms a
thioester bond with mature SUMO. Following this, the E1 enzyme must recognize
the SUMO E2 enzyme, Ubc9, and then facilitate the transfer of SUMO to this E2
enzyme (Pichler et al., 2017; J. Wang et al., 2010). The structure of Uba2, one of the
two yeast E1 subunits, shows that there are three main domains that help facilitate
the functions of the SUMO E1 enzyme: an adenylation domain (involved in the
original adenylation reaction), a catalytic domain (involved in the thioester bond
formation), and an Ubl domain (shares high similarity with other ubiquitin modifiers)
(Lois & Lima, 2005; Pichler et al., 2017).

The SUMO EL1 initiates substrate SUMOylation and thus can serve as a therapeutic
target (Pichler et al., 2017). In fact, some anticancer drugs for acute leukemia form
disulfide bonds between the active site cysteines of E1 and E2 enzymes, inactivating
these enzymes, subsequently affecting several downstream SUMO pathways

(Bossis & Melchior, 2006). Similar effects have also been observed in response to
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low reactive oxygen species exposure (ROS) (Bossis et al., 2014). Human Uba2
itself can be SUMOylated at K236 which affects its interaction with Ubc9, the SUMO
E2 ligase (Truong et al., 2012).

E2

The only identified SUMO E2 (conjugating enzyme) in yeast and mammals is Ubc9
(also known as Ube2l) (Matuschewski et al., 1996; J. Wang et al., 2010). As detailed
above, the E2 interacts with SUMO E1 ligase and receives the SUMO molecule from
E1, forming a SUMO-Ubc9 thioester bond. Ubc9 can then bind to directly to
substrates as well as an E3 ligase, given that there are binding interfaces on Ubc9
for E1 ligase, substrate, and a SUMO E3 ligase. The structure of Ubc9 follows that of
similar ubiquitin E2 enzymes, and consists of four a-helices and one (3-sheet, with a
key catalytic cysteine that forms a thioester bond with SUMO. It is important to note
that Ubc9-SUMO complex is quite unstable and therefore is stabilized by its
interaction with target substrates or E3 ligases. Ubc9 can bind to substrates by
recognizing sumo consensus motifs although this binding appears to be more
important to the SUMOylation reaction as opposed to stabilizing the Ubc9-SUMO
complex which can be through interaction with other parts of the substrate, including
SIMs near sumo consensus motifs as well as extended sumo consensus motifs such
as PDSMs and NDSMs (Knipscheer et al., 2007; Pichler et al., 2017).

E3

SUMO ES3 ligases can assist Ubc9 in transferring SUMO to the target substrate by
facilitating their interaction with each other (Streich Jr & Lima, 2016). Specifically,
this can be done by aligning SUMO in a very specific closed confirmation in an
orientation favoring the nucleophilic attack on the substrate lysine while allowing the
release of Ubc9 from this complex. Like many other enzymes, one single SUMO E3
can assist SUMOylation of more than one substrate as parts of the machinery are

recycled (Reverter & Lima, 2005).

There are several classes of SUMO E3 ligases present in cells, including the SP-
RING family, RanBP2, and the ZNF451 family (Cappadocia et al., 2015; Johnson &
Gupta, 2001; Pichler et al., 2002). Ligases that are part of the SP-RING family were

the first to be discovered as having a SUMO ligase property and have been shown
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to be conserved from yeast to humans (Johnson & Gupta, 2001). Ligases in this
family include the Siz1, Siz2, and Nse2 (in yeast), as well as PIAS1, PIAS2, PIAS3,
PIAS4, and MMS21 (in vertebrates). These ligases contain a SP-RING domain
(similar to the ubiquitin RING domain in ubiquitin ligases but contains only one zinc
ion) and a SUMO-interacting motif. PIAS1-4 contain an SAP domain, a PINIT motif,
as well as SUMO-interacting motif (Yunus & Lima, 2009). The second family of
SUMO E3 ligases comprise of RanBP2/Nup358 (Pichler et al., 2002). Ran-binding
protein 2 (RanBP2) has two internal repeating regions with a short linker in between
these two regions, playing an important role in speeding up SUMO transfer process.
Additionally, it contains a N-terminal leucine-rich domain, necessary for anchoring
RanBP2 to nuclear pore complexes, as well as several binding sites for other
proteins involved in this SUMOylation cycle (Wu et al., 1995). The third family of
SUMO ES3 ligases belong to the ZNF451 family of ligases, displaying a propensity
towards SUMO2/3-ylation of proteins (Cappadocia et al., 2015), and includes
ZNF451-1, ZNF451-2, ZNF451-3, and KIAA 1586 (primate specific). These ligases
all contain SUMO interacting motif in their N-terminal catalytic ends (Cappadocia et
al., 2015)

SUMO ES3 ligase substrate specificity has largely been thought of as an enigma, and
partially attributed to the subcellular localization of the E3 ligase (Hendriks &
Vertegaal, 2016). A single E3 ligase can SUMOylate multiple substrates, but still
preserve some substrate selectivity, and can even influence the particular lysine that
is SUMOylated on a given substrate (Pichler et al., 2017). One example is the
SUMOylation of proliferating cell nuclear antigen (PCNA), where SUMOylation of
K164, which is not in a sumo consensus motif, is facilitated the E3 Siz1 whereas
K127 is SUMOylated in an E3-independent manner (Pfander et al., 2005). Another
straightforward example of location-specific SUMOylation that is directly relevant to
my research is the E3 ligase mitochondrial-anchored protein ligase (MAPL, also
known as MUL1), which resides on the outer mitochondrial membrane, and has
been shown to be required for the SUMOylation of several mitochondrial proteins
(Braschi et al., 2009).



Chapter 1 : Introduction

1.1.1.3 Sentrin-specific proteases (SENPS)

A total of nine mammalian SUMO proteases have been identified (Guo & Henley,
2014). Sentrin specific proteases (SENPs) are a family of proteases that can bind to
SUMO substrates and deconjugate SUMO (Flotho & Melchior, 2013; Wilkinson &
Henley, 2010). There are two yeast forms of SUMO proteases, nhamely Ulpl and
Ulp2 (also known as Smt4). There are six identified SENPs in mammalians (SENPL1,
SENP2, SENP3, SENP5, SENP6, SENP7) that play a role in regulating
SUMOylation in the nucleus, as well as the mitochondria and synapse (Henley et al.,
2018).

The structure of these SENPs generally comprise of one or several large non-
catalytic regions, an amino terminal sequence loosely indicative of its subcellular
localization, several putative SUMO-interacting motifs (SIMs), as well as key

histidine and cysteine residues in a C-terminal catalytic domain (Hickey et al., 2012).
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Figure 1.3- Schematic of SUMO proteases.
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Schematic of yeast and human SUMO proteases with catalytic domains highlighted in purple and key
histidine and cysteine residues mentioned, with SIMs indicated with a * (Figure from (Hickey et al.,
2012)).

Certain SENPs selectively deconjugate certain SUMO and can have different
subcellular localization as well which can loosely be determined by the N-terminal
sequence (Kolli et al., 2010). In general, SENP1-3 and SENP5 have been identified
to be involved in SUMO maturation and cleave pro-SUMO to expose its C-terminal
diglycine motif. SENP1 has largely been identified to be localized to the nuclear pore
and nuclear foci, acting on both SUMO1 and SUMO2/3. SENP2 also resides mainly
in the nuclear pore and nuclear foci but has also been found in the cytoplasm,
having a preference of SUMO2/3 over SUMOL1 for deconjugation. SENP3 has been
found in the nucleolus as well as the mitochondria, and mainly deconjugates
SUMO2/3 from substrates. SENP5 acts in the nucleolus and the mitochondria and
also preferentially targets SUMO2/3 (Gong et al., 2000; Gong & Yeh, 2006; Nishida
et al., 2000). SENP6 and SENP7 have not been as well characterized as SENP1, 3,
and 5, although SENP6/7 have been shown to preferentially edit poly-SUMO2/3
chains, mainly on substrates found in the nucleoplasm (Liebelt et al., 2019;
Mukhopadhyay et al., 2006; Shen et al., 2009).

In addition to SENPs, three more mammalian SUMO proteases exist, including
deSUMOylating isopeptidase 1 (DESI1), deSUMOylating isopeptidase 2 (DESI2),
and ubiquitin-specific protease-like 1 (USPL1) (Schulz et al., 2012; Shin et al., 2012).
These three other SUMO proteases also have a key histidine and cysteine residue in
their active site, and a putative SIM is present in the catalytic domain of DESI1. The
presence of potential SIMs in these proteases warrant further investigation and can
help increase the efficiency of deconjugation by enhancing the recognition of
SUMOylated substrates and could play a role in orientating the enzyme to remove
SUMO from substrates (Hickey et al., 2012). The SENP family of proteases are more
well characterized then the other three mammalian SUMO proteases although some
information has been found about their localization and preference of SUMO
paralogue deconjugation (Hickey et al., 2012). Specifically, DESI1 has been found
both in the nucleus as well as the cytoplasm and can deconjugate both SUMO1 and
SUMOZ2/3 from its one identified substrate BTB-ZF (Shin et al., 2012). DESI2 resides
primarily in the cytoplasm although no SUMO substrates have been identified to be

deSUMOylated by DESI2. It is important to note that this is also a deubiquitinase,

10
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favoring K48 and K63-linked chains. Lastly, USPL1 has been associated with cajal
bodies in the nucleus, preferring to deconjugate SUMO2/3 over SUMOL1 (Schulz et
al., 2012). Substrate specificity of SUMO proteases have been largely dependent on
the localization of these proteases and can play an important role in future
therapeutic interventions that can be substrate specific (Hickey et al., 2012).

1.1.1.4 Poly-SUMO chains and PTMs of SUMO

Poly-SUMOylation provides for a very complex and dynamic system of modification
(Tatham et al., 2001). The N-terminal end of SUMO is quite flexible, lending to the
formation of SUMO chains. SUMO2/3 can be SUMOylated itself at K11, and
substrates can undergo poly-SUMO-2/3-ylation. In contrast, SUMO1 cannot be
SUMOylated and generally conjugated as a mono SUMO molecule but can “cap” a
poly-SUMO2/3 chain to terminate its length, as illustrated in Figure 1.4 (Flotho &
Melchior, 2013; Wilkinson & Henley, 2010). The complexity of this process is further
enhanced by the fact that some substrates can be SUMOylated at more than one
lysine (multiple mono-SUMOylation or poly-SUMOylation). Moreover, similar to the
well-documented ‘jumping of lysines’ for ubiquitination in substrate proteins, SUMO
has also been observed to modify different lysine within a substrate without

discernable changes in function (Maison et al., 2016).

SUMO itself can also undergo other post-translational modifications including
acetylation, phosphorylation, as well as ubiquitination (Pichler et al., 2017). This
again increases the complexity, diversity and, presumably, target specificity of
downstream effects of substrate SUMOylation. Examples include, acetylation of
SUMOL1 at K37 (Mascle et al., 2020) and SUMO2 at K33 (Gartner et al., 2018),
affects the binding to a SUMO interaction motif (Ullmann et al., 2012) whereas
phosphorylation of SUMO1 at T76 affects its stability and function (C. H. Lin et al.,
2016).

11
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Figure 1.4- Different SUMOylation configurations.

(A) Mono-SUMOylation: SUMO or SUMOZ2/3 conjugated to a single lysine (B) Poly-SUMO2/3ylation:
SUMO2/3 forming poly-SUMO chains by SUMOylating SUMO2/3 (C) Multiple mono-SUMOylation:
Various lysines in the same protein modified by SUMO1 or SUMO2/3 (D) Poly-SUMO2/3ylation capped
by SUMO1 (E) Branched poly-SUMOylation (made in Biorender)

1.1.1.5 Functions of SUMOylation

SUMOylation is a highly dynamic and rapidly reversible process governed by SUMO
El, E2, E3 enzymes as well SENPs (Celen & Sahin, 2020; Hay, 2005). The tight
regulation, transient nature of SUMOQylation has often made it difficult to study.
Nonetheless, it is now well established that protein SUMOylation plays critical roles
in protein subcellular localization, stability, and function of a protein (Henley et al.,
2018; Wilkinson & Henley, 2010). More specifically, the regulation of SUMO and its

functions include, but are not limited to the following:

e DNA damage response (Cremona et al., 2012; Psakhye & Jentsch, 2012)

e transciption regulation, chromatic remodeling (Girdwood et al., 2003; Kuo et
al., 2005; Yang & Sharrocks, 2004)

e cell stemness and identity (Cai et al., 2022)

« mitochondrial dynamics involving key fission/fusion proteins including Drp1,
MFF, Fis1, and Mfn (C. Guo et al., 2017a, 2017b; Kim et al., 2021; Prudent et
al., 2015; Seager et al., 2023; Waters et al., 2022)
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» endocytosis of receptors such as GluK2-containing kainate receptors (Martin,
Nishimune, et al., 2007).

One way of assessing the importance of SUMOylation and SUMO machinery can be
found in the viability of knockout and knockdown models. A mouse knockout model
of Ubc9 is lethal, illustrating that Ubc9 likely plays an important role in development
(Nacerddine et al., 2005). In yeast, the deletion of Smt3 (a SUMO paralogue) is also
lethal (Giaever et al., 2002). However, in mice, knockout of SUMO1 does not impair
key cellular processes, consistent with SUMO2/3 compensating for the loss of
SUMOL1 (Evdokimov et al., 2008). In contrast, knockout of SUMO2, but not SUMO3,
is embryonically lethal, indicating that although SUMO2/3 can compensate for
SUMOL1 ablation, SUMO1 nor SUMO3 can compensate for the removal of SUMO2
(L. Wang et al., 2014).

When a protein is SUMOylated, it can hinder the protein from being post-
translationally modified, for example by ubiquitination or acetylation at the same
lysine (Geoffroy & Hay, 2009). Another important effect of SUMOylation of proteins
can affect its interaction with other proteins, potentially via SUMO-interacting motifs
(Kerscher, 2007). Additionally, SUMOylation of a substrate can alter its
conformation, affecting downstream cellular signaling pathways by influencing the

SUMOylated substrate’s interactions with other proteins (Wilkinson & Henley, 2010).

The importance of SUMOylation in regulating key cellular processes makes it a
critical component of investigation of several diseases including neurodegeneration,
cancer, as well as infection and inflammation (reviewed in detail in (Celen & Sahin,
2020; Sarge & Park-Sarge, 2011)).

1.1.1.6 SUMO enigma

SUMOylation is known to be a very transient process, and only a small percentage
of SUMO substrates are SUMOylated at any given time (Hay, 2005). Interestingly,
for some SUMO substrates, even when only a tiny fraction of the total protein is
SUMOylated, maximal functional effects of protein SUMOylation can be achieved.
This phenomenon, termed “SUMO enigma” by Ron Hay, illustrates an interesting
scientific phenomenon that could partially be accounted for by the transient nature of

the SUMOylation cycle. One of the earliest noted examples of this can be found in
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SUMOylation of transcription factors, where SUMOylation of these factors allows
them to bind to a repression complex and remain there even after deSUMOylation
(Hay, 2005). Another example of this is the SUMOylation of GIuR6 (glutamate
receptor subunit 6, now renamed GluK2 by IUPHAR (Collingridge et al., 2009)), a
subunit of kainate receptors. SUMOylation of GluK2 promotes the internalization of
kainate receptors (Martin, Nishimune, et al., 2007). Although only a small percentage
of total GluK2 can be detected as being SUMOylated, a bigger percentage of total
GluK2 is endocytosed. Rapid deSUMOylation of GIuR6 could account for only a
small amount of SUMOylated GIuR6 detection, but even after deSUMOylation, the
effect of GIuK2 SUMOylation (namely being endocytosed) persists (Martin,
Nishimune, et al., 2007). These examples illustrate that effects of protein
SUMOylation can last longer even after protein deSUMOylation, as proteins can be
in a different subcellular location or functional state a result of being SUMOylated at

some point.
1.1.1.7 SUMOylation and stress

Stress-induced global increases in SUMO and SUMOylation levels have been
characterized in several cell types (Wilkinson & Henley, 2010). Specifically, an
increase in SUMO2/3 conjugation to substrates following heat stress has been
observed in COS-7 cells (Saitoh & Hinchey, 2000). In addition to heat stress, other
cellular stressors including oxidative stress, ethanol-induced stress, and osmotic
stress have also been shown to induce an increase in SUMO-2/3-ylation of proteins
(Saitoh & Hinchey, 2000). Oxygen-glucose deprivation (OGD) and hypothermic
stress induces increases in SUMOylation in neurons (Ja Lee et al., 2009; Y. Lee et
al., 2007). Additionally, SUMO1 or SUMOZ2 overexpression in neurons had more
survival after OGD (Lee et al., 2009). In SHSY5Y cells, SUMO1 or SUMO2
overexpression increased resistance to OGD, and conversely knockdown of SUMO1
decreased resistance to OGD (Lee et al., 2007) . These changes in SUMOylation in
response to stress suggest that SUMO could play a protective role in regulating a
cell’'s response to stress. It is important to note that the changes noted above are
global changes and that individual substrates may have different responses to these

cellular stressors (Wilkinson & Henley, 2010).
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1.1.1.8 Detecting endogenous SUMO substrates

SUMOylated substrates have generally been detected using a variety of biochemical
techniques including immunoprecipitation assays, in-vitro SUMOylation assays, as
well as gel mobility assays (Hilgarth & Sarge, 2005). Although SUMO is a ~11 kDa
protein, at times when resolved by SDS-PAGE, an increase greater than this ~11
kDa is observed as a higher molecular weight shift/modified version (Hilgarth &
Sarge, 2005). Commercially available SUMO traps/SUMO-binding entities (SUBES),
developed using SUMO-interacting motifs (SIMs) specific to detecting poly-SUMO
chains and not poly-ubiquitin chains, are another method used to find SUMOylated
proteins (Da Silva-Ferrada et al., 2013). These standard ways of detecting SUMO
substrates pose several challenges when used to detect endogenous SUMO
substrates, especially given that only a small percentage of substrates are

SUMOylated and that SUMOylation is a very transient process (Hay, 2005).

Unbiased proteomic screens have allowed endogenous SUMO substrate detection
to increase in specificity and number (Hendriks et al., 2018; Hendriks & Vertegaal,
2016). Subjecting cells to various cellular stressors to increase global SUMOylation
in these screens have also allowed for novel SUMO substrate detection,
circumventing the problem of low levels of SUMOylation under basal conditions
(Hendriks et al., 2018). Another challenge is the added similarity of SUMO
paralogues, making it hard to identify specifically which substrates are modified by
which SUMO isoforms (Hendriks & Vertegaal, 2016). Isoform-specific antibodies for
proteomic approaches as well as isoform-specific rodent knock-in models have
provided a whole host of new potential in-vivo and in-vitro SUMO substrates
(Hendriks et al., 2018; Suk et al., 2023).

1.1.1.9 Noncanonical SUMOylation

SUMO is canonically conjugated to lysines; however, recently the amino group of the
N-terminal end of the protein, cofilin-1 (CFL1), has been identified to be modified by
SUMO1 (Weng et al., 2023). SUMOylation of cofilin-1 at the N-terminus enhances its
binding to F-actin, which promotes F-actin depolymerization. SUMO1 is only
conjugated to the N-terminal end and not any of the 25 internal lysine residues in

CFL1, which was demonstrated through the additive mutagenesis of the 25 lysines
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to arginines. Surprisingly, one of these 25 lysines was part of a well-conserved
SUMO-consensus motif (KXE/D) and mutation of this lysine to an arginine did not
change the levels of SUMOylated CFL1. Interestingly, some individual lysine to
arginine mutations altered the level of SUMOylated CFL1, including a K34R mutation
which increased SUMOylated CFL1, K112R and K114R mutations which decreased
CFL1 SUMOylation, with a larger decrease in a double K112R/K114R mutant.
Unexpectedly, a double K112Q/K114Q mutant increased levels of SUMOylated
CFL1, indicating that these two lysines likely influence CFL1 SUMOylation in an
indirect manner. Although mutation of several lysines altered SUMOylation of CFL1,
none of these mutations abolished SUMOylation of CFL1. Only the overexpression
of an irreversible N-terminal acetylase, Naa60, eliminated SUMOylation of CFL1
(Weng et al., 2023).

1.1.1.10 Role of SUMOylation in Parkinson’s Disease

Several proteins implicated in Parkinson’s Disease have been identified as direct
SUMO substrates, including a-synuclein and DJ-1 (Junqueira et al., 2019).
Additionally, Parkin has been identified to non-covalently interact with SUMOylated
substrates (Um & Chung, 2006).

A hallmark of Parkinson’s disease is the aggregation of a-synuclein in Lewy bodies.
a-synuclein has been shown to be SUMOylated at K96 and K102, with SUMOQylation
inhibiting its aggregation (Krumova et al., 2011). Interestingly, this effect appears to
be somewhat isoform selective, with SUMO-1-ylation of a-synuclein being more
effective in inhibiting aggregation of a-synuclein compared to SUMO-3-ylation of a-
synuclein (Abeywardana & Pratt, 2015). Additionally, SUMOylation at K102 is more
important than K96 in regulating this effect (Abeywardana & Pratt, 2015). In
accordance with the previously described “SUMO enigma”, as little as 10% or less of
total a-synuclein needs to be SUMOylated to affect a-synuclein aggregation
(Krumova et al., 2011). Parkin has been shown to non-covalently interact with
SUMO1 (Um & Chung, 2006). This interaction increases Parkin autoubiquitination

and affects its transport from the nucleus (Um & Chung, 2006).

DJ-1 is SUMOylated at K130, which is an essential modification necessary for the
fully activation of DJ-1 (Shinbo et al., 2006). SUMOylation of DJ-1 allows is to not
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exist in an insoluble form at the mitochondria and be targeted for proteasome-
mediated degradation. Interestingly, the L166P DJ-1 Parkinson’s disease mutant is
ineffectively SUMOylated and has less solubility. In addition to be a direct substrate
of SUMOylation, DJ-1 has been shown to affect global SUMOylation via interaction
with specific SUMO machinery (Zhong et al., 2006). DJ-1 has also been identified to
block SUMOylation of pyrimidine tract-binding protein-associated splicing factor
(PSF) (Zhong et al., 2006).

1.1.2 Ubiquitination

Ubiquitination (or ubiquitylation) is the covalent addition of a ~8.5 kDa ubiquitin
protein to a substrate, first identified in 1975 as a polypeptide that regulated immune
cell differentiation (Goldstein et al., 1975). Ubiquitin can be attached to substrates in
a variety of chain conformations, including a singular ubiquitin (monoubiquitination),
multiple ubiquitin proteins attached to the same substrate at different lysines (multi-
monoubiquitination), as well as chains of ubiquitin linked at the same or various
lysines (homogenous or mixed ubiquitin chains) (Komander & Rape, 2012) (Figure
1.6). Additionally, ubiquitin itself can undergo PTMs such as phosphorylation and
acetylation. This allows for a multitude of combinations of ubiquitination of proteins
and modifications, providing tight control of regulating different functions (Komander
& Rape, 2012).

1.1.2.1 Conjugation and Deconjugation

Conjugation of ubiquitin to substrates involves a cascade of ligases (Komander &
Rape, 2012). Ubiquitin is first activated and transferred to a cysteine on a E1
enzyme using ATP via Ub-AMP intermediate. Activated ubiquitin is then transferred
to a cysteine on a E2 conjugating enzyme. The E2 enzyme can then directly ligate
ubiquitin to substrates with the help of substrate specific E3 ligases (Figure 1.5).
There are different classes of E3 ubiquitin ligases, including RING (really interesting
new gene) E3s and HECT/RBR E3s (Deshaies & Joazeiro, 2009; Rolfe et al., 1995).
Deubiquitinases (dUbs) can deconjugate ubiquitin from substrates and some tend to
have a preference of the type of ubiquitin they deconjugate from substrates
(Mevissen & Komander, 2017). These two main functions have classically been

studied using proteasomal and lysosomal inhibitors such as MG132, leupeptin, and
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bafilomycin (Kisselev & Goldberg, 2001). Unlike some other PTMs that might more
likely occur at certain motifs such as SUMOylation, ubiquitination does not
necessarily conform to a consensus motif (Komander & Rape, 2012).

Ubiquitination of lysines (e-amino group) have been the canonical amino acid to
undergo this modification, but recent studies have shown that methionines (in the
case of mono-linear ubiquitination), and even serines, cysteines, and threonines can

be acceptors of ubiquitin (Kelsall, 2022).
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Figure 1.5- Ubiquitination cycle.

Ubiquitin is first activated via an ATP-dependent reaction by E1 activating enzyme and is then
conjugated to an E2 enzyme. Ubiquitin is then transferred to substrates via an E3 ligase, staying in a
E3-Ub-E2 complex (RING E3 ligases) or E3-Ub complex (HECT E3 ligases). Ubiquitin is deconjugated
from substrates via a deubiquitinase (dUb). (made using Biorender) (Figure redrawn from (Komander &
Rape, 2012)
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Figure 1.6- Polyubiquitin chains and functions.

Ubiquitin can be conjugated to substrates in different configurations including mono-ubiquitination,
multiple mono-ubiquitination, and poly-ubiquitination at different lysines in ubiquitin, each attributed to
certain known functions (Figure redrawn from (van Wijk et al., 2019)).

1.1.2.2 Functions/Roles of Ubiquitination

The most common and well characterized function of ubiquitination is targeting
proteins for degradation, although ubiquitination can also play a role in modulating
cellular signaling pathways as well as protein-protein interactions (Song & Luo,
2019). Particular ubiquitin linkages have been characterized to have specific
functions (Figure 1.6). Methionine 1 (M1) linked ubiquitination regulates various
proteins involved in immune system signaling as well as cell death (Jahan et al.,
2021). K6-lined ubiquitin chains play a role in regulating mitophagy as well as DNA
damage response (Tracz & Bialek, 2021). K11-linked ubiquitin chains are also
involved in the DNA damage response, along with playing a role in the cell cycle and
protein turnover processes. K27-linked ubiquitin chains have been known to regulate
various proteins involved in innate immunity such as the NF-kB pathway. K29-linked

ubiquitin chains, K33-linked ubiquitin chains, K48-linked ubiquitin chains can target
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proteins for degradation via the proteasome, while K63-linked ubiquitin chains can
target proteins for degradation via the lysosome (Tracz & Bialek, 2021).

Ubiquitin itself can be modified in various ways, including phosphorylation at several
serine/threonine residues (Swatek & Komander, 2016). One of the best studied
examples of phosphorylated ubiquitin (phospho-ubiquitin) is via the kinase, PTEN-
induced kinase 1 (PINK1) in the context of mitophagy at S65 (Kane et al., 2014),
although there are other kinases that seem to be involved in phosphorylation of
ubiquitin at S57 and T12 (Hepowit et al., 2020; Walser et al., 2020).

Dysregulation of proper ubiquitination processes has been attributed to several
diseases including neurological disorders and even cancer. | do not cover these
aspects of ubiquitination here, but reviewed in detail here (Popovic et al., 2014;
Schmidt et al., 2021).

1.1.3 Interplay of phosphorylation, ubiquitination, and SUMOylation

As mentioned above post-translational modifications increase the complexity of the
cellular proteome. Both the co-regulation and cross regulation of PTMs such as
phosphorylation, ubiquitination, and SUMOylation allow for tight control and
regulation of processes by the cell (Wilkinson & Henley, 2010). There are vast range
of possible interplays between PTMs but some of the most prominent are outlined

below.
1.1.3.1 SUMO-Ubiquitin hybrid chains

Individually, SUMO and ubiquitin can undergo post-translational modifications,
including phosphorylation and acetylation; SUMO and ubiquitin can also modify each
other and form mixed SUMO-ubiquitin chains (Hendriks et al., 2014; Hendriks &
Vertegaal, 2016). Although, SUMO1 cannot itself be SUMOylated, unlike SUMO2/3
which can form poly-SUMOZ2/3 chains, SUMO1 can be ubiquitinated at six lysines
residues. These SUMO-ubiquitin hybrid chains are more abundant in cells
undergoing stress (Hendriks et al., 2014). Furthermore, the SUMO-ubiquitin hybrid
chains themselves can undergo phosphorylation and acetylation, increasing the
functional complexity of these chains (Pérez Berrocal et al., 2020). SUMO-ubiquitin

hybrid chains have been identified to serve a variety of functions including targeting
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substrates for proteasomal degradation as well as promote the stability of certain
genes (Sriramachandran & Dohmen, 2014).

1.1.3.2 SUMO-targeted ubiquitin ligases (STUbLS)

STUbLs are enzymes that can recognize poly-SUMO chains, through the recognition
of SUMO-interacting motifs (SIMs), and ubiquitinate target proteins via a
characteristic RING domain (Sriramachandran & Dohmen, 2014). Several identified
STUbLs include RNF4, Arkadia, and SIx5, each effect a variety of substrates and
cell signaling pathways (Guzzo et al., 2012; Poulsen et al., 2013). For example,
RNF4 ubiquitination of poly-SUMOylated proteins has been shown to be recognized
by RAPS80, ultimately enhancing genomic stability (Guzzo et al., 2012). Arkadia
ubiquitination of poly-SUMOylated xeroderma pigmentosum C (XPC) helps target it
to damaged DNA sites (Poulsen et al., 2013). In yeast, SIx5 mediated ubiquitination
of SUMOylated proteins protects cells from becoming hypersensitive to DNA
damage and plays a key role in regulating DNA replication (Ohkuni et al., 2018;
Zhang et al., 2006).

1.1.3.3 Competition between SUMOylation and ubiquitination at same lysine

Both SUMO and ubiquitin can be conjugate to lysines and can therefore compete
with each other to eliciting different functions from the same protein (Wilkinson &
Henley, 2010) (Figure 1.7). One of the earliest proteins shown to be SUMOylated
and ubiquitinated at the same lysine was an inhibitor of NFKkB transcription factor,
IKkBa (nuclear factor kB regulator), where K21 can be either SUMOylated or
ubiquitinated (Desterro et al., 1998). As expected, ubiquitination of IkBa leads to its
degradation. When IkBa is SUMOylated at K21, however, is protected from ubiquitin-
mediated degradation. Interestingly, phosphorylation of IkBa at Ser32 and Ser36
promotes ubiquitination of IkBa but is a requirement for its SUMOylation, presenting
yet another example of the complex and nuanced unique interplay between

phosphorylation, ubiquitination, and SUMOylation (Desterro et al., 1998).

SUMOylation and ubiquitination of a protein at the same lysine may also happen in
sequence (Wilkinson & Henley, 2010). An example of this can be found in NFkB
modulator protein, NEMO, a scaffolding protein required for the activation of NFkB

transcription factors (Huang et al., 2003). SUMOylation at K277 and K309 increases
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the amount of NEMO at the nucleus, promoting its subsequent phosphorylation by
the kinase, ATM. This phosphorylation of NEMO then promotes its ubiquitination at
the same lysine that was originally SUMOylated. In this example, the SUMOylation
of NEMO promotes its phosphorylation which then promotes the ubiquitination of
NEMO at the same initial lysine that was SUMOylated, illustrating the idea that
SUMOylation and ubiquitination at the same lysine is not necessarily always

competitive and can occur sequentially (Huang et al., 2003).

4

A

Figure 1.7- Co- and cross-regulation of SUMO and ubiquitin.

(A) SUMOylation of substrates can compete with ubiquitination at the same lysine or SUMOylation can
inhibit ubiquitination of the substrate at another lysine (B) SUMOylation of substrates can promote
ubiquitination of the substrate at either the same or a different lysine (C) SUMOQylation of a protein can
enhance its ubiquitination via a SUMO-targeted ubiquitin ligase at another lysine or the creation of
SUMO-ubiquitin hybrid chains. (made using Biorender) (Figure redrawn from (Liebelt & Vertegaal,
2016))

1.1.3.4 SUMOylation and phosphorylation interplay

Many studies have shown an interplay between SUMOylation and phosphorylation,
either at nearby sites (with extended SUMO consensus motif- PDSM as a model) or
at sites farther from the SUMOylated residue (Wilkinson & Henley, 2010). As eluded
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to briefly above, these interactions often also involve a tripartite coordination with
ubiquitination. One of the earliest examples of this interplay was shown in the protein
PML, where phosphorylation of PML decreased SUMOylation of PML (Mdiller et al.,
1998).The opposite effect has also been observed as in the case of the
mitochondrial protein, MFF (Seager et al., 2023). Phosphorylation of MFF at S155 by
AMPK increases SUMOylation of MFF at K151. K151 and S155 lie in a
characteristic phosphorylation-dependent SUMO motif (Seager et al., 2023). An
extreme example of this interplay can be observed in the case of the protein, heat-
shock factor 1 (HSF1), where HSF1 must be phosphorylated to be subsequently
SUMOylated (Hietakangas et al., 2003).
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1.2 Mitochondria

1.2.1 Fission, Fusion, and mitochondrial lifecycle

Mitochondria are highly dynamic organelles that undergo constant fission and fusion
to maintain a healthy mitochondrial network in a cell (Adebayo et al., 2021; Detmer &
Chan, 2007; Youle & van der Bliek, 2012) (Figure 1.8). There are several key
proteins that regulate fission and fusion, including dynamin-related protein (Drp1),
and its four main receptors (mitochondrial fission factor (MFF), Fisl, Mid49, and
Mid51) that are located on the outer mitochondrial membrane, as well as OPA1
(Loson et al., 2013). Disruption of mitochondrial dynamics impairs many key cellular
processes, leading to multiple diseases, including neurological disorders such as

Alzheimer’'s and Parkinsons’s Disease (Chan, 2020).
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Figure 1.8- General mitochondrial dynamics.

Mitochondria undergo constant fusion and fission in response to various cellular signals, with damaged
mitochondria targeted for mitophagy via different pathways including the PINK1/Parkin pathway. Outer
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mitochondrial membrane fusion is mediated by mitofusins (Mfn1/2), and inner mitochondrial fusion is

mediated by OPAL. Mitochondrial fission is mediated by four key Drpl receptors located on the outer
mitochondrial membrane, where Drp1l is recruited to the outer membrane and wraps around to form a
helix at points of mitochondrial fission (Figure from (Seager, 2020)).

1.2.1.1 Key proteins regulating mitochondrial fission and fusion

An in-depth review of these receptors and the fission/fusion dynamics can be found
in (Adebayo et al., 2021), however, an overview of key processes and these protein

PTMs are described below.
1.2.1.1.1 Mitochondrial fission factor (MFF)

MFF is the main receptor that regulates mitochondrial fission and fragmentation and
plays a vital role in recruiting Drpl to the outer mitochondrial membrane (Gandre-
Babbe & van der Bliek, 2008; Otera et al., 2010). Loss of MFF results in hyper-fused

mitochondrial network (Otera et al., 2010).

MFF is subject to multiple post-translational modifications including phosphorylation,
ubiquitination, and SUMOylation. Under stress, MFF is phosphorylated by AMP-
activated protein kinase (AMPK) at S155 and S172 which enhances Drpl binding as
well as mitochondrial fission (Toyama et al., 2016). MFF can also be ubiquitinated
both basally and under stress by Parkin, a ubiquitin E3 ligase known to be implicated
in Parkinson’s disease (Gao et al., 2015; Kitada et al., 1998; L. Lee et al., 2019).
Ubiquitination of MFF by Parkin at K251 (isoform 2) under stress enhances p62
binding and mitophagy, while basal ubiquitination of MFF by Parkin at K151 (isoform
1) targets it for lysosomal degradation (Gao et al., 2015; L. Lee et al., 2019). In
addition to Parkin, a previous PhD student in the Henley lab demonstrated that F-
box protein O-type 7 (FBXQ7), another E3 ligase also implicated in Parkinson’s
disease, ubiquitinates MFF (L. Lee, 2019).

Recently, our lab has shown that mitochondrial-anchored protein ligase (MAPL)
SUMOylates MFF at K151 (isoform 1) (Seager et al., 2023). SUMOylation of MFF
promotes mitochondrial fragmentation under stress and enhances displacement of
MiD proteins from the Drp1-MiD-MFF complex. As outlined above, these post-
translational modifications can affect each other, for example, previous work in the
Henley lab has shown that phosphorylation of MFF by AMPK promotes
SUMOylation of MFF under stress (Seager et al., 2023). It has also been shown that
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non-SUMOylatable mutants of MFF (K151R- direct mutation of SUMO site, and
E153A- disruption of SUMO consensus sequence) have decreased ubiquitination
(Seager et al., 2023). These data suggest that SUMOylation of MFF could promote
its ubiquitination, possibly via a SUMO-targeted ubiquitin ligase (STUbL) observed
for other modified proteins (Sriramachandran & Dohmen, 2014).

1.2.1.1.2 Mitofusin

For mitochondrial fusion to occur, both the outer and inner membrane must fuse,
involving the actions of several receptors including the mitofusins (MFN1 and MFN2)
and optic atrophy protein 1 (OPA1) (Hales & Fuller, 1997; Sesaki et al., 2003). MFN1
and MFN2 are the two main GTPases that play an important role in coordinating
outer mitochondrial membrane fusion. Additionally, MFN2 exists on the endoplasmic
reticulum and manages ER mitochondrial membrane contact sites, and
mitochondrial-ER calcium transfer (De Brito & Scorrano, 2008). Although previously
thought to contain two transmembrane domains, human MFNs have recently been
shown to contain one transmembrane domain with a N-terminal GTPase in the
cytoplasm and a C-terminal helical repeat 2 domain in the intermembrane space
(Mattie et al., 2018). The exact molecular mechanism by which mitofusins fuse the
outer mitochondrial membrane is not known, but the general mechanism of docking
and fusion of two mitochondria begin with their tethering via oligomerization of MFNs
through their GTPase domains (Qi et al., 2016).

With respect to post-translational modifications of mitofusins, MFN1 has been shown
to be phosphorylated by ERK in its helical repeat domain 1 in the cytoplasm,
inhibiting fusion (Pyakurel et al., 2015). MFNL1 is acetylated, and its deacetylation by
HDACSG6 enhances mitochondrial fusion (Lee et al., 2014). MFN2 is phosphorylated
by JNK under stress, ultimately promoting its degradation as well as mitochondrial

fragmentation (Leboucher et al., 2012).
1.2.1.1.3 Optic atrophy protein 1

Optic atrophy protein 1 (OPA1) is a key complex protein responsible for the fusion of
the inner mitochondrial membrane (IMM) (Adebayo et al., 2021). When OPA1 is
inserted into the IMM, its mitochondrial targeting sequence is cleaved off by

mitochondrial processing peptidase (MPP). A short and long form of OPA1 (namely
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S-OPAL1 and L-OPA1), produced by differential cleavage of full length OPAL, both
work together to mediate fusion of the inner membrane although some studies have
shown that S-OPA1 might not be required to facilitate proper fusion of the inner
mitochondrial membrane (Baricault et al., 2007). OPA1 undergoes acetylation, and
deacetylation by SIRT3 at K926 and K931 (part of its GTPase domain) has been
shown to increase its GTPase activity and ultimately promote mitochondrial fusion
(Samant et al., 2014).

1.2.1.1.4 Dynamic-related protein 1 (DRP1)

Drpl is a primarily cytosolic GTPase of which ~3% exists in the mitochondrial outer
membrane at any point (Smirnova et al., 2001). Drpl is a key regulator of
mitochondrial fission, and it wraps around to form a helix at points of mitochondrial
fission (Smirnova et al., 2001). Four main receptors of Drpl exist on the outer
mitochondrial membrane, including MFF, FIS1, MID49, and MID51 (Chan, 2020).
Drp1 itself contains four main domains, including an GTPase domain at its N-
terminal end. After initial recruitment to the OMM primarily through MFF, Drp1 warps
around the mitochondria by forming a ring-like arrangement (Friedman et al., 2011;
Smirnova et al., 2001).

Drpl can be phosphorylated at S585 by cdkl1/cyclin B kinase, enhancing
mitochondrial fission (Taguchi et al., 2007). Additionally, MAPK1 (ERK2) can
phosphorylate Drpl at S616, also increasing mitochondrial fission (Kashatus et al.,
2015). Conversely, PKA can phosphorylate Drpl at S637, decreasing mitochondrial
fission (Cribbs & Strack, 2007). Mitochondrial-anchored protein ligase (MAPL)
dependent SUMOQylation of Drpl has been shown to play a role in Drpl-mediated
stabilization of ER-mitochondrial contact sites (Prudent et al., 2015). Parkin
mediated ubiquitination of Drp1 targets it for degradation via the proteasome (H.
Wang et al., 2011). Both O-GIcNAcylation and S-nitrosylation of Drpl promotes its
fission (Cho et al., 2009; Gawlowski et al., 2012).

1.2.2 Mitophagy

Mitophagy is the autophagy of damaged mitochondria and is a key process in
maintaining cellular health and function (Narendra & Youle, 2024; Onishi et al., 2021;

Youle & Narendra, 2011). Disruption of basal level mitophagy processes are
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implicated in several disorders including neurodegenerative disorders and cancer
(Wang et al., 2023).

1.2.2.1 Key regulators of mitophagy

An in-depth review of key regulators of mitophagy can be found here (Choubey et
al., 2022; Onishi et al., 2021; Youle & Narendra, 2011). A select few proteins studied

in this thesis are discussed below.
1.2.2.1.1 PINK1

PTEN-induced kinase 1 (PINK1) was first identified as a gene related to the tumor
supressor PTEN (Unoki & Nakamura, 2001). Over the following decade, the roles of
PINK1 in mitochondria, its interaction with ubiquitin, and potential role in Parkinson’s
disease were defined (Gongalves & Morais, 2021). The PINK1 gene is located on
chromosome 1p36.12 (Unoki & Nakamura, 2001), encoding a ~63 kDa protein that is
constantly turned over under basal conditions with cleavage product resulting in a
~52 kDa cytosolic form of PINK1 (Narendra et al., 2010). Transcription of PINK1 is
regulated by several factors that can bind to its promoter region, including Forkhead
box class O 3a (FOXO3a) (Mei et al., 2009). Additionally, nuclear factor kB (NFkB)
can bind to the promoter region of PINK1 in response to certain stress conditions,
increasing the transcription of PINK1 (Duan et al., 2014). Conversely, both p53 and
ATF3 have been shown to downregulate PINK1 transcription (Bueno et al., 2018;
Goiran et al., 2018).

The domain structure of PINK1 is comprised of a N-terminal end 34 amino acids
mitochondrial targeting sequence of the (MTS), an outer mitochondrial membrane
localization sequence (OMS), a transmembrane domain between amino acids 94-
110, and a kinase domain between amino acids 156-509 composed of an N-lobe
(156-320) and C-lobe (321-511) (Trempe & Gehring, 2023) (Figure 1.9).
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1 34 94 110 156 509 581
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Figure 1.9- PINK1 cleavage products.

Full length PINK1 is comprised of a N-terminal mitochondrial targeting sequence, a transmembrane
domain, and a kinase domain. The mitochondrial targeting sequence is cleaved off by mitochondrial
processing peptidase (MPP) and PINK1 is further cleaved between F104 by presenilin-associated
rhomboid-like protein (PARL) (made using Biorender).

The mitochondrial targeting sequence on the N-terminal end of PINK1 enables
interaction with translocase of outer and the inner membrane, TOM20 and TIM23
(Neupert & Herrmann, 2007). After import into the mitochondria, under basal
conditions, the MTS of PINK1 is cleaved by mitochondrial protein peptidase (MPP)
at amino acid 34 (Greene et al., 2012), and presenilin-associated rhomboid-like
protein (PARL) between A103 and F104 (Deas et al., 2011). This yields a mature
~52 kDa form of PINK1 (Figure 1.9). The precise mechanisms of PINK1 import and
processing by MPP and PARL, and the possible roles of remnant cleavage products
of PINK1 in submitochondrial remain to be determined (Greene et al., 2012; Sekine,
2020; Sekine et al., 2019).

Under basal conditions, PINK1 is imported into the mitochondria, cleaved by MPP
and PARL, and retrotranslocated to the cytosol (Jin et al., 2010) (Figure 1.10).
Treatment of cells with the mitochondrial uncoupler, carbonyl cyanide
chlorophenylhydrazone (CCCP), stabilizes PINK1 at the mitochondrial membrane;

treatment of cells with the proteasomal inhibitor, MG132, inhibits the degradation of
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the retrotranslocated cytosolic mature PINK1 by the protease (Narendra et al., 2010)
(Figure 1.10).

\]\l‘:"':'_ Mel 32
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Cytoplasm
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Intermembrane
space
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Figure 1.10- PINK1 import and recycling under basal conditions.

Treatment of cells with the mitochondrial uncoupler CCCP stabilizes PINK1 at the outer mitochondrial
membrane. Treatment of cells with the proteasomal inhibitor MG132 increases levels of cytosolic,
cleaved PINK1 normally targeted from proteasomal degradation. (made using Biorender)

Several factors including the rapid degradation and turnover of human PINK1 make
it particularly challenging to obtain a high-resolution clear structure. Not withstanding
these technical difficulties, partial crystal structure of PINK1 bound to ubiquitin has
been reported (pdb: 6EQI) (Schubert et al., 2017) (Figure 1.11). In contrast to
human PINKZ1, clear high-quality structures of other versions of PINK1 homologues
from other species have been obtained, including the insect orthologs, which contain

~40% similarity to human PINK1 kinase domain (Woodroof et al., 2011). However, it
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is important to note that key differences in functional outputs of the human and
insect orthologues have to be addressed, including the inability to full length human
PINK1 to undergo autophosphorylation in vitro and a N-terminal truncation is
necessary for similar phosphorylation effects to be observed (Aerts et al., 2015).

Nonetheless, these biochemical structural and modelling studies have revealed key
information regarding PINK1 structure and how it favors substrate binding and
supports its kinase function (Rasool & Trempe, 2018). Specifically, several important
unique features of PINK1 enable its role, namely an N-terminal linker, three inserts in
the N-terminal lobe (which vary between different species), and a C-terminal
extension (which plays a key role in the stabilization of PINK1) (Rasool & Trempe,
2018).

PINK1, ubiquitin
PDB ID: 6EQI
(Schubert et al., 2017)

Figure 1.11- Partial structure of Pediculus humanus corporis (Ph) PINK1 bound to ubiquitin.

Structure of PINK1 with ubiquitin in complex; (directly from (Schubert et al., 2017))
Post-translational modifications of PINK1

PINK1 is subject to several post-translational modifications, including
phosphorylation, ubiquitination, and S-nitrosylation (Figure 1.12). More specifically,

PINK1 both autophosphorylates and can be phosphorylated by MARK2 (microtubule
affinity regulating kinase 2 (Kondapalli et al., 2012; Matenia et al., 2012; Okatsu et
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al., 2012). There are several sites of phosphorylation in PINK1, some of which have
only been recently identified (Luo et al., 2024; Waddell et al., 2023).

PINK1 is autophosphorylated at serine 228, while serine 402 is a putative site of
autophosphorylation; importantly, these two autophosphorylation sites have been
shown to be phosphorylated in a cleaved version and not in full length human PINK1
(Aerts et al., 2015). Additionally, PINK1 can undergo phosphorylation at serine 230
and serine 465 (J. Guo et al., 2017; Rasool & Trempe, 2018). The 52 kDa form of
PINK1 is ubiquitinated at lysine 137, targeting it for proteasomal degradation (Y. Liu
et al., 2017), and PINK1 can undergo degradation via the N-end ubiquitination rule,
independent of lysine 137 ubiquitination (Yamano & Youle, 2013). Additionally,
PINK1 can be S-nitrosylated at C568 (Oh et al., 2017).

cleavage of cleavage by
MTS by MPP PARL
K137 S161 T185 S228 T257 S284 T313 S465
P34 F104

GIGHO000010
KD

human PINKT

F104  S123 S167 S187 $230 S245 S402 C412 C568

Figure 1.12- PINK1 post-translational modifications.

The mitochondrial targeting sequence is cleaved by mitochondrial processing peptidase (MPP), and
PINK1 undergoes further cleavage at F104. PINK1 is ubiquitinated at K137 as well as through N-end
rule pathway following cleavage at F104 and retrotranslocation to the cytosol. PINK1 is phosphorylated
at several residues including S123, S161, S167, T185, S187, S228, S230, S245, T257, S284, T313,

S402, C412, and S465 by itself or via other kinases including MARK2. PINK1 is S-nitrosylated at C568
(made using Biorender).

Substrates phosphorylated by PINK1

PINK1 has been shown to phosphorylate several key mitochondrial proteins involved
in regulating overall mitochondrial function and viability (Kane et al., 2014; D. P.
Narendra et al., 2010). These include but are not limited to autophosphorylation,
Drp1, parkin, and ubiquitin at serine 65 (Han et al., 2020; Koyano et al., 2014;
Okatsu et al., 2012; Zhuang et al., 2016). Additionally, PINK1 phosphorylates
ubiquitinated Mfn2 at T111, S378, and S442, promoting the untethering of

mitochondria from the endoplasmic reticulum (McLelland et al., 2018).
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PINK1-mediated phosphorylation of the E3 ubiquitin ligase, Parkin, activates it,
ultimately enhancing its recruitment to the OMM, resulting in ubiquitination of several
other OMM substrates. This ultimately results in a feed-forward loop that mediates
the recruitment of the autophagosome to the mitochondria (Kawajiri et al., 2010)
(Figure 1.14).

PINK1 and mitochondrial health

PINK1 plays an important role in maintaining overall mitochondrial viability and
function. Knockdown of PINK1 increases mitochondrial length from increased
mitochondrial fusion, while overexpression of PINK1 increases mitochondrial fission
(Y. Yang et al., 2008). Drp1, a key regulator of mitochondrial fission, is
phosphorylated by PINK1 at S616, potentially being the link towards PINK1-
mediation mitochondrial fission (Han et al., 2020). Additionally, increased levels of
PINK1 that accumulate as a result of mitochondrial depolarization lead to decreased
levels of protein kinase A (PKA)-dependent phosphorylation of Drpl at S637,
promoting mitochondrial fission (Pryde et al., 2016). Loss of PINK1 has been shown
to impair mitochondrial calcium levels (Heeman et al., 2011) and at mitochondrial
associated membranes (MAMs), enhanced levels of PINK1 play a key role in
mediating calcium dynamics (Gelmetti et al., 2017).

PINK1 and Parkinson’s disease

Mutations in PINK1 are strongly associated with Parkinson’s disease, including a
loss of function mutation leading to changes in mitochondrial morphology (Exner et
al., 2007; Maria et al., 2004). Prominant disease-associated mutations are
highlighted in Figure 1.13.
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A168P R246* T313M C388R  R464H
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Q5* 11118 Q239* S284* | 369P W437*/R N525fs
K24fs Wa0* C125G E240K D297fs F385L Y444fs Q534dup
L31* C92F Q126P A244G G309D G386A Q456* C549fs
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Figure 1.13- PINK1 disease mutations.

Mutations in PINK1 associated with Parkinson’s disease with * denoting a stop codon, fs denoting a
frame shift mutation, or the amino acid change denoted following the number; (made in Biorender)
(redrawn from (Quinn et al., 2020))

PINK1-Parkin pathway

The well characterized PINK1-Parkin pathway is one method of regulating
mitophagy (Choubey et al., 2022). PINK1 accumulates on the outer mitochondrial
membrane as a response to membrane depolarization (Jin et al., 2010). It can then
undergo autophosphorylation, which activates its kinase domain, leading to the
phosphorylation and subsequent activation of Parkin (see section 1.2.2.1.2), a
ubiquitin E3 ligase (Okatsu et al., 2012; Zhuang et al., 2016). Phosphorylated Parkin
then promotes ubiquitination of other outer mitochondrial membrane (OMM)
proteins. In a positive feedback loop, ubiquitinated OMM proteins recruit more Parkin
to the mitochondria to subsequently ubiquitinate more OMM proteins (D. Narendra et
al., 2008) (Figure 1.14).

As mentioned, PINK1 can also directly phosphorylate ubiquitin at serine 65, and this
can also activate Parkin and promote its recruitment to the mitochondria (Kane et al.,
2014). The accumulation of ubiquitinated proteins on the outer mitochondrial
membrane recruit adaptor proteins such as p62 and OPTN, which bind to LC3-II
receptors on the autophagosome membrane (D. Narendra et al., 2010). Parkin

essentially amplifies the signal initiated by PINK1. Additionally, low-level mitophagy
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can be activated by PINK1 directly, through recruitment of the autophagy adaptors
OPTN and NDP52 to mitochondria, and subsequent recruitment of proteins such as
ULK1 to initiate PINK1-dependent (Parkin-independent) mitophagy (Lazarou et al.,
2015) (Figure 1.15).

Complementing these Parkin-dependent and -independent mitophagy pathways,
PINK1 has been shown to directly bind to LC3 (see following sections for brief
overviews of individual proteins), providing another layer of mitophagy control by
PINK1 (Kawajiri et al., 2010). On the other hand, it has been shown that
PINK1/Parkin-dependent mitophagy does not necessarily solely rely on LC3
conversion but can also occur via the ubiquitin proteasome system and lysosome
(Rakovic et al., 2019).

In contrast, PINK1 is not required for basal mitophagy in an in vivo mouse model
(McWilliams et al., 2018). The exact role (or lack thereof) of PINK1-dependent
mitophagy remains contentious as the reporters used to study these mechanisms
have recently come under scrutiny (Y.-T. Liu et al., 2021b). Clearly, more work is
needed to elucidate whether any PINK1-mediated mitophagy occurs under basal
conditions, whether this can be studied with current mitophagy reporting tools such
as mitoKeima and mitoQC, and most importantly, whether the wealth of PINK1-
mediated mitophagy studies in vitro has any relevance in in vivo contexts (Ganley et
al., 2021; Y.-T. Liu et al., 2021a).
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Figure 1.14- PINK1-Parkin pathway.

In response to mitochondrial depolarization, PINK1 is stabilized at the outer mitochondrial membrane.
PINK1 then will undergo dimerization and autophosphorylation. PINK1 can also phosphorylate other
substrates including Parkin. PINK1-mediated phosphorylation of Parking activates it, allowing it to
ubiquitinate outer mitochondrial membrane proteins. Ubiquitinated mitochondrial membrane proteins act
as signal to then recruit more Parkin to the outer mitochondrial membrane, resulting in a feedforward
loop. (made in Biorender) (redrawn from (Choubey et al., 2022)
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Figure 1.15- PINK1-dependent mitophagy pathways.

Depolarization of mitochondria results in PINK1 dimerization and stabilization at the outer mitochondrial membrane, and recruitment of Parkin to the mitochondria,
resulting in the ubiquitination of multiple outer mitochondrial membrane proteins. This accumulation of several OMM ubiquitinated proteins itself can serve as a
signal for the recruitment of the autophagosome via adaptor proteins such as p62 and optineurin. Alternatively, PINK1 can directly result in the recruitment of
autophagosome in a Parkin-independent way through binding to factors such as ULK1 which can then bind to adaptor proteins. (made using Biorender) (redrawn

from (lorio et al., 2022))
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1.2.2.1.2 Parkin

Parkin is a RING-between-RING E3 ubiquitin ligase, with an N-terminal ubiquitin-like
domain and four RING-like domains (Beasley et al., 2007). Parkin is recruited to the
outer mitochondrial membrane from the cytosol in response to mitochondrial
depolarization (Narendra et al., 2008). This recruitment allows for the subsequent
ubiquitination of various proteins on the outer mitochondrial membrane, targeting
them for proteasomal degradation, ultimately serving as a signal for targeting
damaged mitochondria for mitophagy, playing a critical role in maintaining
mitochondrial quality (Narendra et al., 2008). Additionally, this ubiquitination targets
mitochondrial membrane rupture (Yoshii et al., 2011). Parkin has been found in
neuronal cell bodies in several regions of the brain including the midbrain and
cerebellum, but Parkin is not expressed in glial cells (Huynh et al., 2000). The
structure of Parkin sheds light onto it autoinhibitory nature, with PINK1
phosphorylation activating Parkin (Trempe et al., 2013). Several loss-of-function
mutations in this E3 ubiquitin ligase has been associated with autosomal recessive
juvenile Parkinson’s disease (Kitada et al., 1998).

1.2.2.1.3 Light-chain associated microtubule chain (LC3)

Light-chain associated microtubule chain (LC3) is a key autophagy adaptor protein
and a member of the Atg8 family (Birgisdottir et al., 2013). LC3 interacts with
proteins containing a LC3-interacting region (LIR) domain consisting of a
WIF/YxXL/I/V motif (x is any amino acid). During autophagy, LC3 undergoes
lipidation and association to the autophagosome membrane and referred to as LC3lI
(Satoo et al., 2009).

1.2.2.1.4 SQSTM1

Sequestosome-1 (SQSTM1) (also known more commonly as p62) is an adaptor
protein most well known for its role in ubiquitin-mediated mitophagy and autophagy
(Poon et al., 2021). It has been established that p62 is in fact an essential adaptor in
PINK1-Parkin-dependent mitophagy (Geisler et al., 2010). Interestingly, p62 has
been shown to play a role in mitochondrial clustering but is dispensable for Parkin-
induced mitophagy (D. Narendra et al., 2010). Additionally, Parkin-mediated

ubiquitination of mitochondrial fission factor increases its binding to p62 in response
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to mitochondrial depolarization (Gao et al., 2015). Recent studies using mutated
SQSTM1 iPSC lines show that p62 is important for the initial steps of PINK1-
dependent mitophagy but not necessarily clearance of damaged mitochondria (Poon
etal., 2021).

1.2.2.1.5 Bcl-xL

Bcl-xL is a protein in the Bcl-2 family of apoptotic proteins (Hollville et al., 2014).
Namely, this family of proteins play a critical role in regulating PINK1-Parkin
mitophagy, with Bcl-xL being an inhibitor of this mitophagy (Hollville et al., 2014).
Specifically, Bcl-xL binds to cytoplasmic Parkin, blocking its translocation to the
mitochondria as well as directly interacting with mitochondrial PINK1 to prevent
Parkin-PINK1 binding (Yu et al., 2020). Additionally, Bcl-xL can bind to Drpl and
MFF in a SENP3 dependent manner, with MFF priming the interaction of Drpl and
Bcl-xL (C. Guo et al., 2021). Bcl-xL can also be phosphorylated by PINK1, which
inhibits the pro-apoptotic cleavage of Bcl-xL, ultimately protecting cells against cell
death (Arena et al., 2013a).

1.2.3 SUMOylation at mitochondria

Although a majority of SUMOylated substrates lie within the nucleus, in recent years,
an extensive and growing list of extranuclear SUMO substrates have been identified
and validated (Henley et al., 2018). Mitochondria are a particular hub for
SUMOylation with multiple integral and associated mitochondrial proteins emerging
as SUMO substrates including dynamin-related protein 1 (Drp1), mitochondrial
fission factor (MFF), mitochondrial fission 1 protein (Fisl1), mitofusin-2 (Mfn2), and
Fas-associated protein with Death Domain (FADD) are SUMOylated (Braschi et al.,
2009; Choi et al., 2017; Kim et al., 2021; Prudent et al., 2015; Seager et al., 2023;
Waters et al., 2022).

Drpl is SUMOylated by both SUMO1 and SUMO2/3, with SUMO-1-ylation regulating
its stabilization, increasing its recruitment to the mitochondria, and enhancing
subsequent mitochondrial fragmentation and apoptosis (Prudent et al., 2015).
SUMO-2/3-ylation of Drpl SUMOylation decreases its mitochondrial localization by

reducing its binding to MFF, and conversely decreasing apoptosis (C. Guo et al.,
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2017b). These opposing effects of SUMO1 and SUMO2/3 conjugation are an
example of how SUMO paralogue specificity can influence functional outcomes.

SUMOylation of MFF at K151 has been shown to be crucial for stress-induced
fragmentation of mitochondria (Seager et al., 2023). Levels of SUMOylated MFF are
increased in response to mitochondrial stressors including CCCP, rotenone, and
AICAR (Seager et al., 2023). SUMOylation of Fisl at K149 is critical for its
localization at the mitochondria (Waters et al., 2022). Expression of K149R Fisl can
rescue deferiprone induced mitophagy in response to knockdown of SENP3 (Waters
et al., 2022)

Mfn2 is SUMOylated in response to CCCP or MG132 treatment and has been
shown to promote aggregation of damaged mitochondria near the perinuclear region
(Kim et al., 2021).

SUMOylation of FADD, an adaptor protein that regulates apoptosis, increases Drpl
binding and its recruitment to mitochondria in response to cellular stress (Choi et al.,
2017).

1.2.3.1 MAPL

Mitochondrial-anchored protein ligase (MAPL), also known as MUL1, MULAN, and
RNF218, is an E3 SUMO and ubiquitin ligase located in the outer mitochondrial
membrane (Braschi et al., 2009). MAPL is comprised of an N-terminal region, two
transmembrane domains spanning the outer mitochondrial membrane (OMM), and a
C-terminal really interesting new gene (RING) domain (Li et al., 2008). Both the N-
terminal and C-terminal ends are located on the cytoplasmic side, making the active
RING domain available to interact with components of the ubiquitin and SUMO
machinery in the cytosol. Being an E3 ligase, MAPL interacts with several E2
conjugating ligases to facilitate SUMOylation and ubiquitination (S.-O. Lee et al.,
2020). In the case of SUMOylation, MAPL interacts with Ubc9, and in the case of
ubiquitination, MAPL interacts with a number of ubiquitin E2s including Ube2E2,
Ube2E3, Ube2G2, Ube2L3, and Ube2D2 (Calle et al., 2022; S.-O. Lee et al., 2020).

The location of MAPL allows for it to modify proteins in the OMM or those that are
recruited to the OMM (Braschi et al., 2009; W. Li et al., 2008). It is important to note

40



Chapter 1 : Introduction

that recently it has been shown that MAPL is also transported to peroxisomes via
mitochondrial-derived vesicles, and has been shown to regulate peroxisome
morphology (Mohanty et al., 2021). Being both a SUMO and ubiquitin ligase allows
MAPL to play a role in a wide range of cellular functions including mitochondrial
fission and fusion, mitophagy, inflammation, and cell death (Calle et al., 2022).

MAPL was first identified as a SUMO ligase as a substrate for dynamin-related
protein 1 (Drpl), where SUMOylation of Drpl promotes mitochondrial fission
(Braschi et al., 2009; Prudent et al., 2015). Mitochondrial fission factor (MFF) has
also been recently identified as a substrate of MAPL, and is SUMOylated at K151
(Seager et al., 2023).
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1.3 Aims

Summary and rationale:

Given that several mitochondrial proteins have been identified as SUMO substrates
and since SUMOylation can directly or indirectly affect other PTMs, | wanted to
investigate the interplay of phosphorylation, ubiquitination, and SUMOylation. Using
SUMOylation of mitochondrial fission factor (MFF) as a starting point, | conducted a
series of exploratory experiments to refine the focus of my PhD (outlined in Chapter
3). During the course of these experiments, | identified PINK1 as a novel SUMO2/3
substrate. Thereafter | systematically tested, validated and interrogated this finding
(detailed in Chapters 4 and 5).

General aims and objectives of each results chapter:

e Chapter 3: Interplay between SUMOylation, ubiquitination, and phospho-
ubiquitination of MFF
« Investigate the interplay between MFF SUMOylation, ubiquitination,
and phospho-ubiquitination.
e Assess if SENP6 has a role in affecting this interplay, either directly or
indirectly via different binding partners.
e Chapter 4: Characterization of PINK1 SUMOylation- Validation and Location
+ Validate PINK1 as a novel SUMO2/3 substrate in HEK cells.
e Determine the location of PINK1 SUMOylation.
e Chapter 5: Characterization of PINK1 SUMOylation- Mechanism and
Function
e Determine the SUMO E3 ligases and SENPs involved in
SUMOylating and deSUMOylating PINK1.
e Examine the role of PINK1 SUMOylation in its stabilization as well as
PINK1-dependent mitophagy.
* Explore the interplay between the phosphorylation, SUMOQylation, and
ubiquitination of PINKL1.
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Plasticware and Glassware

All cell culture plastics were purchased from Sarstedt including: 35 mm, 60 mm, 100
mm 150 mm treated tissue culture dishes, 6 well plates, T75 flasks, 15 and 50 mL
centrifuge tubes, 30 mL universals, 24cm cell scrapers, 0.5 mL and 1.5 mL
eppendorf tubes, 70 um cell strainers, 5 mL, 10 mL, and 25 mL serological pipettes,
10 pL, 20 pL, 200 pL, and 1000 pL filtered tips, and gel loading pipettes. 35mm glass
bottom cell view culture dishes (627861) were obtained from Greiner.

2.1.2 General Equipment

170L cell culture incubators were from GS Biotech, serviced by GLS Scientific
Services LTD once a year. Laminar flow hoods were from Holten LaminAir.
Polymerase chain reaction machine (PTC-200 Thermal Cycler) was from MJ
Research. NanoDrop Spectrophotometer (ND-1000) was from Marshall Scientific.
Balances were from ScoutPro Ohaus and Sartorius Extend ED224S. Benchtop
centrifuges were from Eppendorf (5415D) and ultracentrifuge was from Beckman
Coulter (Avanti J-25). Benchtop wheel was from Cole-Parmer (TR-200). Mini see-
saw rocker and roller mixer (SRT9D) were from Stuart. Sonicator (Microson
ultrasonic cell disruptor) was from Misonix. Thermomixer (5436) was from
Eppendorf. Powerpacs for SDS-PAGE and western blot transfer were from Bio-Rad.
Vortex (Genius 3) was purchased from IKA. Odyssey Fc detection system for

western blot was from LiCor.
2.1.3 General Chemicals

All chemical and solvents were purchased from Sigma-Aldrich (Merck) unless
otherwise noted. Acids, pH buffer solutions, sucrose, granulated agar (BP9744-500),
sodium dodecyl sulfate (BP166-500), tris base (BP152-5) were acquired from
Fischer Scientific. Miller Luria Broth (84649.0500) and glycine (10119CU) was
acquired from VWR Chemicals. 2-Mercaptoethanol (AC125472500) was purchased

from Acros Organics. Common drugs used in this thesis can be found in Table 1.
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Table 1- List of commonly used drugs and stressors in this thesis.

Drug Solvent Company Catalog
Number

CCCP (carbonyl DMSO Hello Bio HB5062

cyanide m-

chlorophenylhydrazone)

MG132 DMSO Sigma 474790

Leupeptin hemisulfate dH20 Hello Bio HB3958

Bafilomycin Al DMSO Hello Bio HB1125

Cycloheximide DMSO Sigma C4859

2.1.4 Cell Culture Reagents

HEK293T were acquired from European Collection of Cell Cultures (ECACC).
PINK17" HEK293T cells (Abcam, ab266393) were a kind gift from the Collinson lab.
Dulbecco’s Modified Eagle’s Medium- high glucose (D5796-500mL), fetal bovine
serum (FBS), and poly-I-lysine (PLL) was obtained from Sigma-Aldrich. Sodium
pyruvate- 100 mM (11360-070), Dulbecco’s Phosphate Buffered Saline 10X (14200-
059), L-glutamine 200 mM (25030-024), 1000U penicillin, 0.1mg streptomycin,
0.05% trypsin-EDTA and Dulbecco's Modified Eagle Medium 1X (A14430-01) was
obtained form Gibco. HyPure Cell Culture Grade Water (SH30529.02) was from
Cytiva. Lipofectamine 2000 transfection reagent (11668-019) was obtained from

Invitrogen.
2.1.5 Molecular Biology Reagents

2.1.5.1 Bacteria

Competent DH5a (chromosomal genotype: supE44 Alac ©80 lacZA M15 hsdR17
recAl endAl gyrA96 thi-1 relAl ul69) was obtained from Thermo Fisher and grown

in house according to the previously published protocol in (Inoue et al., 1990).

2.1.5.2 Enzymes

Enzymes and buffers used for cloning were obtained from New England Biolabs
(NEB): Cut-smart buffer (B7204S), BamHI (R3136S), Hindlll (R3104S), Dpnl
(RO176L), and Quick CIP (M0525S). Solution | ligase was obtained from Takara
(6022-1).
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2.1.5.3 Plasmids

A list of overexpression constructs used in this thesis can be found in Table 2. A list

of siRNA used in this thesis can be found in

Table 3.

Table 2- List of overexpression constructs used.

Protein Vector Tag Restriction | Source
Sites (if
known)
MFF WT peCFP-C1 CFP Hindlll Dr Richard Seager
BamHI
MFF K151R peCFP-C1 CFP Hindlll Dr Richard Seager
BamHI
MFF K302R peCFP-C1 CFP Hindlll Dr Laura Lee
BamHI
MFF E153A peCFP-C1 CFP Hindlll Dr Richard Seager
BamHI
MFF 2KR peCFP-C1 CFP Hindlll Dr Laura Lee
BamHI
SUMO2 pCMV FLAG Dr Kevin Wilkinson
MAPL pcDNA3.1 FLAG Xhol Dr Laura Lee
BGLII
SIAH1 pcDNA3.1+ HA Dr Kevin Wilkinson
MARCH5 pcDNA3.1+ SBP Dr Kevin Wilkinson
RNF4 pcDNA3.1+ SBP Dr Kevin Wilkinson
mitoKeima pMitophagy N/A N/A Kind gift from
Keima-Red Collinson Lab
mPark2 (originally from:
MBL (AM-
V0259M))
PINK1 peGFP-N1 GFP Hindlll This thesis
BamHI
PINK1 peGFP-N1 Spot Hindlll This thesis
BamHI
Mid51-PINK1 | peGFP-N1 GFP Hindlll This thesis
BamHI
SENP1 pcDNA3.1+ SBP Dr Kevin Wilkinson
SENP3 pPcDNA3.1+ SBP Dr Kevin Wilkinson
SENP3 pcDNA3 FLAG Notl Dr Chun Guo
BamHI
SENP5 pcDNA3.1+ SBP Dr Kevin Wilkinson
SENP6 pPcDNA3.1+ SBP Dr Kevin Wilkinson
SENP7 pcDNA3.1+ SBP Dr Kevin Wilkinson
Drpl WT pcDNA3 HA Dr Chun Guo
Drpl 4KR pcDNA3 HA Dr Chun Guo
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Naa60 pCMV3-C- FLAG Kpnl Sino Biological
FLAG Xbal (NM_001083600.1)
pcDNA3.1+ N/A N/A N/A Invitrogen
peGFP-N1 N/A GFP N/A Clontech
peCFP-C1 N/A CFP N/A Clontech
SPOT-GFP pcDNA3.1+ GFP N/A Dr Kevin Wilkinson

Table 3- List of siIRNA knockdown constructs used.

human SENP6
SiRNA

Gene knockdown Sequence Company/Catalog #
ON-TARGETplus SMART pool Dharmacon
non-targeting pool (D-001810-10-05)
ON-TARGETDplus SMART pool Dharmacon

human MUL1 (L-007062-00-0005)
SiRNA

ON-TARGETDplus SMART pool Dharmacon

(L-006044-00-0010)

SiRNA

control firefly MISSION esiRNA1 Sigma (EHUFLUC)
luciferase

human PINK1 MISSION esiRNA1 Sigma (EHU057101)
control targeting CUUACGCUGAGUACUUCGA Sigma

luciferase

human SENP1 -/- Sigma (HA10939838

and HA10939839)

human SENP3
siRNA

-

Sigma (HA10939834
and HA10939835)

human MFF siRNA

1: CCAUUGAAGGAACGUCAGA
2:GCAGAUCUUGACCUUAUUC

Eurofins MWG Operon

human Drpl siRNA

ACAGGUUACUGAUGCAUCATT

Eurofins MWG Operon

2.1.5.4 Oligonucleotides

All oligos were purchased from Merck. Tubes were briefly spun down and
appropriate amount of 1XTE buffer (1 mM Tris-HCI pH8.0, 0.1mM EDTA) for a 100

MM stock concentration. A list of oligonucleotides used to clone human PINK1 into

peGFP-N1 and various mutagenesis primers can be found in Table 4.

Table 4- List of primers used for overexpression constructs and site-directed

mutagenesis

Plasmid Mutation  Primer

PINK1 *initial Hindlll_Forward
isolation (3 bp-HindllI-
of human Kozak-24 bp of
PINK1* human PINK1)

BamH1_Reverse
(3 bp-BamH1-2
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GCGACAGGCGCTGGGC
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CCATGAGCAGAG
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PINK1-GFP *switching
GFP tag to
SPOT tag*

Mid51-PINK1

chimera

(transmembran

e domain of

Mid51 1-48 aa,

cytosolic

PINK1 111-581

aa, GFP)

PINK1-GFP A1-103

PINK1-GFP A110-156

PINK1-GFP A156-509

PINK1-GFP A510-581

PINK1-GFP A111-581

bp-24 bp of
human PINK1)
Sense (24 bp-
GS-SPOT-GFP
stop-24 bp)

Antisense

Mid51_Hindlll_Fo
rward (3 bp-
Hindlll- Kozak-
24 bp of human
Mid51)

Mid51-
PINK1_Join_Rev

Mid51-

PINKZ1_Join_Fwd

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense
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CTCTGCTCATGGAGGGCAGCCCT
GGGCTCCCCAGACCGCGTGCGCG
CCGTGAGCCATTGGAGCAGCTAAA
GCGGCCGCGACTCTAGATCATAA
TTATGATCTAGAGTCGCGGCCGCT
TTAGCTGCTCCAATGGCTCACGGC
GCGCACGCGGTCTGGGGAGCCCA
GGGCTGCCCTCCATGAGCAGAG
CACAAGCTTGCCACCATGGCAGG
CGCTGGTGAGCGCAAA

GCTCTCCGCCTGTTTTTCCTCGAT
CCGCTTAACTGCCAGCGTGGCGA
T
ATCGCCACGCTGGCAGTTAAGCG
GATCGAGGAAAAACAGGCGGAGA
GC
GATCTCGAGCTCAAGCTTGCCACC
ATGTTCGGGCTAGGGCTGGGCCT
CATC
GATGAGGCCCAGCCCTAGCCCGA
ACATGGTGGCAAGCTTGAGCTCGA
GATC
CTGGCCTTCGGGCTAGGGCTGGG
CCTGATAGGGCAGTCCATTGGTAA
G
CTTACCAATGGACTGCCCTATCAG
GCCCAGCCCTAGCCCGAAGGCCA
G
TTGCAGGGCTTTCGGCTGGAGGA
GAGCCTCTGGGGTGAACATATTCT
A
TAGAATATGTTCACCCCAGAGGCT
CTCCTCCAGCCGAAAGCCCTGCAA
GTAGCCGCAAATGTGCTTCATCTA
GAGGATCCACCGGTCGCCACCAT
G
CATGGTGGCGACCGGTGGATCCT
CTAGATGAAGCACATTTGCGGCTA
C
CTGGCCTTCGGGCTAGGGCTGGG
CGAGGATCCACCGGTCGCCACCA
TG
CATGGTGGCGACCGGTGGATCCT
CGCCCAGCCCTAGCCCGAAGGCC
AG
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PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

ATM (94-
110)

K24R

K114R

K135R

K137R

K164R

K186R

K219R

K260R

K262R

K266R

K319R

K364R

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense
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GTGGTGCGGGCCTGGGGCTGCGC
GATCGAGGAAAAACAGGCGGAGA
GC
GCTCTCCGCCTGTTTTTCCTCGAT
CGCGCAGCCCCAGGCCCGCACCA
C
CTGCTGCTGCGCTTCACGGGCAG
GCCCGGCCGGGCCTACGGCTTG
CAAGCCGTAGGCCCGGLCCGGGCC
TGCCCGTGAAGCGCAGCAGCAG
GGGCTGGGCCTCATCGAGGAAAG
ACAGGCGGAGAGCCGGCGGGLCG
CGCCCGCCGGCTCTCCGCCTGTC
TTTCCTCGATGAGGCCCAGCCC
ATCCAGGCAATTTTTACCCAGAGA
AGCAAGCCGGGGCCTGACCCG
CGGGTCAGGCCCCGGCTTGCTTC
TCTGGGTAAAAATTGCCTGGAT
GCAATTTTTACCCAGAAAAGCAGG
CCGGGGCCTGACCCGTTGGAC
GTCCAACGGGTCAGGCCCCGGCC
TGCTTTTCTGGGTAAAAATTGC
CTGATAGGGCAGTCCATTGGTAGG
GGCTGCAGTGCTGCTGTGTAT
ATACACAGCAGCACTGCAGCCCCT
ACCAATGGACTGCCCTATCAG
CCCCAGAACCTGGAGGTGACAAG
GAGCACCGGGTTGCTTCCAGGG
CCCTGGAAGCAACCCGGTGCTCC
TTGTCACCTCCAGGTTCTGGGG
CCTGCCTTCCCCTTGGCCATCAGG
ATGATGTGGAACATCTCGGCA
TGCCGAGATGTTCCACATCATCCT
GATGGCCAAGGGGAAGGCAGG
TATGGAGCAGTCACTTACAGAAGA
TCCAAGAGAGGTCCCAAGCAA
TTGCTTGGGACCTCTCTTGGATCT
TCTGTAAGTGACTGCTCCATA
GCAGTCACTTACAGAAAATCCAGG
AGAGGTCCCAAGCAACTAGCC
GGCTAGTTGCTTGGGACCTCTCCT
GGATTTTCTGTAAGTGACTGC
AGAAAATCCAAGAGAGGTCCCAG
GCAACTAGCCCCTCACCCCAAC
GTTGGGGTGAGGGGCTAGTTGCC
TGGGACCTCTCTTGGATTTTCT
CGGACGCTGTTCCTCGTTATGAGG
AACTATCCCTGTACCCTGCGC
GCGCAGGGTACAGGGATAGTTCC
TCATAACGAGGAACAGCGTCCG
GGCATCGCGCACAGAGACCTGAG
ATCCGACAACATCCTTGTGGAG
CTCCACAAGGATGTTGTCGGATCT
CAGGTCTCTGTGCGCGATGCC
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PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

PINK1-GFP

K433R

K458R

K496R

K520R

K523R

K526R

K547R

K553R

K555R

PO5A

F104A

3EA
(E112A,
E113A,
E117A)

E183A

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

Sense

Antisense

49

AGGGCAGTGATTGACTACAGCAG
GGCTGATGCCTGGGCAGTGGGA
TCCCACTGCCCAGGCATCAGCCCT
GCTGTAGTCAATCACTGCCCT
AATCCCTTCTACGGCCAGGGCAG
GGCCCACCTTGAAAGCCGCAGC
GCTGCGGCTTTCAAGGTGGGCCC
TGCCCTGGCCGTAGAAGGGATT
CTGCTCCAGCGAGAGGCCAGCAG
GAGACCATCTGCCCGAGTAGCC
GGCTACTCGGGCAGATGGTCTCC
TGCTGGCCTCTCGCTGGAGCAG
GGTGAACATATTCTAGCCCTGAGG
AATCTGAAGTTAGACAAGATG
CATCTTGTCTAACTTCAGATTCCTC
AGGGCTAGAATATGTTCACC
ATTCTAGCCCTGAAGAATCTGAGG
TTAGACAAGATGGTTGGCTGG
CCAGCCAACCATCTTGTCTAACCT
CAGATTCTTCAGGGCTAGAAT
CTGAAGAATCTGAAGTTAGACAGG
ATGGTTGGCTGGCTCCTCCAA
TTGGAGGAGCCAGCCAACCATCCT
GTCTAACTTCAGATTCTTCAG
TTGGCCAACAGGCTCACAGAGAG
GTGTTGTGTGGAAACAAAAATG
CATTTTTGTTTCCACACAACACCTC
TCTGTGAGCCTGTTGGCCAA
GAGAAGTGTTGTGTGGAAACAAGA
ATGAAGATGCTCTTTCTGGCT
AGCCAGAAAGAGCATCTTCATTCT
TGTTTCCACACAACACTTCTC
TGTTGTGTGGAAACAAAAATGAGG
ATGCTCTTTCTGGCTAACCTG
CAGGTTAGCCAGAAAGAGCATCCT
CATTTTTGTTTCCACACAACA
CGGGCCTGGGGCTGCGCGGGLG
CTTGCGGCCGGGCAGTCTTTCTG
CAGAAAGACTGCCCGGCCGCAAG
CGCCCGCGCAGCCCCAGGCCCG
GGCCGGGCAGTCTTTCTGGCCGC
CGGGCTAGGGCTGGGCCTCATC
GATGAGGCCCAGCCCTAGCCCGG
CGGCCAGAAAGACTGCCCGGCC
CTGGGCCTCATCGCGGCAAAACA
GGCGGCGAGCCGGCGGGCGGTC

GACCGCCCGCCGGLCTCGLCeGeCT
GTTTTGCCGCGATGAGGCCCAG
CCTACATTGCCCCAGAACCTGGCG
GTGACAAAGAGCACCGGGTTG
CAACCCGGTGCTCTTTGTCACCGC
CAGGTTCTGGGGCAATGTAGG
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PINK1-Spot S228A Sense ATGTGGAACATCTCGGCAGGTGC
CTCCAGCGAAGCCATCTTGAAC
Antisense GTTCAAGATGGCTTCGCTGGAGG
CACCTGCCGAGATGTTCCACAT
PINK1-Spot S402A Sense GGCCTGCAGTTGCCCTTCAGCGC
CTGGTACGTGGATCGGGGCGGA
Antisense TCCGCCCCGATCCACGTACCAGG
CGCTGAAGGGCAACTGCAGGCC
PINK1-Spot T257A Sense GCTGGGGAGTATGGAGCAGTC
GCTTACAGAAAATCCAAGAGAGGT
Antisense ACCTCTCTTGGATTTTCTGTAAGC
GACTGCTCCATACTCCCCAGC
FLAG-SUMO2 Q89R Sense GATACAATTGATGTGTTCCAACGG
CAGACGGGAGGTTAGGATCCC
Antisense GGGATCCTAACCTCCCGTCTGCC

GTTGGAACACATCAATTGTATC

2.1.6 Protein Biochemistry Reagents

2.1.6.1 General Biochemistry Reagents

Complete protease inhibitor cocktail tablets (11836145001) were obtained from
Roche, and Pierce Phosphatase Inhibitor mini tables (A32957) were obtained from
Thermo Scientific. lodoacetamide (11149) and N-ethylmaleimide (E3876) were from
Sigma. ProtoGel 30% acrylamide was obtained from National Diagnostics. Bovine
Serum Albumin Fraction V (10735094001) was obtained from Roche, and low-fat
skimmed milk powder was purchased from the Co-operative. Restore PLUS Western
Blot Stripping Buffer (46430) was from Thermo Scientific. Protein G Sepharose 4
Fast Flow beads (17-0618-01) was obtained from GE Healthcare Biosciences.
Sheep IgG Isotype Control (31243) was purchased Invitrogen. ChromoTek GFP-trap
(gta) and Spot-trap (eta) agarose beads were obtained from Proteintech. PageRuler
Prestained Ladder (26616) was from Thermo Scientific. Whatman 3mm filter paper
(3030-917) was from Cytiva and Immobilon-FL 0.45 um PVDF transfer membrane
(IPFLO0010) was from Sigma.

2.1.6.2 Antibodies

A list of primary antibodies and secondary antibodies used for Western blotting can
be found in Table 5 and Table 6. A list of substrates used for chemiluminescence

detection can be found in Table 7.
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Table 5- List of primary antibodies used for Western blotting.

Protein Dilution | Company Catalog Number | Species | Preparation

Bcl-xL 1:1000 | Cell 54H6 Rabbit BSA
Signalling

Drpl 1:.1000 |BD 611112 Mouse BSA
Biosciences

FLAG 1:500 Sigma F3165 Mouse | Milk

GFP 1:10000 | ChromoTek | 3H9 Rat Milk

HA 1:1000 | Sigma H3663 Mouse Milk

K11-linked 1:1000 | Novus NBP3-05681 Rabbit Milk

Polyubiquitin Biologicals

K48-linked 1:1000 | Cell D9D5 Rabbit BSA

Polyubiquitin Signalling

K63-linked 1:1000 | Cell D7A11 Rabbit BSA

Polyubiquitin Signalling

K6-linked 1:1000 | Novus NBP3-05680 Rabbit Milk

Polyubiquitin Biologicals

LC3A/B 1:5000 | Cell D3U4C XP (R) Rabbit BSA
Signalling

MAPL 1:1000 | Abcam ab155511 Rabbit Milk

MFF 1:500 Santa Cruz Sc-398731 Mouse | Milk

PINK1 1:1000 | Cell D8G3 Rabbit BSA
Signalling

PINK1 1:1000 | Novus BC100-494 Rabbit BSA
Biologicals

PINK1 1:500 Novus NBP2-36488 Mouse | BSA
Biologicals

PINK1 1:1000 MRC PPU DU34557 Sheep Milk
Reagents (S085D)
and Services

p-SQSTM1 | 1:1000 | Cell D8D6T Mouse | BSA

(S403) Signalling

p-Ubiquitin 1:1000 | Cell E2J6T Rabbit BSA

(S65) Signalling

SBP 1:1000 | Millipore MAB10764 Mouse Milk

SENP1 1:1000 Cell D16D7 Rabbit BSA
Signalling

SENP3 1:1000 | Cell D20A10 Rabbit BSA
Signalling

SENP6 1:500 Sigma WHO0026054M1 | Mouse Milk

Spot-Tag 1:500 ChromoTek | 28A5 Mouse BSA

SQSTM1 1:1000 | Abnova MO1 Mouse | BSA

SUMO1 1:1000 | Cell 4930 Rabbit BSA
Signalling

SUMO2/3 1:1000 | Cell 18H8 Rabbit BSA
Signalling

Ubiquitin 1:1000 | Cell P4AD1 Mouse BSA

(total) Signalling
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VDAC 1:1000 | Cell D73D12 Rabbit BSA
Signalling
B-actin 1:10000 | Sigma A5441 Mouse BSA/Milk

Table 6- List of secondary antibodies used for Western blotting.

Antibody Dilution Company | Reference #
Donkey anti-sheep HRP 1:500 Abcam Ab6900
Goat anti-mouse 1IgG HRP | 1:10000 Sigma A3682
Rabbit anti-rat IgG HRP 1:10000 Sigma A5795

Goat anti-rabbit IgG HRP 1:10000 Sigma A6154

Table 7- List of HRP detection substrates used for Western blotting.

HRP Detection Substrates | Company Catalog #
Pierce ECL Western Blotting | Thermo 32209
Substrate: Weako

SuperSignal West Pico Thermo 34580

PLUS Chemiluminescence

Substrate

Immobilon Classico Millipore WBLUCO0500
Immobilon Crescendo Millipore WBLURO0500
Immobilon Forte Millipore WBLUFO0500
SuperSignal West Femto Thermo 34096
Maximum Sensitivity

Substrate

2.1.7 Recipes for commonly used solutions
SDS-PAGE Running Buffer: 25 mM Tris base, 250 mM glycine, 0.1% SDS
Electroblotting Transfer Buffer: 24 mM Tris base, 192 mM glycine, 10% methanol

10X Phosphate Buffered Saline (PBS): 1.37 M NaCl, 27 mM KCI, 100 mM NazHPOa,
20 mM KH2PO4 (pH 7.4)

1X Phosphate Buffered Saline-Tween (PBST): 137 mM NacCl, 2.7 mM KCI, 10 mM
Na;HPO4, 2 mM KH2PO4, 0.001% Tween-20 (pH 7.4)

4X Sample Buffer/Laemmli Buffer: 8% SDS, 20% glycerol, 250 mM Tris pH 6.8,
0.008% bromophenol blue (supplemented with 10% B-mercaptoethanol when

preparing 2X sample buffer)
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Luria Broth (LB): 25 g Miller LB Broth powder in 1L dH2O (supplemented with
ampicillin- 100 pg/mL or kanamycin- 25 pg/mL as needed)

2.2 Molecular Biology Methods

All reactions were conducted in room temperature unless noted.
2.2.1 RNA extraction

To generate PINK1-GFP and mutant plasmids, RNA was initially extracted from
HEK293T cells using the Qiagen RNAeasy mini kit (#74104) as per manufacturer
instructions. One confluent 60 mm dish of HEK293T cells was lysed in 600 pL of
RLT buffer containing 1% [-mercaptoethanol. One volume of freshly prepared 70%
ethanol was added to this mixture, which was run down an RNA collection tube.
RNA was eluted from column using the 30 L of provided elution buffer and the

concentration was determined using a Nanodrop.
2.2.2 cDNA synthesis

From the extracted RNA, cDNA was prepared using the Thermo RevertAid First
Strand Kit (#K1622) as per manufacturer instructions starting with 5 pg of total RNA.

2.2.3 Isolation of Protein of Interest

Human PINK1 sequence was amplified from cDNA (prepared from HEK293T cells)
by polymerase chain reaction (PCR) using the WT PINK1 primers listed in Table 4.
Primers were diluted in 1XTE (1 mM Tris-HCI pH8.0, 0.1mM EDTA) buffer to 100 pM
stock concentration. PCR was setup as indicated in Table 9, and run according to
the settings in Table 8, using the KOD Hot State DNA Polymerase kit (Sigma,
71086-3). 3-5 pL of PCR product was run on a DNA agarose gel to ensure that a
product was made. The rest of the PCR product was cleaned and purified using the

GenelJet Gel Extraction kit (Thermo Scientific, KO691) before the next steps.
2.2.4 Restriction Digestion

Following isolation of PINK1 from total cDNA, two reactions were setup to digest (1)
the PCR product (insert) and (2) vector (peGFP-N1) using BamH1 and Hindlll
enzymes. Components of the first reaction was 20 uL PCR product, 10 uL CutSmart
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Buffer, 2 pL Hindlll, 2 pL BamH]I, and the second reaction was 2 pL vector plasmid
(peGFP-N1), 10 pL CutSmart Buffer, 2 uL Hindlll, 2 pL BamHI, and 2 pL Quick CIP.
This reaction was kept at 37°C for 2 hours.

2.2.5 Ligation

To ligate the insert into the vector, the following reaction was set up and left at room
temperature for 30 minutes: 2 uL Solution 1 ligase, 1 uL vector plasmid, 1 pL insert
(various dilutions of insert were tested: 1:1, 1:2, 1.5 depending on the size of the

insert compared to the plasmid).
2.2.6 Transformation

DH5a bacteria was thawed on ice prior to transformation. In a fresh autoclaved tube,
1 uL DNA (or entire 4 pL ligation reaction) was added to 10 uL DH5a (or 40 pL for
each ligation reaction). The mixture was then kept on ice for 30 minutes, and then
heat shocked at 42°C for 90 seconds. The tube was then kept on ice for 2 minutes,
followed by the addition of 100 uL plain LB or SOC. This mixture was then plated
onto agar plates with the appropriate antibiotic resistance (ampicillin or kanamycin).
If the plasmid was kanamycin-resistant, then this mixture was kept at 37°C for 1 hour

prior to plating.
2.2.7 Site-directed Mutagenesis

For site-directed mutagenesis, mutants were made using WT PINK1-GFP as the
template and the primers listed in Table 4, following the settings listed in Table 8
and recipe listed in Table 9. 1 uL of Dpnl was added to this PCR product for 1 hour
at 37°C before being purified using GeneJet Gel Extraction kit (Thermo Scientific,
K0691) and transformed into DH5a bacteria.

Table 8- Steps in general polymerase chain reaction.

Step Temperature/Duration

1. Polymerase activation 95°C for 2 minutes

2. Denaturation 95°C for 20 seconds

3. Primer Annealing 55°C for 10 seconds

4. Extension 70°C for 20 seconds/kilobase
Repeat steps 2-4 20 cycles total

5. Cooling 10°C for 5 minutes
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Table 9- Recipe for polymerase chain reaction.

Components Volume Final Concentration
10X Buffer 5puL 1X

dNTPs (2 mM each 5puL 0.2 mM each
nucleotide)

MgSO4 (25 mM) 3 pL 1.5mM
DMSO 2.5 L 5%

ddH20 20.5 pL -

Primers (Fwd and Rev- 1.5 pL each 0.3 uM each
10uM)

Template DNA (1 ng/uL) | 10 uL (total 10 ng)
KOD Hot Start DNA 1L 0.02U/pL
Polymerase

Total Volume 50 uL

2.2.8 Miniprep and midiprep

To screen colonies for correct DNA sequence, a single colony was picked using a
toothpick and grown in 3 mL of LB with ampicillin or kanamycin overnight at 37°C in
a shaking incubator (Innova 4330). DNA was then miniprepped according to
manufacturer instructions using GeneJET Plasmid Miniprep Kit (Thermo Scientific,
K0503). To synthesize more DNA, after transformation, a single colony was isolated
and grown in 100 mL LB overnight at 37°C and DNA was midiprepped using
GeneJET Plasmid Midiprep Kit (Thermo Scientific, KO481).

2.2.9 Colony Screening via PCR

To screen whether any minipreps contained the desired sequence, a mini 10 pL
PCR was done to amplify the gene of interest. The entire 10 uL PCR was then
combined with 2 pL of 6X Gel Loading Dye (NEB, B7024A) and run along with 10 pL
of HyperLadder (1 kB, Bioline) on a 0.8% or 1.5% agarose gel at 135V for 15-20
minutes on Mupid-One Electrophoresis tank. Gels were visualized using a benchtop

UV Transilluminator (UVP BioDoc-It Imaging System).
2.2.10 Sequencing

DNA samples were diluted in deionized water to 100 ng/pL, and 5uL per reaction
was sent to Source Bioscience. For PINK1-GFP plasmids, Source Bioscience
primers, CMVF_pCDNAS3, EGFP Nrev, or a custom PINK1_600F primer
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(TGCCTACATTGCCCCAGAACC) was used. For whole plasmid sequencing, DNA
samples were diluted in deionized water to 30 ng/uL and 10 pL per sequence was
sent to Eurofins.

2.3 Protein Biochemistry Methods

2.3.1 Immunoprecipitation and Co-immunoprecipitation

48-72 hours post transfection, cells were lysed in lysis buffer (150 mM NaCl, 50 mM
Tris, 1% Triton, protease inhibitors, 20 mM NEM, and 0.1% - 2% SDS), sonicated,
and spun down for 20 minutes at 16,100g. The soluble fraction was then added to
GFP-Trap or Spot-Trap beads (ChromoTek) and gently rotated for 1 hour at 4°C to
immunoprecipitate CFP or GFP-tagged proteins. Beads were washed 3X with wash
buffer (lysis buffer without NEM, protease inhibitors, or SDS). Sample buffer (125
mM Tris pH 6.4, 4% SDS, 10% glycerol, 0.004% bromophenol blue, 10% [3-
mercaptoethanol) was added to the beads and boiled for 10 minutes at 95°C. Before
immunoprecipitation, 6% of total cell lysate was taken for input, added to sample
buffer, and boiled for 10 minutes at 95°C. For co-immunoprecipitation experiments,
cells were lysed in (20 mM Tris, 137 mM NaCl, 2 mM NasP.O7, 2 mM EDTA, 1%
Triton, 25 mM B-glycerophosphate, 10% glycerol, protease inhibitors, and 20 mM

NEM) and samples were not sonicated.
2.3.2 Mitochondrial Isolation and Endogenous Immunoprecipitation of PINK1

Confluent 150 mm dishes of HEK293T cells were detached using trypsin,
centrifuged 1500 rpm 3 mins, washed once with 1XPBS, pelleted, and frozen at -80°
overnight. Cells were then thawed on ice, and mitochondria were isolated as per the
manufacturer’s protocol (Mitochondrial Isolation Kit for Cultured Cells, Abcam,
ab110170). (Note: 20 mM NEM was added to each of the reagents (A, B, and C)
provided in the kit to inhibit sentrin-specific protease activity). Mitochondrial pellet
retrieved from isolation protocol was then resuspended in 1XTGS buffer (0.1M Tris-
HCI, 0.15M NacCl, 10% glycerol, 0.5% glyco-diosgenin, 20 mM NEM, and protease
inhibitors), incubated on ice for 15 minutes, and centrifuged at 13,200 rpm for 10
minutes at 4°C. Lysates were cleared with 30 pL of protein G-sepharose beads for 2
hours. 10% of the pre-cleared samples were taken for total lysate, added to sample
buffer, and boiled 95°C for 10 minutes. Sheep anti-PINK1 (S085D) or control sheep-
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IgG (Thermo, #31243) was incubated with pre-cleared lysate overnight. Samples
were then incubated with 20 pL of protein G beads for 1 hour. Beads were washed
3X, added to sample buffer, and boiled 95°C for 10 minutes.

2.3.3 Deubiquitination and deSUMOylation in-vitro assay

PINK1-GFP was transfected in HEK293T cells and immunoprecipitated using GFP-
trap beads as described above. Beads were washed three times, and then
subsequently treated with constitutively active SENP1 (100 nM, purified in-house as
described in (Rocca et al., 2017) or active USP2 (500 nM, Biotechne, E-504) for 2
hours at 37°C. 2X laemmli buffer was added to the samples, boiled 95°C for 10
minutes, run on SDS-page, and immunoblotted for SUMO2/3 and ubiquitin.

2.3.4 Cell Lysis for total protein analysis

For experiments examining the total levels of proteins in cells (without
immunoprecipitating a particular protein of interest), cells were washed once in
1XPBS and lysed directly in 1X sample buffer, sonicated, and heated to 95°C for 10
minutes. Samples were then directly run on SDS-PAGE gels or stored in -20°C.

2.3.5 Western Blotting

2.3.5.1 SDS-PAGE

Gels were made in house using 1.5mm glass plates: 5% stacking gel (125 mM Tris
pH 6.8, 5% acrylamide, 0.1% SDS, 0.1% APS, 0.01% TEMED), 10-15% resolving
gel (375 mM Tris pH 8.8, 10-15% acrylamide, 0.1% SDS, 0.1% APS, 0.01%
TEMED). Samples were loaded onto gels using gel loading pipette tips with a
maximum volume of 60 pL in 10-well gels and 40 pL in 15-well gels. Gel tanks were
filled with running buffer and run at 80V for 20 minutes or until samples reached the

end of stacking gel, and at 120V until dye front reached the end of the gel.

2.3.5.2 Transfer

After samples were run on gels, proteins were transferred onto PVYDF membranes by
assembling the following materials in order onto a transfer cassette: foam pad, filter
paper, gel, PVDF membrane, filter paper, and foam pad. The placement of the

cassette into the transfer tank ensure that the gel faced the negative electrode
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(cathode) and the membrane faced the positive electrode (anode). Transfer tank
was filled with electroblotting transfer buffer and run at 400mA for 90-120 minutes.

2.3.5.3 Blocking and Immunoblotting

PVDF membranes were blocked with 5% milk (low-fat milk powder in PBST) or 5%
BSA (bovine serum albumin in PBST) for one hour at room temperature on a rocker.
Either milk or BSA was used depending on the preparation of the primary antibody
as per manufacturer suggestions. Membranes were incubated in primary antibody
(Table 5) for one hour at room temperature or overnight at 4°C. Membranes were
then washed with 1XPBST (three quick washes followed by three 5-minute washes).
Secondary antibody solutions were again made in the BSA or milk depending on the
preparation of the primary antibody. Membranes were incubated in secondary
antibody (Table 6) for one hour at room temperature and subsequently washed with

1XPBST (three quick washes followed by three 5-minute washes).

2.3.5.4 Chemiluminescence detection

Membranes were placed directly in 1 mL of HRP substrates listed in

Table 7 and developed on the Odyssey Fc LiCor system. Bands were quantified
using Image Studio.

2.4 Cell Culture Methods

2.4.1 Clonal cell maintenance

HEK293T cells were grown in complete media (Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS), penicillin (1000U)), and streptomycin
(0.1mg). Cells were passaged regularly for maintenance in a T75 flask. Cells were
first washed with sterile 1XPBS, trypsinized for 3 minutes at 37°C, followed by the
addition of complete media to stop the trypsin reaction. This mixture was then
centrifuged for 3 minutes at 1000 RPM. The cell pellet was resuspended in a total
volume of 10 mL DMEM. 2 million cells were added to a T75 flask containing
complete media and grown to 70-80% confluency before splitting again. Cells were

used for experiments anywhere from P2 till P20.
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2.4.2 Clonal cell line long term storage

For long term storage, cells were suspended in complete media (DMEM, 10% FBS,
penicillin and streptomycin) with 10% DMSO to a final volume of 2 million cells per
mL of media. Cells were stored in cyrogenic tubes first in isopropanol freezing
containers at -80°C overnight before transferring to liquid nitrogen cryostore for long-
term storage. For usage, cells were directly warmed at 37°C for 90 seconds to thaw

and cells were transferred to a T75 flask with complete media.
2.4.3 Transfection

For immunoprecipitation experiments, approximately 1.75 million HEK293T cells
were plated into 60 mm dishes and transfected when ~60-70% confluent. In plain
DMEM (without FBS, penicillin, or streptomycin), 2.5 pg of DNA (for a double
transfection) or 5 ug of DNA (for a single transfection of DNA) was added along with
lipofectamine 2000 (Thermo Fisher, 1.5 puL/ug of DNA). For siRNA-mediated
knockdown, JetPrime transfection reagent (Polyplus) was used. Similarly, SIRNA
was added to JetPrime buffer, along with JetPrime transfection reagent (2 pL/pg).
This transfection mix was kept at room temperature for 30 minutes and then added

dropwise onto cells.
2.5 MitoKeima mitophagy assay

2.5.1 Sample Preparation

35 mm glass bottom dishes (Greiner) were coated with poly-L-lysine for at least one
hour in 37°C to increase cell adhesion. 250,000 cells were seeded in each dish. The
cells were transfected the next day with 0.5 pg mitoKeima (pMitophagy Keima-Red
mPark2) and a SMART pool of siRNA targeting human MUL1 or a non-targeting
control at a final concentration of 20 nM. The amounts of DNA and siRNA were
chosen to maximum the chance cells imaged to have been expressing both. 36-48
hours after transfection, cells were imaged live using the SpinSR microscope. At
least one hour before imaging, cell media was changed to an “extra-buffering” media
without phenol red (imaging media: 1X DMEM- A14430-01, 10% FBS, 2mM L-
glutamine, 4.5 g/L glucose, 1mM sodium pyruvate, 40 mM HEPES pH 7.4). For
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experiments with CCCP, cells were stressed with 10 pM CCCP (or treated with
DMSO control) for one hour before imaging (directly in imaging media).

2.5.2 Image Acquisition Settings

Cells were imaged live on the Olympus IXplore SpinSR system (contains the
Yokogawa CSU-W1 SoRa spinning disk). Images were acquired using a 60X oll
immersion lens (1.5 numerical aperture, 0.11 mm working distance). During image
acquisition, glass dishes were kept in a 37°C chamber with constant CO: supply. All
acquisition settings (laser power, gain, exposure time, etc.) were kept constant
across all repeats. Cells were excited using 405 nm and 561 nm lasers and z-stacks

of 10 um range with 0.2 um step size was obtained.

2.6 Proteomics Methods

2.6.1 Sample Preparation

HEK293T cells were transfected with PINK1-GFP and WT or Q89R FLAG-SUMO?2.
Five 60 mm dishes were pooled for each condition, and cells were treated with
MG132 for 8 hours before immunoprecipitating PINK1 using GFP trap beads
following standard IP protocol mentioned above; however, 20 mM NEM was
substituted with 20 mM iodoacetamide in the lysis buffer as recommended by the
proteomics facility. Beads were washed three times in normal wash buffer and one
time in 1XPBS. Samples were prepared in duplicate and one set of beads in a
minimal amount of 1XPBS were sent for LC/MS. Validation of one IP sample and
both sets of input samples was done to ensure that samples sent to LC/MS
expressed PINK1-GFP and FLAG-SUMO2 using western blotting.

2.6.2 Analysis Parameters

Immunoprecipitated samples of PINK1 on agarose beads were sent to the University
of Bristol Proteomics Facility. Samples were digested with trypsin and analyzed by
nano-LC MSMS using an Ultimate 3000 nano-LC system. Results were run on
Sequest search against the Uniprot Human database and against a ‘common
contaminants' database with QTGG (+343.149Da) and pyro-glutamate-TGGG

(+326.123 Da) as a possible modification of a lysine (along with the standard
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modifications of oxidation and carbamidomethylation). Data was filtered using a 5%
FDR cut-off.

2.7 Statistics Methods

A one sample t-test (where the control was set to 100%) or as appropriate, a one-
way, two-way, or three-way ANOVA followed by multiple comparisons post-hoc test
was conducted to determine significance. For comparisons with more than two
groups, all data was normalized to the average of control condition values across alll
repeats. For imaging experiments, within one biological repeat, all values were
normalized to the average of the control condition. Outliers were removed using the

ROUT method (Q= 1%). Graphs and statistical tests were done on GraphPad Prism.
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Chapter 3: Interplay between SUMOylation,
ubiquitination, and phospho-ubiquitination of

mitochondrial fission factor

3.1 Introduction

Mitochondrial fission factor (MFF), one of four receptors for the GTPase dynamin-
related protein 1 (Drpl), is a major regulator of mitochondrial fragmentation (Gandre-
Babbe & van der Bliek, 2008; Otera et al., 2010).

MFF can undergo several post-translational modifications including phosphorylation,
ubiquitination, and SUMOylation. Under stress, MFF is phosphorylated at S155 and

S172 by AMP-activated protein kinase (AMPK), and this phosphorylation enhances

Drpl binding and promotes mitochondrial fission (Toyama et al., 2016).

MFF can also be ubiquitinated both basally and under stress by Parkin, a ubiquitin
E3 ligase known to be implicated in Parkinson’s disease (Gao et al., 2015; Kitada et
al., 1998; Lee et al., 2019). Stress induced ubiquitination of MFF at K251 (isoform 2)
by Parkin enhances p62 binding and mitophagy, while basal ubiquitination of MFF by
Parkin at K151 (isoform 1) targets it for lysosomal degradation (Gao et al., 2015; Lee
et al., 2019).

In addition to Parkin, unpublished work from the Henley lab suggests that F-box
protein O-type 7 (FBXQO7), another E3 ligase also implicated in Parkinson’s disease
(Fonzo et al., 2009), ubiquitinates MFF. MFF is a substrate of poly-ubiquitin chains
and has been identified to form K63-linked ubiquitin chains (L. Lee et al., 2019).
Further characterization of this poly-ubiquitin chain and whether it can be further
modified by phosphorylation provide interesting and potentially important avenues

for investigation.

As well as phosphorylation and ubiquitination, MFF is also a substrate for
SUMOylation by the E3 SUMO ligase, mitochondrial-anchored protein ligase
(MAPL), at K151 (Seager et al., 2023). MFF SUMOylation promotes stress induced
mitochondrial fragmentation and enhances displacement of MiD proteins from the
Drp1-MiD-MFF complex. SENP3 and SENP5 deSUMOylate MFF, although the role
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of other SENPs such as SENP6 and SENP7 in MFF deSUMOylation remain to be
examined (Seager et al., 2023).

Crosstalk between these post-translational modifications can provide cells an extra
layer of more nuanced regulation. In the case of MFF, phosphorylation of MFF by
AMPK promotes its SUMOylation under stress (Seager et al., 2023). It has also been
shown that non-SUMOylatable mutants of MFF (K151R and E153A) have decreased
ubiquitination. These data suggest that SUMOylation of MFF could promote its
ubiquitination, possibly via a SUMO-targeted ubiquitin ligase (STUbL).

| contend that better understanding of the interplay between these post-translational
modifications and defining their individual and cumulative effects on MFF function

represents an exciting and potentially therapeutically useful new avenue to explore.

3.2 Aims

The focus of the work detailed in this chapter was to use a series of initial trial and
preliminary validation experiments to investigate the interplay between MFF
SUMOylation, ubiquitination, and phospho-ubiquitination. Related to this | also set
out to assess if SENP6 has a role in affecting this interplay, either directly or
indirectly via different binding partners. The overall aim was to define the directions,
scope and parameter for subsequent experiments comprising the bulk of my thesis

research. The specific objectives, were to:

e Identify whether SENP6 or SENP7 play a role in regulating MFF
SUMOylation and subsequent ubiquitination, or its interaction with Drpl

e Further characterize the ubiquitin chain on MFF by examining lysine-specific
linkages or post-translational modifications of poly-ubiquitin chains on MFF

e Identify a SUMO-targeted ubiquitin ligase (STUbL) or other ubiquitin E3
ligases for MFF

 Examine the mechanism and role of phosphorylation of ubiquitinated MFF,
and whether this is dependent on the SUMOylation of MFF
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3.3 Results

3.3.1 SENPS6 edits poly-SUMOZ2/3 chains of MFF.

Previous work from the Henley lab identified mitochondrial fission factor (MFF) as a
novel SUMO substrate (Seager et al., 2023). It can be SUMOylated by SUMO1,
SUMO2/3, and can even form poly-SUMO2/3 chains. Two sentrin-specific proteases,
SENP3 and SENPS5, were shown to deSUMOylate MFF (Seager et al., 2023).
However, the role of SENP6 and SENP7 in deSUMOylation of MFF or editing its
poly-SUMO2/3 chains remains to be investigated.

Therefore, to first test if SENP6 and SENP7 can deSUMOylate MFF, | co-transfected
SBP-SENP6 and SBP-SENP7 with CFP-MFF in HEK293T cells and
immunoprecipitated MFF using GFP-trap beads. Overexpression of CFP-MFF
together with SBP-SENP6 significantly decreased total SUMO2/3, mono-SUMO2/3,
and poly-SUMO2/3 levels on MFF (Figure 3.1). However, this decrease was not
observed with the overexpression of SBP-SENP7 along with CFP-MFF, indicating
some specificity of SBP-SENP6 on MFF deSUMOylation.

e c—
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Figure 3.1- Overexpression of SENP6 reduces SUMO2/3 levels on MFF in HEK293T cells.

(A) HEK293T cells were transfected with CFP-MFF and SBP-SENP6, SBP-SENP7, or FLAG-SENP3
for 48 hrs. CFP was immunoprecipitated using GFP-trap agarose beads and samples were run on
SDS-PAGE. Before immunoprecipitation, 6% of input was taken.

(B) Quantification of total SUMO2/3 smear, lower molecular weight SUMO2/3 (lowest single band in
SUMO2/3 smear), and poly-SUMO2/3 (smear above lowest single band) on MFF. To test significance,
a one sample t-test was conducted only for groups with n>3 (n=2-5, ***p<0.001, ****p<0.0001).

SBP-SENP6 and CFP-MFF overexpression also significantly decreased SUMO1
levels (Figure 3.2). Given that SENP6 has previously been identified to edit poly-
SUMOZ2/3 chains (Mukhopadhyay et al., 2010), this effect of decreased total SUMO1
and SUMOZ2/3 levels might be attributed to the fact that SENPG6 is being

overexpressed.
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Figure 3.2- Overexpression of SENP6 decreases SUMO1 levels on MFF in HEK293T cells.

(A) HEK293T cells were transfected with CFP-MFF and SBP-SENP6, SBP-SENP7, or FLAG-SENP3
for 48 hrs. CFP-MFF was immunoprecipitated and sample immunoblotted for SUMO1 and GFP. Before
immunoprecipitation, 6% of input was taken.

(B) Quantification of total SUMOL1 (lower band and higher molecular weight smear). To test
significance, a one sample t-test was conducted only for groups with n=3 (n=1-3, **p<0.01).

To test whether SENP6 edits poly-SUMO2/3 chains MFF | used an siRNA-mediated
approach to knockdown SENP6 in HEK cells overexpressing CFP-MFF. Knockdown
of SENP6 increased poly-SUMOZ2/3 levels on MFF, but not total levels of SUMO2/3,
consistent with SENP6 editing poly-SUMO2/3 chains on MFF (Figure 3.3).

Figure 3.3- siRNA mediated knockdown of SENP6 increases poly-SUMO2/3 levels on MFF.

HEK293T cells were transfected with WT CFP-MFF and siControl or sSiSENP6 (20nM) for 48 hours, and
MFF was immunoprecipitated.

(A) Representative blot of SENP6 knockdown and corresponding MFF SUMO-2/3-ylation

(B) Quantification of total SUMO2/3, poly-SUMO2/3, and mono-SUMO2/3 levels on MFF (n=6, one
sample t-test, *p<0.05)
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3.3.2 SENPG6 overexpression does not alter MFF ubiquitination MFF.

Previous work from the Henley has shown that MFF is SUMOylated at a single
lysine, K151 (Seager et al., 2023). Mutation of this lysine to an arginine completely
prevents MFF SUMOylation, and also results in ~60% less ubiquitination compared
to WT MFF. To further investigate the interplay between SUMOylation and
ubiquitination of MFF, | first replicated this decreased ubiquitination of the KR mutant
of MFF and tested whether SENP6 overexpression affects the levels of ubiquitinated
MFF. | observed a slight decrease (~20%) in ubiquitination of MFF in the KR mutant
compared to WT, but no significant change in ubiquitination of MFF when SBP-
SENPG6 is overexpressed along with WT/KR MFF (Figure 3.4).
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Figure 3.4- Ubiquitination levels of MFF do not change in response to SENP6 overexpression.
(A) HEK293T cells were transfected with WT CFP-MFF or K151R CFP-MFF and SBP-SENP6, SBP-
SENP7, or SBP-SENP1 for 48 hrs. CFP was immunoprecipitated using GFP-trap agarose beads and
samples were run on SDS-PAGE. Before immunoprecipitation, 6% of input was taken.

(B) Quantification of ubiquitin smear above CFP-MFF molecular weight. To test significance, a one
sample t-test was conducted for groups with n=3 (n=1-3).
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3.3.3 Ubiquitination and SUMOylation of MFF do not form hybrid chains.

SUMO and ubiquitin can form hybrid chains composed of both SUMO and ubiquitin
(Komander & Rape, 2012). Although not central to the thrust of my research | was
interested to assess if these chains occur on MFF. Therefore, | tested whether the
SUMOylation smear observed on MFF also contained ubiquitin. | first overexpressed
CFP-MFF in HEK cells and performed an immunoprecipitation of MFF using GFP
trap beads. | then incubated these beads with constitutively active SENP1 and USP2
for 2 hours. SENP1 abolished the SUMO smear on MFF but did not affect the MFF
ubiquitination (Figure 3.5, lane 3). In this experiment USP2 did not remove ubiquitin
from MFF (lanes 4 and 5). Thus, since the addition of SENP1, and subsequent
deSUMOylation of MFF did not change MFF ubiquitination MFF (lane 3), it can be
reasoned that SUMO and ubiquitin do not form hybrid chains on MFF. | did not carry
on with these experiments as | suspected the USP2 enzyme | used was not effective

in deubiquitinating proteins indiscriminately.
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Figure 3.5- In-vitro deSUMOylation/deUbiquitination assay.
HEK?293T cells were transfected with WT CFP-MFF for 48 hrs. CFP was immunoprecipitated using
GFP-trap agarose beads. Samples were pooled and divided into four equal portions. Catalytically active

SENP1 (100 nM), USP2 (500 nM), or both SENP1 and USP2 were added for 1 hour and gently agitated
periodically. Samples were run on SDS-page gel. (n=1)

3.3.4 MFF can form different poly-ubiquitin linkages.

Interestingly, when probing for ubiquitin on MFF, a smear was observed (Figure
3.5). Poly-ubiquitin chains can be formed when one ubiquitin molecule is conjugated
to one of the seven lysines on ubiquitin (Swatek & Komander, 2016). To assess the
ubiquitin chain on MFF, | undertook a single experiment in which | probed with
several lysine linkage-specific ubiquitin antibodies, as well as with a total ubiquitin

antibody.

Cells were also treated with the mitochondrial stressor CCCP for one hour to

potentially enhance ubiquitination of MFF. Along with total ubiquitin smear, a single
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band of polyUb-K6 around 100 kDa was observed (Figure 3.6). This single band
was not present when cells were treated with CCCP, suggesting that it could play a
role in basal ubiquitination and turnover of MFF.

There was also a single polyUb-K11 band present at a similar molecular weight as
CFP-MFF, which could potentially be K11-ubiquitinated CFP-MFF or unmodified
CFP-MFF due to so much of it being present on the membrane. For both polyUb-
K48 and pS65-Ub, a higher molecular weight smear above CFP-MFF was present in
both DMSO and CCCP conditions, suggesting that K48 linked ubiquitin can be
conjugated to MFF, and that poly-ubiquitinated-MFF can be phosphorylated (Figure
3.6).
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Figure 3.6- Lysine-specific and modified linkages of ubiquitin on MFF.
HEK293T cells were transfected with CFP-MFF for 48 hours. MFF was immunoprecipitated using GFP

trap beads, and samples were immunoblotted for total ubiquitin and lysine-specific and modified poly-
ubiquitin chains (n=1).
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3.3.5 MARCHS5 is a potential E3 ubiquitin ligase of MFF.

The ubiquitin E3 ligase Parkin ubiquitinates MFF at K151 and K302 (Gao et al.,
2015; L. Lee et al., 2019). Additionally, unpublished data from the Henley lab
suggests that FXBO7 can ubiquitinate MFF. | wanted to see if there are any other
ubiquitin E3s that could potentially ubiquitinate MFF. This was because when Parkin
and FBXQO7 are knockdown together ubiquitination of MFF is not completely
abolished, indicating that another E3 ligase might be ubiquitinating MFF. | tested
three additional potential ubiquitin E3 ligases for MFF, namely, RNF4, MARCH5, and
SIAH1 by overexpressing each with WT and non-SUMOylatable MFF (K151R)
(Figure 3.7, Figure 3.8). Overexpression of MARCHS5 with CFP-MFF significantly
increased ubiquitin levels on MFF, while RNF4 and SIAH1 had no effect on MFF
ubiquitination. K151R CFP-MFF was used as a positive control and showed reduced
ubiquitination (L. Lee et al., 2019).
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Figure 3.7- MARCHS is a potential E3 ligase for MFF.

(A) HEK293T cells were transfected with WT CFP-MFF or K151R CFP-MFF, SBP-RNF4, or SBP-
MARCHS for 48 hrs. CFP-MFF was immunoprecipitated using GFP-trap agarose beads and samples
were immunoblotted for ubiquitin, SUMO2/3, and GFP (B) Quantification of ubiquitin levels above CFP-
MFF molecular weight, normalized to WT MFF (n=1-3, one sample t-test, *p<0.05)
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Figure 3.8- SIAH1 does not ubiquitinate MFF.

(A) HA-SIAH1 was overexpressed in HEK293T cells along with CFP-MFF. Using GFP-trap beads,
CFP-MFF was immunoprecipitated and samples were immunoblotted for total ubiquitin.

(B) Quantification of ubiquitin levels on MFF, normalized to WT MFF (n=1)

3.3.6 K151 could be a site of ubiquitination on MFF by MARCHS5.

To interrogate whether MARCH5 was a SUMO-targeted ubiquitin ligase (STUbL),
SUMO and ubiquitin mutants of MFF

e K151R- direct SUMO/ubiquitin site mutation,

e E153A- disruption of SUMO consensus sequence,
e K302R- direct ubiquitin site mutation,

e 2KR- direct mutation of both K151 and K302)

were overexpressed with MARCHS5 (Figure 3.9).

Previous unpublished work from the Henley lab suggests that both K151R and
E153A CFP-MFF have significantly reduced SUMOylation, and subsequent
ubiquitination; therefore, | tested whether the SUMOylation state of MFF affects
ubiquitination by MARCHS. It is likely that MARCHS5 ubiquitinates MFF at K151 as
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the ubiquitin levels on WT MFF but not K151R mutant is increased (Figure 3.9).
MARCHS is most likely not a STUbL, as the E153A mutant also has increased
ubiquitination of MFF similar to WT MFF when MARCHS5 is overexpressed (Figure
3.9). Subsequently, to test whether MARCHS5 can bind to MFF, | attempted co-
immunoprecipitation (Figure 3.10). MARCHS binds to both WT and K151R CFP-
MFF but not to E153A or K302R CFP-MFF, and possibly binds more strongly to
K151R MFF than the WT.
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Figure 3.9- MARCHS potentially ubiquitinates MFF at K151.

(A) HEK293T cells were transfected with SBP-MARCHS5 and WT CFP-MFF, K151R CFP-MFF, E153A
CFP-MFF, K302R CFP-MFF, or 2KR CFP-MFF for 48 hrs. CFP was immunoprecipitated using GFP-
trap agarose beads and samples were run on SDS-PAGE. Before immunoprecipitation, 6% of input was
taken.

(B) Quantification of ubiquitin smear above CFP-MFF molecular weight, normalized to WT CFP-MFF
(n=2)
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Figure 3.10- MARCHS5 binds to MFF.

(A) HEK293T cells were co-transfected with SBP-MARCHS5 and WT CFP-MFF, K151R CFP-MFF,
E153A CFP-MFF, or K302R CFP-MFF for 48 hrs. Supernatant of lysates were placed on GFP-trap
agarose beads, and CFP co-immunoprecipitates were run on SDS-PAGE. Before co-
immunoprecipitation, 6% of input was taken.

(B) Quantification of SBP-MARCHS5 binding to CFP-MFF, normalized to WT MFF + MARCHS5 (n=1)

3.3.7 SUMOylation state of MFF affects binding to Drp1.

It is well established that MFF is one of four Drpl receptors on the outer
mitochondrial membrane for MFF (Otera et al., 2010). The non-SUMOylatable
mutant, K151R MFF binds significantly less to Drpl compared to WT MFF (Seager
et al., 2023). To further explore how the SUMOylation state of both MFF and Drpl
affect their interaction, | overexpressed SENP3, which deSUMOylates both MFF and
Drpl (C. Guo et al., 2017a; Seager et al., 2023), together with WT or non-
SUMOylatable mutants of MFF and Drpl (Figure 3.11).

In this experiment, 4KR HA-Drp1l was not expressed; however, the positive control of
WT vs. K151R CFP-MFF shows that there the SUMO mutant of MFF binds less to
Drpl (Figure 3.11, lane 3 and lane 7 on the HA IP blot). When SENP3 is
overexpressed to deSUMOylate both MFF and Drpl, there seems to be more Drpl
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binding to MFF (lane 4). A similar increase was observed in K151R MFF binding
when SENP3 is overexpressed (lane 8), suggesting that the SUMOylation state of
Drpl might play a bigger role than the SUMOylation state of MFF in regulating their
interaction (Figure 3.11).

As mentioned SENP3 is known to deSUMOylate both MFF and Drp1 (C. Guo et al.,
2017a; Seager et al., 2023) so | next tested the role of SENP6. SENP6
overexpression in HEK cells together with MFF and Drpl, slightly increased Drpl
binding to MFF (Figure 3.12). The non-SUMOylatable mutant of MFF displayed
reduced binding to Drpl as observed previously; however, with SENP6
overexpression the binding between Drpl and the non-SUMOylatable mutant of
MFF was enhanced. Overexpression of SBP-SENP6 together with WT or K151R
MFF and HA-Drpl had similar trends to expressing FLAG-SENP3. It is notable,
however, that the magnitude of the increase is less with SENP3. | did not pursue this
line of research because | was keen to focus on different aspects of my PhD.
Nonetheless, | believe these findings are interesting and in future work it would be
important to do more repeats to define whether SENP6 deSUMOylates Drpl.
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Figure 3.11- Drp1 binding to MFF with SENP3 overexpression.

Drp1-Mff Interaction in WT vs K151R Mff
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(A) HEK293T cells were co-transfected with WT CFP-MFF or K151R CFP-MFF, WT HA-Drpl or 4KR
HA-Drpl, and FLAG-SENP3 for 48 hrs. CFP-MFF was immunoprecipitated under non-denaturing
conditions to preserve noncovalent interactions

(B) Quantification of Drpl binding to MFF, normalized to WT MFF + WT Drp1l (n=1)
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Figure 3.12- Drpl binding to MFF with SENP6 overexpression.
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(A) HEK293T cells were co-transfected with WT CFP-MFF or K151R CFP-MFF, WT HA-Drp1, and
SBP-SENPG6 for 48 hrs. Supernatant of lysates were placed on GFP-trap agarose beads, and CFP co-
immunoprecipitants were run on SDS-PAGE. Before co-immunoprecipitation, 6% of input was taken.

(B) Quantification of Drpl binding to MFF, normalized to WT MFF + WT Drpl (n=1)

3.3.8 PINK1 phosphorylates ubiquitinated MFF.

As shown in Figure 3.6, | immunoblotted MFF immunoprecipitated samples with
lysine-linkage antibodies. A higher CFP-MFF molecular smear was present when
probed for phospho-Ser65-ubiquitin in both DMSO and CCCP conditions. The most
likely candidate kinase to phosphorylate ubiquitinated MFF is the well-established
ubiquitin kinase, PTEN-induced kinase 1 (PINK1) that phosphorylates ubiquitin at
serine 65 (Kane et al., 2014), and phosphorylates other ubiquitinated outer
mitochondrial membrane proteins (D. P. Narendra et al., 2010). As shown in Figure
3.13, PINK1 knockdown in HEK cells significantly decreased phospho-ubiquitin
levels on MFF. Interestingly, ubiquitin levels were not decreased, indicating that a

change in phosphorylated ubiquitin (pUb) was not dependent on any changes in
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ubiquitin levels. In addition, the ratio of pUb/Ub levels was significantly decreased in
PINK1 knockdown cells, suggesting that PINK1 phosphorylates ubiquitinated MFF.
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Figure 3.13- PINK1 phosphorylates ubiquitinated MFF under basal conditions.

(A) HEK cells were transfected with CFP-MFF and siControl or siPINK1 (20 nM) for 48 hours. Cells
were then lysed, and CFP-MFF was immunoprecipitated using GFP-trap beads. IP samples and 6%
input were run on SDS-PAGE gel.

(B) Quantification of pS65-ubiquitin, ubiquitin, and SUMOylation of MFF (n=5, one-sample t-test
*p<0.05, *p<0.01, ***p<0.001, ****p<0.0001)

(C) Schemaitic illustrating MFF phosphorylation promoting MFF SUMOylation at K151; PINK1
phosphorylating ubiquitin on MFF

3.3.9 SENP1 overexpression decreases phospho-ubiquitin levels of MFF.

After confirming PINK1 phosphorylates ubiquitinated MFF, | next explored if this
process was dependent on the SUMOylation state of MFF. Overexpression of
SENP1 with CFP-MFF decreased phosphorylated-ubiquitin levels but not ubiquitin
levels on MFF (Figure 3.14). The pUb/Ub ratio was also significantly decreased,
indicating that the decrease in the levels of phosphorylated ubiquitin is not due to

lower levels of total ubiquitin.

Based on two separate experiments it appeared that SENP1 or SENP3 knockdown
increased MFF phosho-ubiquitination of MFF (Figure 3.15). However, SENP1
knockdown also appeared to increase ubiquitin levels, suggesting the increase in
phosphorylated ubiquitin could simply be a consequence higher levels ubiquitin
available for phosphorylation. Nonetheless, these data suggest the balance of
phospho-ubiquitin to ubiquitin ratio was increased following SENP3 knockdown
(Figure 3.15).
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Figure 3.14- Overexpression of SENP1 significantly reduces pUb-MFF levels.

HEK293T cells were overexpressed with WT CFP-MFF and pcDNA or SBP-SENPL1. (A) Representative
blots probing for pUb, Ub, and GFP (B) Quantification of pUb and ubiquitin levels (n=3, one sample t-
test, **p<0.01) (C) Schematic of PINK1 phosphorylation, MFF, and ubiquitin interplay

Figure 3.15- Evidence that SENP3 knockdown increases pUb:Ub ratio of MFF.

(A) HEK293T cells were transfected with WT CFP-MFF and siControl, SISENP1 (50 nM) or SiISENP3
(50 nM). MFF was immunoprecipitated using GFP trap beads, and samples were immunoblotted for
pUb and Ub levels on MFF.

(B) Quantification of phospho-ubiquitin, ubiquitin, SUMO2/3 levels, and pUb:Ub ratio (n=2)
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3.3.10 SENP overexpression decreases pUb of WT MFF but not KR MFF.

My data show that SENP1 overexpression decreased pUb levels on MFF (Figure
3.14), so | next tested if the phosphorylation of MFF conjugated ubiquitin MFFis
dependent on the SUMOylation state of MFF. There was significantly less phosphor-
ubiquitinated MFF when SENP1, SENP3, or SENP6 was overexpressed with WT
CFP-MFF, but not K151R mutant of MFF (Figure 3.16). Again, there was no
significant change in ubiquitin levels, but a significant decrease in pUb/Ub ratio when
SENP1, SENP3, or SENP&6 is overexpressed. This could indicate that the
SUMOylation state of MFF does not directly influence this interaction, and that
SENPs could directly deSUMOylate PINK1 and/or act via another indirect

mechanism.
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PINK1  Mmff

PINK1  Mff

Figure 3.16- pUb-MFF significantly decreases in response to SENP1, SENP3, and SENP6
overexpression but not SUMO mutant of MFF.

(A) Representative blots of pUb, Ub, and GFP when CFP-MFF WT or KR is overexpressed along with
SBP-SENP1, SENP3, or SENP6

(B) Quantification of pUb, Ub, and pUb:Ub ratio on MFF (n=3-4, one sample t-test between WT MFF
and other conditions, one-way ANOVA to compare between groups, *p<0.05, **p<0.01, ***p<0.001,
***p<0.0001)

3.3.11 Effects of MFF and Drpl knockdown on markers for mitophagy and
autophagy in HEK cells.

To augment my work on PTMs of MFF, | also decided to do a preliminary
investigation for how MFF and Drpl impact on levels of selected mitophagy and
autophagy markers. The long-term purpose was to assess if the interplay between
PTMs of MFF impact on mitophagy and autophagy. To induce mitophagy and
autophagy, | stressed cells with the protonophore, CCCP, for 0, 2, 4, or 6 hours, and

then probed for relevant markers (Figure 3.17).

Although this was just an n of 1, there was an increasing trend of LC3-II/LC3-I ratio
and a decrease in Bcl-xL when Drpl was knocked down. There was also a trend to a
small increase in Bcl-xL when MFF was knocked down. An interaction between

Drpl, MFF, and Bcl-xL in a SENP dependent manner has been previously described
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(C. Guo et al., 2021). Overall, although not an immediate focus for my thesis
research, | believe these initial data provide an interesting and potential far-reaching
avenue for further exploration.
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Figure 3.17- Effect of MFF and Drp1 knockdown on selective autophagy and mitophagy markers.

(A) HEK cells were transfected with a control sSiRNA or siRNA targeting pool against MFF (50 nM) or
Drpl (50 nM) and stressed with CCCP (10 uM) for 0, 2, 4, or 6 hours. Samples were lysed in 2X
laemmli buffer and blotted for several autophagy and mitophagy markers

(B) Quantification of selective markers normalized to siCtrl, 0 hr. CCCP treatment (n=1)

3.3.12 PINK1 promotes Bcl-xL binding to MFF.

As shown in Figure 3.13, PINK1 can phosphorylate ubiquitinated MFF. To further
explore this, and given the slight trend to increased Bcl-xL levels in MFF and Drpl
knocked down, | tested the effect of sSiRNA-mediated PINK1 knockdown on MFF -
Bcl-xL binding (Figure 3.18). As a positive control, in panel A, overexpression of
SENP3 increased Bcl-xL binding to MFF as previously reported (C. Guo et al.,
2021). PINK1 knockdown decreased the interaction between MFF and Bcl-xL
(Figure 3.18B, quantified in Figure 3.18C).

Figure 3.18- PINK1 knockdown decreases Bcl-xL binding to MFF.

(A) HEK cells were transfected with CFP-MFF and SBP-SENP3. Cells were lysed in buffer without SDS
to examine noncovalent interactions. CFP-MFF was immunoprecipitated using GFP trap beads, and
samples were blotted for endogenous Bcl-xL and GFP. (B) HEK cells transfected with CFP-MFF along
with a control siRNA against firefly luciferase (20 nM siFluc) or PINK1 (20 nM siPINK1) for 48 hours.
CFP-MFF was immunoprecipitated under non-denaturing conditions to preserve noncovalent
interactions, and samples were immunoblotted for endogenous Bcl-xL and GFP (C) Quantification of
Bcl-xL co-immunoprecipitation to CFP-MFF (n=5, one sample t-test, *p<0.05)
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3.4 Discussion

3.4.1 Key findings

e SENPS6 edits poly-SUMO2/3 chains on MFF.

e MARCHS is a potential ubiquitin E3 ligase for MFF.

* PINK1 phosphorylates ubiquitinated-MFF, potentially through a SUMO-
dependent mechanism.

e PINK1 promotes the binding of Bcl-xL to MFF.

3.4.2 Therole of SENP6 in regulating MFF SUMOylation, MFF ubiquitination,

and interaction with Drpl.

SENP6 has been shown to selectively edit poly-SUMO2/3 chains on substrates
(Mukhopadhyay et al., 2006). Previous work from the Henley lab has shown that
MFF is both SUMO-1-ylated and SUMO-2/3-ylated; particularly, poly-SUMO2/3

chains can form on MFF.

When overexpressed in HEK293T cells, SENP6 removes SUMO1 and SUMO2/3
chains from MFF, and when SENP6 is knocked down, there is an increase in poly-
SUMOZ2/3 chains on MFF. Thus, this suggests that SENP6 selectively removes or
edits poly-SUMOZ2/3 chains on MFF. This removal of poly-SUMO2/3 chains does not
affect MFF ubiquitination levels, suggesting that if there is a STUbL for MFF, it most
likely does not depend on poly-SUMOZ2/3 chains on MFF.

MFF is one of four main receptors for Drpl, and deSUMOylation of Drpl enhances
its binding to MFF (C. Guo et al., 2017a). Unpublished data from the Henley lab
have shown that the deSUMOylation of MFF reduces its binding to Drpl. To
understand the role of SENP6 in the interaction between MFF and Drpl, SENP6
was overexpressed along with Drpl and MFF. As expected, the non-SUMOylatable
mutant K151R MFF had reduced binding with Drpl. Interestingly, with the addition of
SENP6 to K151R MFF and Drp1, there is a slight increase in binding. This could be
due to SENP6 deSUMOylating Drp1, and this should be further investigated.

Given that it's been shown that SENP6 (Hattersley et al., 2010) mostly localizes to
the nucleus, it is intriguing and informative that it can affect the SUMOylation of a

mitochondrial protein such as MFF. Future work should explore the role of SENP6 in
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the mitochondria, whether it can be shuttled to and from the nucleus, any
mitochondrial substrates it can act on, and whether it plays a role in maintaining
mitochondrial morphology or regulating mitophagy.

3.4.3 MARCHS is a potential ubiquitin E3 ligase of MFF.

MARCHS is a mitochondrial ubiquitin ligase that is known to play a role in
mitochondrial dynamics (Park et al., 2010; Yonashiro et al., 2006). Along with Parkin
and FBXQO7 (Gao et al., 2015; L. Lee et al., 2019), here | show that MARCH5
ubiquitinates MFF under basal conditions. MARCH5 most likely ubiquitinates MFF at
K151, since ubiquitin levels on MFF is decreased in the K151R MFF mutant when
MARCHS5 is overexpressed.

Ubiquitination of MFF by MARCHS5 appears to be independent of the SUMOylation
state of MFF, as the ubiquitin levels on the non-SUMOylatable but ubiquitinated
E153A MFF mutant are also increased similar to WT MFF when MARCHS5 is
overexpressed. This indicates that MARCHS5 is unlikely to be a STUbL for MFF.
There are other ubiquitin E3 ligases, that | have not tested, that could possibly be
candidates for a STUbL, such as HUWEL1 and Arkadia, that can be further
investigated (di Rita et al., 2018; Sriramachandran et al., 2019). Intriguingly, it is
already known that MARCH5 knockdown promotes mitochondrial elongation (Park et
al., 2010). Because MARCHS5 ubiquitinates MFF, in future work it would be

interesting to investigate whether this occurs in an MFF-dependent manner.

3.4.4 Characterization of MFF ubiquitination: lysine linkages, and phospho-

ubiquitination.

Poly-ubiquitinated MFF has previously been reported to comprise of at least one
single identifiable K63-linked ubiquitin band and no K48-linked ubiquitin chains (L.
Lee et al., 2019). | detected a single K6-linked ubiquitin band and a smear of K48-
linked ubiquitin chains on MFF. It is important to note that although canonically K48-
linked chains have been attributed to targeting proteins for degradation, mixed or
branched chains containing K48-linked chains have been attributed to other
functions such as regulating kinase activation (Musaus et al., 2020). Thus, one
possible interpretation of this data is that MFF could be degraded via the lysosome

(as K63-linked proteins tend to be targeted for lysosomal degradation), and K48-
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linked poly-ubiquitin mixed or branched chains of MFF could serve another function.
On the other hand, K6-linked ubiquitin chains added by Parkin have been shown to
be involved in mitophagic processes (Durcan et al., 2014), suggesting that K6-linked
MFF could play a role in regulating basal mitophagy.

Although not pursued here because of other priorities, examining whether this K6-
linked ubiquitin band disappear with Parkin knockdown is a future experiment that
could shed light on the purpose and mechanism of K6-linked ubiquitinated MFF.

Additionally, a smear of phospho-S65-ubiquitin phosphorylated at S65, suggesting

that poly-ubiquitin chains on MFF can be modified.
3.4.5 PINK1 phosphorylates ubiquitinated MFF.

The primary canonical function of PINK1 in mitochondria relates to conditions of
decreased membrane potential and mitochondrial stress (Jin et al., 2010). Here,
under basal conditions, when PINK1 is knocked down, phospho-ubiquitin levels on
MFF are significantly decreased, indicating that PINK1 phosphorylates ubiquitin on
MFF under non-stressed conditions. Additionally, overexpression of SENP1
decreases phospho-ubiquitin levels on MFF, similar to PINK1 knockdown; however,
non-SUMOylatable mutants of MFF do not have this decrease in phospho-ubiquitin
similar to overexpression of SENP1. Since both SENP1 treated and the non-
SUMOylatable mutants of MFF are not SUMOylated, it would be expected that both

would have decreased phospho-ubiquitin levels. However, this is not the case.

This could mean that SENP1 indirectly affects phosphorylation of ubiquitinated MFF,
either by transcriptionally affecting PINK1 or by deSUMOylating other interactors. In
this context it is interesting that phospho-ubiquitinated MFF was detected under
basal conditions, suggesting that this could play a role in regulating basal mitophagy.
It is important to note, however, that in these experiments CFP-MFF was
overexpressed which may have inadvertently stressed the cells. Therefore, we
cannot definitely rule out the unlikely possibility that these conditions promoted
degradation of overexpressed MFF via ubiquitination and subsequent phospho-

ubiquitination.
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3.4.6 PINK1, MFF, and Bcl-xL.

The anti-apoptotic protein Bcl-xL binds to Drpl and MFF in a SENP dependent
manner (C. Guo et al., 2021). Here, | have shown that PINK1 knockdown decreases
the interaction between MFF and Bcl-xL. This could be attributed to PINK1 directly
regulating MFF and Bcl-xL, or via another indirect protein promoting this interaction. |
have also shown that PINK1 can phosphorylate ubiquitinated MFF. Intriguingly, in
response to membrane depolarization by CCCP, PINK1 phosphorylates Bcl-xL at
serine 62, inhibiting its cleavage and promoting its anti-apoptotic function (Arena et
al., 2013b). This is an interesting area for future work and more experiments are
needed to determine the mechanism and function of PINK1 modulating the

interaction between Bcl-xL and MFF.

3.4.7 Summary statement and next steps

Overall, | believe the most exciting outcomes of the work detailed in this chapter are
my observations that PINK1 phosphorylates ubiquitinated-MFF in a SUMOylation-
dependent manner. This discovery opens intriguing and potentially important
avenues for further exploration. For example, since the overexpression of SENPs
decrease the levels of pUb-MFF while the SUMO mutant of MFF does not have
decreased levels of pUb-MFF, it raises the possibility that this process is directly or
indirectly dependent on SUMOylation.

Therefore, investigation of the mechanisms, sites and consequences of PINK1

SUMOylation is the basis for the rest of this thesis.
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Chapter 4: Characterization of PINK1 SUMOylation-

Validation and Location

4.1 Introduction

PTEN-inducted kinase 1 (PINK1) is a mitochondrial kinase that plays a major role in
the well-characterized PINK1-Parkin mitophagy pathway (Exner et al., 2007; Maria
et al., 2004). It can undergo several post-translational modifications (PTMs),
including phosphorylation and ubiquitination. As discussed in detail in the general
introduction, PINK1 can undergo phosphorylation at several serines, threonines, and
cysteines (Aerts et al., 2015; Guo et al., 2017; Matenia et al., 2012), as well as
ubiquitination at a lysine as well as N-terminal end (Y. Liu et al., 2017; Yamano &
Youle, 2013).

As explored in detail in the general introduction, SUMOylation is the covalent
addition of a small ubiquitin like modifier (SUMO) to a substrate (Vertegaal, 2022;
Wilkinson & Henley, 2010). SUMO is a ~11 kDa protein, of which there are three
mammalian isoforms (SUMO1, SUMO2, and SUMO3). SUMO2 and SUMO3 only
differ by three amino acid residues, and collectively referred to as SUMO2/3.
Interestingly, SUMO1 is generally conjugated as a mono SUMO molecule, while
SUMO2/3 can form poly-SUMOZ2/3 chains on substrates. Canonically, the role of
SUMOylation has been heavily focused on nuclear substrates; however, several
synaptic and mitochondrial SUMO substrates have been recently identified,
extending the focus of SUMOylation beyond just the nucleus (Vertegaal, 2022;
Wilkinson & Henley, 2010).

Interestingly, a large scale SUMOZ2/3 proteomics study identified endogenous
SUMO-2/3-ylated proteins in a variety of cell lines and mouse tissue (Hendriks et al.,
2018). PINK1 was a hit identified as a potential substrate for SUMO2/3 in HEK cells
treated with MG132 (Hendriks et al., 2018). As discussed in the introduction,
detection of endogenous SUMO substrates is sometimes enhanced in response to
various cellular stressors (Wilkinson & Henley, 2010). While these data are
intriguing, further investigation is needed to validate whether human PINK1 is

SUMOylated. If so, insights into the mechanism and functions of PINK1
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SUMOylation could help further define the role of PINK1 in regulating overall
mitochondrial health.

42 Aims

The general rationale is that (1) PINK1 was one of several thousand potential
SUMO2/3 substrates identified in this proteomics screen (Hendriks et al., 2018) and
(2) my exploratory experiments mentioned in the previous chapter hint at indirect
evidence of PINK1 SUMOylation. Therefore, the overall aim of this chapter is to
validate PINK1 as a substrate for SUMO2/3 and to identify the location of
SUMOylation. The specific objectives are to:

e Determine if full length human PINK1 is SUMOylated in HEK293T cells both at
the endogenous level and overexpression levels.

e Characterize the SUMO-chain on PINKL1: is it composed of just SUMO1,
SUMOZ2/3, or SUMO-ubiquitin hybrid chains?

e Determine the lysine(s) where PINK1 is SUMOylated, and whether there might

be a particular region of PINK1 where the majority of SUMOylation occurs.
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4.3 Results

4.3.1 PINK1is anovel SUMO2/3 substrate in HEK293T cells.

To initially determine whether PINK1 can be SUMOylated, human PINK1 (isoform 1:
Q9BXM7-1) was cloned into peGFP-N1 vector to generate PINK1-GFP. PINK1-GFP
was overexpressed in HEK293T cells, lysed in buffer containing SDS to disrupt non-
covalent interactions, and PINK1 was immunoprecipitated using GFP-trap agarose
beads. Subsequent immunoblotting PINK1 immunoprecipitated samples for
SUMO2/3 showed a higher molecular weight smear, which suggested that PINK1-
GFP is SUMO-2/3-ylated (Figure 4.1). Full length human PINK1 is 63 kDa, and with
a ~27 kDa GFP tag, PINK1-GFP should run around ~90 kDa. The SUMO2/3 smear
above the molecular weight of PINK1-GFP was quantified in panel B. Co-
transfecting cells with PINK1-GFP and SBP-SENP1 (a SUMO protease) significantly
decreased the SUMO2/3 smear on PINK1 (Figure 4.1). Additionally, the total
amount of PINK-GFP in cells significantly increased when PINK-GFP and SBP-
SENP1 were transfected in HEK cells (Figure 4.1).
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Figure 4.1- PINK1-GFP is SUMO-2/3-ylated when overexpressed in HEK293T cells.
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HEK cells were transfected with GFP, PINK1-GFP, and pcDNAS3.1 or SBP-SENP1 for 48 hours. Cells
were lysed and PINK1-GFP was immunoprecipitated using GFP-trap beads. IP and 6% input samples
were run on SDS-PAGE gel.

(A) Representative blot of SUMO2/3 and Ub higher molecular weight smears on immunoprecipitated
PINK1-GFP and corresponding input samples

(B) Quantification of SUMO2/3 smear on PINK1-GFP immunoprecipitation and total PINK1-GFP
expressed in cells (n=3, one-sample t-test, *p<0.05, ***p<0.001)

Using the same overexpression and immunoprecipitation system, cells expressing
PINK1-GFP were lysed in the presence or absence of n-ethylmaleimide (NEM), an
inhibitor of SUMO and ubiquitin proteases (Figure 4.2). The PINK1-SUMO2/3 level
is significantly reduced in cells lysed without NEM (Figure 4.2). Taken together,
these data indicate strongly that exogenously expressed PINK1 is SUMO-2/3-ylated.

Figure 4.2- PINK1-GFP is not SUMOylated when lysed in the absence of NEM.

HEK293T cells overexpressing PINK1-GFP were lysed in the presence or absence of n-ethylmaleimide
(NEM), a cysteine protease inhibitor.

(A) Representative blots of SUMO2/3 higher molecular weight smear on PINK1-GFP and
corresponding inputs

(B) Quantification of SUMO2/3 smear on immunoprecipitated PINK1 (n=3, one-sample t-test,
#*kn<().0001)
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4.3.2 PINK1 is an endogenous SUMO2/3 substrate in HEK cells.

To determine whether endogenous human PINK1 is SUMOylated, mitochondrial
fractions were prepared from HEK293T cells, and PINK1 was immunoprecipitated
from these fractions using sheep anti-PINK1 (S085D). A single band appears when
PINK1 pulldown samples from mitochondrial fractions were blotted for SUMO2/3
(Figure 4.3).

This single SUMO-2/3-ylated PINK1 band was absent in PINK1" HEK cells as seen
in panel A, and is also absent when cells were lysed in the absence of NEM as seen
in panel B. When cells were treated with 10 uM of CCCP for one hour prior to
mitochondrial preparation and immunoprecipitation of PINK1, a single band of

SUMOylated PINK1 was present as seen in panel C.
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Figure 4.3- PINK1 is endogenously SUMOylated in HEK cells.

(A) PINK1 was immunoprecipitated from mitochondrial fractions prepared from WT and PINK1
HEK293T, and samples were immunoblotted for SUMO2/3.

(B) Endogenous PINK1 was precipitated from HEK cells in the presence or absence of the cysteine
protease inhibitor, n-ethylmaleimide (NEM), in lysis buffer during mitochondrial isolation. Samples were
immunoblotted for SUMO2/3.

(C) HEK cells were treated with 10 pM CCCP for one hour prior to mitochondrial isolation. PINK1 was
immunoprecipitated from these samples and immunoblotted for SUMO2/3.

4.3.3 SUMOylated PINK1 form SUMO-ubiquitin hybrid chains.

To further characterize the SUMO chains on PINK1, | performed an in-vitro
deSUMOylation/deubiquitination assay by adding catalytically active SENP1 or
USP2 directly to GFP-trap beads after immunoprecipitation of PINK1-GFP
overexpressed in HEK293T cells. Active SENP1 removed SUMO2/3 from PINK1-
GFP. Active USP2 removed ubiquitin from PINK1-GFP. Addition of both active
SENP1 and USP2 completely removed both ubiquitin and SUMO2/3 smears on
PINK1-GFP (Figure 4.4). These indicate that PINK1 is both SUMOylated and

96



Chapter 4 : Characterization of PINK1 SUMOylation- Validation and Location

ubiquitinated but that these modifications do not occur simultaneously at the same

residue.

Figure 4.4- PINK1-GFP does not form SUMO-ubiquitin hybrid chains.

HEK cells were transfected with GFP or PINK1-GFP for 48 hours. Cells were lysed and PINK1-GFP
was immunoprecipitated using GFP-trap beads. Active SUMO protease, SENP1 (100 nM) or active
deubiquitinase, USP2 (500 nM) were added to IP samples for 2 hours at 37° C, and samples were run
on SDS-PAGE gel.

4.3.4 Molecular modelling supports interaction between PINK1 and SUMO

machinery.

To further assess the hypothesis that PINK1 is a SUMO substrate, | asked Dr.
Deborah Shoemark to model the interaction between PINK1 and SUMO, using