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Abstract

Mutations in the PINK1- and Parkin-encoding genes cause autosomal recessive form of
Parkinson’s disease. PINK1 is a protein kinase, best known for its role in signaling mitochondrial
damage and consequently initiating mitochondrial repair or autophagy mechanisms. Upon
mitochondrial damage, PINK1 accumulates on the outer membrane (OMM) of the
mitochondria, and recruits the E3 ubiquitin ligase Parkin in a kinase activity-dependent fashion.
Parkin then ubiquitinates multiple OMM proteins and signals mitochondria for autophagic
destruction. In recent years, the mechanism for Parkin’s recruitment and activation has been a
subject of extensive study in the context of PINK1’s kinase activity. The most recent evidence
suggests that the role of PINK1 is to phosphorylate both Parkin (on its ubiquitin-like domain)
and ubiquitin on Ser65 for a complete activation of Parkin. This makes PINK1 the first known
ubiquitin kinase. However the underlying molecular mechanisms underlying Parkin’s activation
are unknown. Here, | have developed a PINK1 production system to characterize the kinetics of
Parkin and ubiquitin phosphorylation and its consequences for the activation of Parkin. After
optimization, | found that the PINK1 ortholog from the insect species Tribolium castaneum
(TcPINK1) expresses well in E. coli, can be purified in solution, and produces an active kinase.
This recombinant PINK1 was essential to elucidate the role of phosphorylated ubiquitin (pUb)
as an enhancer for Parkin phosphorylation by PINK1, hence establishing a role of pUb in the
mitochondrial quality control pathway. Nuclear magnetic resonance studies and
phosphorylation assays combined with mutagenesis reveal the residues in Parkin that are
critical for the interactions with PINK1. This work sets the stage for more detailed investigations
of the structural features of PINK1 that allow the enzyme to recognize ubiquitin domains and

phosphorylate specifically Ser65.



Résumé

Des mutations dans les génes codant PINK1 et Parkin causent une forme récessive autosomale
de la maladie de Parkinson. PINK1 est une kinase de protéine, bien connu pour son réle dans la
signalisation de dommages mitochondriaux et conséquemment I'initiation de mécanismes de
réparations par autophagie. PINK1 s’accumule sur la membrane externe des mitochondries
(MEM) endommagées, et ensuite recrute la ligase d’ubiquitine Parkin via son activité kinase.
Dés lors, Parkin ubiquitine de nombreuses protéines de la MEM, ce qui entraine la destruction
autophagique de ces mitochondries. Au cours des cing dernieres années, les mécanismes de
recrutement et d’activation de Parkin dans le contexte de I'activité kinase de PINK1 furent
I'objet de plusieurs études. Ces études ont convergées sur un modele ou PINK1 phosphoryle
Parkin (dans son domaine similaire a I'ubiquitine) et I'ubiquitine sur Ser65, résultant dans
I’activation compléte de Parkin. Ceci fait donc de PINK1 la premiére kinase d’ubiquitine connue.
Hors, les mécanismes moléculaires de I'activation de Parkin reste énigmatiques. Dans cette
thése, j’ai développé un systéme de production de PINK1 pour caractériser la cinétique de
phosphorylation de Parkin et de I'ubiquitine, ainsi que pour déterminer les conséquences sur
I'activation de Parkin. Aprés optimisation, j'ai découvert que I'orthologue de PINK1 dérivée de
I'insecte Tribolium castaneum (TcPINK1) exprime bien dans E. coli, se purifie en solution, et
produit une kinase active. Cette PINK1 recombinante fut essentielle afin d’élucider le réle de
I"'ubiquitine phosphorylée (pUb) dans la stimulation de la phosphorylation de Parkin par PINK1,
établissant donc le réle de pUb dans la voie de controle de qualité des mitochondries. Des
expériences de résonance magnétique nucléaire et des essais de phosphorylation couplés a de
la mutagénese ont révélés les acides aminés dans Parkin qui sont essentielles pour son
interaction avec PINK1. Ces travaux préparent le terrain pour des études plus approfondies sur
les attributs structuraux de PINK1 qui lui permettent de reconnaitre le domaine ubiquitine et de

phosphoryler spécifiguement la Ser65.
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Chapter 1. Introduction

1.1 Parkinson’s disease: Features, Causes and Treatments
Parkinson’s disease is a debilitating neurodegenerative disorder characterized clinically

as a progressive movement disorder whereby patients exhibit motor symptoms including
resting tremors, stiffness and gait anomalies. Non-motor symptoms, which are fairly common
in Parkinson’s patients, though not always present, include autonomic dysfunction
(gastrointestinal, urinary and erectile dysfunction) and mental health problems in later stages
(dementia and psychotic symptoms) (Grimes et al., 2012). Pathological hallmarks of the disease
include a loss of dopaminergic (DA) neurons (involved in motor learning) from the substantia
nigra pars compacta (SNpc) region of the brain and in most cases the presence of protein
deposits in surviving neurons in the vicinity called Lewy bodies that contain aggregated forms of
the protein a-synuclein (Dexter and Jenner, 2013). These pathologies are primarily responsible

for the observed motor symptoms.

Post-mortem studies have allowed to map the spread of the Lewy pathology across the brain
with progression of the disease and allowed an association with the symptoms observed (Braak
et al., 2002). Recent work has focused extensively on the cellular and physiological factors that
contribute to the occurrence of the disease; work from James Surmeier’s group among others,
allowed to understand the basis of the selective vulnerability (in terms of morphological and
metabolic features) and early loss of SNpc DA neurons to stress and death (and hence the
development of Parkinson’s pathology) (Surmeier et al., 2010, Surmeier et al., 2011, Pacelli et

al., 2015).

Despite these studies, Parkinson’s disease is mostly considered a sporadic disease and not
much is known about its exact cause. Age and gender are very important factors;
epidemiological evidence indicates that 3% of the world population above the age of 65 suffers

Parkinson’s disease, making it the most common neurodegenerative disease after Alzheimer’s
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disease (Barreto et al., 2014) with a three times greater prevalence in males than females
(Dexter and Jenner, 2013). Environmental risk factors include exposure to mitochondrial toxins

and pesticides.

Genetic factors have also been studied, and these include genes that are either directly
causative of Parkinson’s disease or act as risk factors. The causative genes can be classified into
those that cause autosomal recessive or autosomal dominant forms of Parkinson’s. Usually the
autosomal recessive forms lead to early-onset Parkinson’s, while the autosomal dominant
forms cause late-onset Parkinson’s and hence present more common characteristics to sporadic
forms. Also unlike sporadic or late-onset forms, Lewy pathologies are rare in autosomal
recessive forms. Examples of genes causing autosomal dominant forms include PARK1 (a-
synuclein) and PARK8 (LRRK2), while autosomal recessive forms result from mutations in PARK2
(Parkin), PARK6 (PINK1) and PARK7 (DJ-1). In the autosomal dominant forms related to LRRK2, a
protein with kinase and GTPase domains/activities, the mutations are associated with increased
kinase activity. For a-synuclein, point mutations have been found which promote
oligomerization, while gene duplication and triplication events result in increased gene dosage
and increase progression and severity of the disease. Autosomal recessive mutations yield loss-
of-function of Parkin, PINK1 and DJ-1 proteins (Martin et al., 2011). A multitude of studies show
that these three proteins have important neuroprotective roles. Particularly, PINK1 and Parkin
work in concert in a common mitochondrial quality control pathway and perform an important

neuroprotective function (Trempe and Fon, 2013).

Commonly used treatments for Parkinson’s include the use of L-Dopa (a precursor of dopamine;
catering for the loss of dopaminergic neurons), MAO-A inhibitors (preventing the oxidation and
breakdown of dopamine) and dopamine receptor agonists. The effects of L-Dopa treatment can
wear off with time and administration of higher doses can also result in motor complications
(dyskinesia and fluctuations). Hence lower doses of L-Dopa are prescribed in combination with
other drugs that slow down metabolic degradation, such as (mentioned). Surgical procedures
(making ablative lesions) or deep brain electrical stimulation are considered when drug intake
fails to alleviate the motor symptoms or complications (Grimes et al., 2012). Nonetheless there

is a lack of treatments directly involved in preventing the death of dopaminergic neurons.
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1.2 Mitochondrial dysfunction in Parkinson’s disease

The association between mitochondria and Parkinson’s disease has been known for
nearly 30 years now. It owes itself to the appearance of bizarre cases of acute Parkinsonism
that were documented in 1982. The victims of this condition were found to be drug addicts who
had taken synthesized drugs contaminated with MPTP (1-methyl-4-phenyl-1, 2, 3, 6 -
tetrahydropyridine). These patients showed remarkable improvement upon administration of
L-Dopa, and in one of the cases, autopsy showed a selective loss of pigmented neurons in the
SNpc (Langston and Palfreman, 1995a, Langston and Palfreman, 1995c, Langston and
Palfreman, 1995b). It has been found that MPTP is converted by Monoamine Oxidase-B enzyme
(MAO-B) to MPP+ (1-methyl, 4-phenylpyridinium), a compound which is a potent inhibitor of
the complex | of the electron transport chain in the mitochondria. This can have fatal
consequences for the cell either by preventing the development of proton gradients across the
mitochondrial inner membrane to produce ATP, or through a disturbance of the of Ca%* ion
homeostasis causing activation of CaZ*-dependent enzymes that can induce cellular damage.
Complex | is also the target of inhibition by pesticides and chemicals such as rotenone (Sian J,
1999). Mitochondrial DNA (mtDNA) mutations have also been found in the SNpc neurons of
patients with Parkinson’s disease (Lin et al., 2012). Mitochondrial defects and mtDNA mutations
have also been discovered to be associated with the loss of neurons from the SNpc (Reeve et
al., 2013). Similarly loss of biochemical activity of complex | in brain tissue from PD patients has
also been documented (Schapira et al., 1990). Fairly recently, studies have been conducted
which show a direct association between a-synuclein and mitochondria promoting

mitochondrial dysfunction (Bir et al., 2014).

1.3 Parkin, PINK1 and Mitochondrial Quality Control

1.3.1 Parkin
Parkin is linked to nearly 50% of all early-onset autosomal recessive cases of Parkinson’s.

It was one of the first identified genetic factors causing Parkinson’s disease; in 1998, a locus
linked to autosomal recessive Parkinson’s on human chromosome 6 was identified which
encoded for a protein having an N-terminus with homology to ubiquitin and a C-terminus with
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Figure 1.1 Structure of Parkin (above) Schematic of the domains of Parkin and some PD-linked mutations that occur in them
(below) Structure of full-length parkin adapted from Trempe et al, .2013.

RING-finger motif (Kitada et al., 1998). Later its function as an E3-ubiquitin ligase was
established. E3 ligases are enzymes that are involved in the transfer of ubiquitin to a target
protein. This process starts with an E1 enzyme (ubiquitin-activating enzyme) which in an ATP-
dependent manner first adenylates ubiquitin on its C-terminus and then charges it onto a
cysteine on itself with a thioester bond. The ubiquitin in then transferred to a cysteine on an E2
enzyme (ubiquitin-conjugating enzyme). RING-type E3s bind substrates and E2-ubiqutin
conjugates (via RING domain) and facilitate the direct transfer of ubiquitin from E2 to substrate.
HECT-type E3s (do not have RING domains) accept ubiquitin from the E2 first on an active site
cysteine and then transfer the ubiquitin to a substrate. Subsequent studies contributed towards
the identification and structural or biochemical characterization of individual domains of Parkin
(Tomoo et al., 2008, Beasley et al., 2007, Hristova et al., 2009), and the important discovery
that Parkin belongs to the a distinct class of ligases (RBR ligases) that employ a mechanism of
ubiquitin transfer which is a hybrid of the RING-type and HECT-type ligase mechanism (Wenzel
et al., 2011). In summary, these studies revealed that Parkin is a 52 kDa protein composed of an
N-terminal ubiquitin-like (Ubl) domain, linked via a 65 amino acid “linker” region, to the RBR

component which includes zinc binding domains RINGO, RING1, IBR and RING2 respectively
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(Figure 1). Multiple three-dimensional structures of Parkin have been reported since 2013,
including full length and truncations lacking the Ubl and/or linker (Trempe et al., 2013, Wauer
and Komander, 2013, Riley et al., 2013, Sauve et al., 2015, Kumar et al., 2015). These structures

revealed an auto-Inhibited structural form.

This was inferred for two major reasons: the full length structure revealed that the Ubl domain
and a small helical linker called the Repressor element of Parkin (REP) (Trempe et al., 2013)
occlude the E2 binding interface on RING1, and that the catalytic site on RING2 is occluded by
RINGO (Figure 1). These findings implied the need for multiple conformational changes to occur
in order to enable ubiquitin transfer from the E2 to Cys431 on RING2. Unlike most E3 ligases,
Parkin can build a variety of ubiquitin chain types including M1, K6, K11, K27, K29, K48 and K63
on its substrates and it can also target a variety of substrates (Durcan et al., 2011, Ordureau et
al., 2014). It is worth mentioning that PD-related mutations are present in all domains of Parkin
(Figure 1). Hence all the domains play an important structural or functional role in the protein.
Studies have also shown that in the neurons of PD patients or neurons treated with oxidants or
stress agents, Parkin also found more in the insoluble cellular fractions compared to normal
cells (Wang et al., 2005). Parkin has also been reported as a phosphorylation target for PINK1
on its UbL domain at Ser65 for its activation (Kondapalli et al., 2012). c-Abl has also been
reported to phosphorylate Parkin on RINGO at Tyr143 (Imam et al., 2011) for its inhibition
though the finding remains controversial. In terms of cellular function, Parkin has been shown
to play key roles in protective response to apoptotic stress, intracellular pathogens (Manzanillo
et al., 2013), mitochondrial quality control and motility (Trempe and Fon, 2013, Wang et al.,
2011), EGFR trafficking and internalization (Fallon et al., 2006) and endocytic vesicular
trafficking (Trempe et al., 2009). The diversity of Parkin’s substrates and cellular functions
suggests that Parkin acts as a key E3 ligase in the cell signaling network.

1.3.2 PINK1

PINK1 was originally described as a gene whose expression was compromised in ovarian cancer
(Unoki and Nakamura, 2001) and later was found to be a mitochondrially-located kinase that
protects cells from apoptotic stress and is linked with autosomal recessive Parkinson’s disease

(Valente et al., 2001, Valente et al., 2004). Human PINK1 is a 581 amino acid serine\threonine
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protein kinase with an N-terminal mitochondrial targeting sequence, followed by a
transmembrane segment (TM), an N-terminal linker region (NT), a canonical bi-lobular kinase
domain and a C-terminal region (Trempe and Fon, 2013) (figure 2). PD-linked mutations are
found in all domains of the PINK1 protein (Cardona et al., 2011).The mitochondrial targeting
sequence has been inferred based on homology and found to be positively charged in nature,
which would facilitate the import across the mitochondrial inner membrane. It has been
proposed that PINK1 might have two mitochondrial localization signal peptides, in the regions
1-34 and 70-94, both of which are on their own capable of localizing PINK1 to mitochondria
(Zhou et al., 2008, Okatsu et al., 2015). PINK1 import into mitochondria involves its interactions
with the TOM (Translocase of the Outer Membrane of mitochondria) and TIM (Translocase of
the Inner Membrane of mitochondria) complexes on the outer membrane and inner membrane
of the mitochondria respectively. Accumulation of PINK1 and its activation on the outer
mitochondrial membrane requires complex formation with TOM (Lazarou et al., 2012); TOM40
(the channel subunit of TOM) (Okatsu et al., 2015) and TOM7 (Hasson et al., 2013) have been
shown to be important for import and stabilization of PINK1 on the OMM respectively. A report
has indicated the PINK1 might exist as a dimer in complex with TOM (Okatsu et al., 2013). As
PINK1 N-terminus gets imported through the TIM compley, it is cleaved at an unknown site by
MPP in the mitochondrial matrix (Greene et al., 2012). The TM of PINK1 has been predicted to
be an a-helical segment more than 20 amino acids in length, which is a target of cleavage by
the rhomboid protease PARL between Ala103 and Phel04 (Deas et al., 2011, Jin et al., 2010).
The TM domain is also considered to harbor a ‘stop-transfer’ signal to prevent further
translocation of the protein into the matrix and can allow for PINK1 to stay anchored to the

IMM or released into the IMS (Okatsu et al., 2015, Sim et al., 2012).
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Figure 2.2 Domain Organization of PINK1 (Above) Domains of PINK1 and some PD-linked mutations (Below) homology model
of human PINK1 kinase domain (residues 156-511) [40] showing the insert regions, conserved catalytic motifs and residues
(K219, D362 and D364) and proposed autophosphorylation sites (5228 and S402) [52].
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The final 52 kDa form of PINK1 has also been found to be targeted by UBR1, UBR2 and UBR4 E3
ligases for proteasomal degradation via the N-end rule pathway in the cytoplasm (Yamano and
Youle, 2013). It has been suggested that cytoplasmic PINK1 might also have a cytoprotective
role (Lim et al., 2015). Multiple PD-linked mutations are found in the MTS and TM region and
are thought to disrupt the structural and sequence features required for mitochondrial

targeting or processing by the mentioned enzymes (Cardona et al., 2011, Sim et al., 2012).
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The kinase domain of PINK1 was found to be homologous to the Calcium/Calmodulin-
dependent kinase (CamK) family of kinase. The reported homology model and sequence
homology studies with the CamK family show a conservation of structural and sequence
features key to catalysis including the P loop (162-165 involved in phosphate binding), Lys129 in
the AIK motif (involved in ATP orientation), Asp362 in the HRD motif (catalytic aspartate in the
catalytic loop) and the conserved DFG motif (part of the activation loop involved in magnesium
ion coordination) (Figure 1.2 and 1.3) (Cardona et al., 2011). The motifs lie at the interface of
the N and C lobes of the kinase domain and form a cleft for ATP binding. Autophosphorylation
sites (5228, T257and S402) have been reported for PINK1 (Kondapalli et al., 2012, Okatsu et al.,
2012), though the role of autophosphorylation for the activation of PINK1 remains
controversial. For example, the reported S402A mutant (located in the activation loop) which
supposedly impaired PINK1 activation (Okatsu et al., 2012), was later found to render the
enzyme temperature-sensitive as opposed to deactivated due to lack of autophosphorylation
(Narendra et al., 2013). PD-linked mutations in the kinase domain of PINK1 are thought to

reduce the enzymatic activity or compromise its structural integrity (Cardona et al., 2011).

PINK1 also harbors unique features as a kinase including the NT, the insertions (1-3) in the N-
lobe of the kinase domain and the C-terminal region (Trempe and Fon, 2013). All these regions
harbor PD-linked mutations (Cardona et al., 2011). Since these regions do not share homology
with any other known proteins, structural and functional features have not been inferred.
Compared to the kinase domain, these regions are also less conserved across orthologs of
PINK1; PINK1 from the insect species Tribolium castaneum (red flour beetle) and Pediculus
humanus corporis (louse) possess a much shorter insertl (figure 1.3), while for Drosophila
melanogaster (fruit fly) insert1 is much longer than human PINK1 (Woodroof et al., 2011). A
report shows that PINK1 recognizes and hydrolyzes KTP (kinetin triphosphate) more preferably
than ATP, and it has been hypothesized that these inserts in the kinase domain are responsible
for specificity (Hertz et al., 2013). Insect orthologs of PINK1 have also been found to be more
active kinases than human PINK1 (Woodroof et al., 2011). The C-terminal region has been
shown to have a regulatory role for the kinase domain, though whether it inhibits or activates

the kinase domain is unclear (Sim et al., 2006, Silvestri et al., 2005). Secondary structure
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predictions indicate that the C-term region is composed of a-helices and disordered loops (Sim

et al.,, 2012).

PINK1 has been reported by different groups to phosphorylate different substrates including
the mitochondrial chaperone TRAP1 (Pridgeon et al., 2007), Miro (Wang et al., 2011),
Mitofusin2 (Chen and Dorn, 2013), Nduf10 (complex1) (Morais et al., 2014) and also causes
indirect phosphorylation of Rab8A (Lai et al., 2015). A peptide library screening study identified
that PINK1 prefers to phosphorylate substrates with a proline residue downstream of the
phosphorylation site (p+1) (Woodroof et al., 2011). However, despite these studies, the best-
documented substrates of PINK1 are Parkin on its Ubl domain (Kondapalli et al., 2012, Shiba-
Fukushima et al., 2012) and ubiquitin (Koyano et al., 2014, Kazlauskaite et al., 2014, Kane et al.,

2014), that are involved in the mitochondrial quality control pathway.

1.3.3 PINK1/Parkin Mitophagy pathway
Neurons rely critically on mitochondria for efficient functioning due to high energy

demands and because mitochondria are responsible for buffering the high calcium influx (e.g.
due to nerve impulse transmission). These processes can make mitochondria vulnerable to
damage, and so for neuron survival and functioning, mitochondrial quality control and
maintenance is very important. The PINK1/Parkin pathway is one of the best known pathways

involved in mitochondrial repair and removal of damaged mitochondria (Grenier et al., 2013).

The first phenotypic studies relating PINK and Parkin to Parkinson’s disease came from
drosophila; PINK1 mutants produced motor dysfunction phenotypes in drosophila including
defects in climbing and flying ability, wing and flight muscle defects and some decrease in the
number of dopaminergic neurons (Park et al., 2006), and electron microscopy studies indicated
that PINK1 and Parkin null flies exhibited defects in mitochondrial morphology (Clark et al.,
2006). Furthermore it was shown that the defects in PINK1 null flies could be rescued by Parkin
overexpression and not vice versa, showing that Parkin acted downstream of PINK1 in this
mitochondrial maintenance pathway. In mammalian cells, Parkin was later found to be
recruited to mitochondria when they are damaged by dissipating the membrane potential using
CCCP, a proton ionophore (Narendra et al., 2008). Parkin recruitment to mitochondria is PINK1
kinase activity-dependent (Narendra et al., 2010); depolarization inhibits PINK1 translocation
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across the mitochondrial membranes and its proteolytic processing by MPP and PARL, resulting
in its accumulation on the OMM in complex with TOM where it can recruit Parkin. Subsequently
Parkin was identified as a phosphorylation target of PINK1 (at Ser65 on the UbL domain)
(Kondapalli et al., 2012). However since S65A mutant of Parkin was not fully impaired in terms
of mitochondrial recruitment (Shiba-Fukushima et al., 2012), but PINK1 kinase-dead mutants
are fully impaired, there had to exist another PINK1 kinase-dependent substrate that could
enable Parkin recruitment. This substrate was found to be ubiquitin; PINK1 phosphorylates Ub
directly following depolarization of mitochondria, which is responsible for Parkin’s recruitment
to mitochondria and its phosphorylation by PINK1. In vitro, phosphorylated ubiquitin (pUb) was
shown to increase Parkin’s activity (Koyano et al., 2014, Kane et al., 2014, Kazlauskaite et al.,
2014). Activated Parkin recruits to mitochondria and polyubiquitinates OMM proteins including
Mitofusin2 and VDAC (Geisler et al., 2010, Sarraf et al., 2013). These chains can get
phosphorylated further and recruit more Parkin, which would then get phosphorylated by
PINK1 and get activated, hence forming a positive feedback loop and a feedforward
amplification of the signal (Ordureau et al., 2014, Ordureau et al., 2015). Whether Parkin
phosphorylation or Ub phosphorylation is the first step in the pathway is still unclear. Buildup of
polyubiquitin chains on substrates is followed by the recruitment of cargo receptor proteins
including NDP52, OPTN and p62 to mitochondria (Lazarou et al., 2015, Heo et al., 2015) ; these
proteins bridge ubiquitinated proteins (on the mitochondria) to the ubiquitin-like proteins LC3B
and LC3C, eventually resulting in the recruitment of autophagy machinery to mitochondria to
initiate mitophagy (Lazarou et al., 2015, Rogov et al., 2014). The process has been illustrated in
Figure 1.4. Hence PINK1 and Parkin are the necessary initial steps required for response to
mitochondrial damage, though one group has shown recently that mitophagy can occur in the

absence of Parkin, but not PINK1 (Lazarou et al., 2015).

It has been shown that the mitochondrial morphology defects that occur due to defects in
PINK1 and Parkin can be rescued by an increase in the mitochondrial fission-promoting protein
Drp1 and a decrease in the fusion-promoting protein Mitofusin (Poole et al., 2008). Since the
activation of the PINK1/Parkin pathway targets the removal of Mitofusin (Poole et al., 2010), it

shifts the balance towards mitochondrial fission to isolate and removes damaged parts of the
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mitochondrial network. PINK1 and Parkin have also been shown to target Miro (a protein that
links mitochondria to kinesin and dynein motors for transport along microtubules) for removal,
possibly to prevent the transport of damaged mitochondria and for efficient quarantine and

removal (Wang et al., 2011).

The PINK1/Parkin mitophagy pathway has been recapitulated by the use of other mitochondrial
damaging insults including the use of rotenone (complex | inhibitor: prevents electron transfer
to ubiquinone), Antimycin A (complex Il inhibitor: prevents electron transfer to cytochrome C
protein) and (ATP synthase inhibitor; prevents reverse ATP synthase from building up H*
gradient) oligomycin (Lazarou et al., 2015), valinomycin (K* uncoupler) (Zhang et al., 2014) and
accumulation of unfolded proteins in the matrix (Jin and Youle, 2013) (among others). PINK1 is

thus a sensor to a wide variety of mitochondrial damages.

The PINK1/Parkin pathway has also been shown to sense the amount of damage to produce
different kinds of cellular outcomes. While mitochondrial depolarization can trigger mitophagy,
it was shown that under mild oxidative stress, PINK1 and Parkin induce the production of MDVs
which carry damaged cargo directly to the lysosome instead of initiating mitophagy on whole
mitochondria (McLelland et al., 2014). On the other hand, a report suggests that higher levels of
damage can cause PINK1 and Parkin to initiate apoptosis by removal of the anti-apoptotic

protein Mcl-1 (Zhang et al., 2014).

1.4 Objectives
PINK1 is a mitochondrial damage sensing protein whose ubiquitin and Ubl kinase activity

is required for Parkin activation and neuroprotection. How PINK1 selectively recognizes and
phosphorylates these substrates in not understood. As the first member of the ubiquitin kinase
family, we have no structural model for how a kinase can selectively engage ubiquitin.
Moreover, why PINK1 specifically recognizes the Parkin Ubl and Ub and not other ubiquitin-like
domains isn’t understood (Kazlauskaite et al., 2014). In this study, | sought to characterize the
PINK1 protein structurally and functionally. Despite the fact that PINK1 has been rigorously
studied in cell-based assays and in some cases in vitro biochemical assays, there was a lack of a

recombinant expression systems for PINK1 for in vitro structural and functional studies. Only a
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few studies have considered orthologs of PINK1 for substituting human PINK1 in in vitro
functional [54]. Similarly, there is not much information available on the expression of
individual domains of PINK1. In this study | have tried to explore orthologs of PINK1 in terms of
their expression to provide a suitable target to perform structural studies. On the structural
side, besides the lack of an experimental structure of PINK1, there is no information available
on the oligomeric state of PINK1 in solution and component of the protein that can potentially
regulate oligomerization. We have investigated this using size-exclusion chromatography (SEC)

and multiple-angle light scattering (MALS).

Damage

Mitophagy

Figure 1.4 The PINK1/Parkin Mitophagy Pathway (A) Mitochondrial damage due to depolarization causes (B) PINK1
accumulation on mitochondria in complex with TOM. (C) PINK1 phosphorylates Parkin and Ub (D) both of which result in
Parkin’s E3 ligase activation and consequent ubiquitination of substrates on mitochondria like Mitofusin (Mfn). (E) Ubiquitin
chains built by Parkin get phosphorylated by PINK1 to recruit more Parkin and initiate a feed-forward cascade. (F) Build-up of
ubiquitin chains also recruits autophagy receptors OPTN and NDP52 and eventually the recruitment of mitophagy machinery.
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On the functional side, while PINK1 has extensively studied in cells to study Parkin recruitment,
there is a lack of in vitro functional studies to study Ub and Parkin UbL phosphorylation. In
particular, the effect of PD-linked mutations on Ub has not been explored. The enzymatic
activity of PINK1 has not previously been characterized in terms of kinetics towards its
substrates (Ub and Ubl), and hence its preference for one substrate over the other has not
been elucidated. In this study | have deployed a Phos-tag SDS PAGE technique to study PINK1
substrates phosphorylation and investigate the differences in enzyme kinetics. Since PINK1
specifically targets Parkin Ubl and Ub for phosphorylation both which contribute an important
physiological phenomenon, it is important to understand which sequence and structural
features of these substrates are important for recognition by PINK1. | have employed the use of

2D NMR techniques and phosphorylation assays to get to understand this.

In terms of Parkin phosphorylation by PINK1, while it has been shown that Ub phosphorylated
by PINK1 has an important role to play in the activation of Parkin, the precise molecular nature
of this activation i.e. conformational change in Parkin needed for activation needs to be
understood. We have tackled this question using in vitro phosphorylation assays, SAXS and
NMR studies and used it to elucidate the precise role of pUb and phosphorylation of Parkin in

its activation.

This thesis is a highlight of my investigation on PINK1 over the course of my Master’s residency.
Chapter 2 of the thesis is a summary of the methods employed for investigation. Chapter 3
deals with my work on the expression of PINK1 and its orthologs as well as a brief investigation
on the dimerization on PINK1. Chapter 4 deals with PINK1 phosphorylation and binding to Ub
and Ubl, with a brief investigation of PINK1’s nucleotide binding affinities. Chapter 5, which is a
part of a published work from my lab (Sauve et al., 2015), is an investigation of Parkin’s
activation by PINK1 and pUb. Finally, chapter 6 highlights conclusions that can be drawn from

this thesis work and discusses about potential future investigations.
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Chapter 2. Materials and Methods

2.1 Recombinant protein expression and purification

2.1.1 PINK1 cloning, expression and purification:
All PINK1 constructs were expressed as N-terminal GST-tagged proteins from pGEX-6p-1

vector. Human PINK1 constructs (111-581 and 148-581) were provided by Veronique Sauvé
(Gehring lab). cDNA for full-length TcPINK1 (codon-optimized for E.coli expression) was ordered
from Invitrogen. Primers were designed to clone TcPINK1 (full length, 121-570 and 128-570) or
the C-terminal regions of human PINK1 (514-581) and TcPINK1 (487-570), using the BamHI and
Xhol restriction sites in the vector. The cloning (restriction, ligation and transformation) was
carried out according to standard protocol. Point mutations (E127K, G285D, D359N, C362S,
C363S and K513P) and deletions in TcPINK1 (to generate 143-570 construct) or human PINK1
(A181-209 or A184-206) were made using the Quikchange site-directed mutagenesis method
(Agilent). Gibson assembly method (NEB) was used to generate TcPINK1 constructs to generate
deletions of C-terminal regions (143-486 and 143-500). All cloned vectors were expressed in
BL21 DE3 cell lines (NEB) in Terrific Broth at 37 °C up to an O.D of 1.0, after which they were
incubated at 16 °C, induced with 100 uM IPTG and left to express protein at 16 °C overnight.
Cells were harvested and lysed via sonication in lysis buffer (50 mM Tris, 300 mM NacCl, 3 mM
DTT, 0.1 mg/ml lysozyme, 25 ug/ml DNase |, 5 mM MgSQOj, protease inhibitors (Roche) and
0.5% Tween at pH 8.0). The lysate was clarified by centrifuging at 18,000 rpm for 45 min in a
Sorvall SS-34 rotor. Glutathione-sepharose resin was used to bind GST-tagged protein in binding
buffer (50 mM Tris, 300mM NaCl, 3 mM DTT pH 8.0) for 60 min on a rotating platform at 4 °C.
After washing with the binding buffer, the protein was eluted with elution buffer (50 mM Tris,
300 mM NacCl, 20 mM Glutathione, 0.1% CHAPS and 3 mM DTT pH, 8.0) and concentrated using
Amicon-Ultra concentrators (10000 M.W. cut-off; EMD Millipore). To remove the GST tag, 3C
protease (1:50 protease-to-substrate ratio) was incubated with the protein overnight at 4 °C;
control samples were also stored at 4°C and -80°C without cleavage for comparison. The
protein was first purified using the anion-exchange column MonoQ (GE healthcare) to get rid of

excess GST, and then further purified by size-exclusion chromatography using Sephacryl S200 or
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Superdex S200 (GE healthcare) connected in series with a GST trap 4B (GE healthcare) to
remove the GST. The obtained pure protein was concentrated as described above. Protein
concentrations were measured using the Bradford assay, standardized with bovine serum

albumin solutions. Protein expression was analyzed using SDS-page gels.

2.1.2 Parkin, Ub and Ubl expression
Constructs containing Hise-tagged ubiquitin (wild type or S65A) were provided by

Noriyuki Matsuda (Tokyo Metropolitan Institute of Medical Science, Tokyo). These constructs
were expressed in BL21 DE3 cells grown in Terrific Broth at 37 °C uptil an O.D of 0.9 after which
they were incubated 16°C, induced with 500 uM IPTG and left to express protein at the latter
temperature overnight. Harvesting and lysis steps were performed as described in the previous
section with lysis buffer (50 mM Tris, 100 mM NaCl, 0.1mg/ml lysozyme, 25 pug/ml DNase I, 5
mM MgSQOa, protease inhibitors and 0.5% Tween at pH 7.5). Ni-NTA (QlAgen) resin was used to
bind His-tagged protein in binding buffer (50 mM Tris, 100 mM NaCl pH 7.5) for 30 min on ice.
After washing (with 50 mM Tris, 300 mM NaCl pH 7.5), the protein was eluted (using 50 mM
Tris, 100 mM NaCl and 120 mM Imidazole pH 7.5). Pure His-tagged protein was obtained after a
size-exclusion chromatography run using Superdex 75 (GE Healthcare) equilibrated in binding
buffer and concentrated to the desired concentration using Amicon-Ultra concentrators (3000

M.W. cut-off; EMD Millipore).

Full-length rat Parkin and its point-mutants (L266K and H302A) had previously been cloned into
PGEX-6p-1 (as GST-fusion proteins). The expression and purification of these constructs were
performed as described in Trempe et al. 2013 (Trempe et al., 2013). Ubl domain of Rat Parkin
(1-76) and ubiquitin had previously been cloned in pGEX-6p-1. Point mutations in Ubl (R6A,
144A, K48A, Q71A, R72A and H68A) were made using the Quikchange site-directed mutagenesis
method (Agilent). Expression and purification (as GST-fusion proteins) of these proteins was
performed as described in Trempe et al. 2009 (Trempe et al., 2009), except for the growth of
bacteria that was done in Terrific Broth. Expression of °N-labelled Ubl was performed in M9
minimal media supplemented with *NH4Cl for NMR experiments, as described (Trempe et al.,

2009). Protein concentrations were measured using UV absorbance.
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Figure 2.1 Principle of Phos-tag gel system (copied from manufacturer’s manual).
All sequences were verified using DNA sequencing by the McGill University and genome
Quebec innovation center at McGill University, using standard pGEX forward and reverse

primers.

2.1.3 Small scale expression test of other PINK1 orthologs
PINK1 constructs of TcPINK1 (143-570), Gallus gallus (137-600), Camponotus floridanus

(132-162), Pediculus humanus corporis (118-575), Dendroctonus penderosae (123-570) and
Crassostrea gigas (118-600), cloned in pGEX-6p-1 constructs were expressed in E. coli DE3 cells
and cultured in 15 ml LB. All these constructs correspond to regions of PINK1 following the
transmembrane helix. Purifications were performed the same way as described in 2.1.1.

Elutions from the purifications were analyzed by loading on SDS-PAGE gel.

2.2 Kinase assays

2.2.1 Detection of Ubiquitin phosphorylation
Kinase reaction was performed with or without 2.5 uM of GST-TcPINK1 (128-570), 50

1M His-Ub (wild type) or His-Ub (S65A), 1 mM ATP and 2 mM MgSOs, in kinase buffer
composed of 50 mM Tris, 100 mM NaCl and 1 mM DTT (pH 7.5), for 30 minutes at 30°C. The
reactions was quenched with SDS-Page gel loading buffer and 10 pL of the reaction was loaded
on 15% Tris- glycine gels with 20 uM Phos-tag™ (Wako, Japan) and 40 uM MnCl,.6H20 (in the
resolving gel). Phos-tag is a compound that forms complexes with divalent metal ions such as
Mn?*, which can coordinate phosphate groups on proteins (manufacturer’s description).

Addition of the compound cross-linked to the resolving gel results in the selective retardation of
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phosphorylated protein compared to non-phosphorylated species (figure 2.1). For mass
spectrometry analysis, a similar phosphorylation reaction was performed except with 10 uM
His-Ub with or without 10 mM ATP. 20 pL of each reaction was prepared for intact protein
MALDI-TOF mass spectrometry using C18 Ziptips using the manufacturer’s protocol (Millipore
EMD). The final product was eluted in 5 pl of 0.1% formic acid and 80% acetonitrile, of which 1
pl was spotted on the target matrix along with 1 pl of sinapinic acid.
2.2.2 Optimization of the Phos-tag gel system

Optimization was performed on the Phos-tag gel system to allow for quantitative
analysis for kinetic analysis of phosphorylation of Ub and Ubl. Since Tris-tricine gels resolve
proteins of sizes smaller than 30 kDa better than Tris-glycine gels (Schagger, 2006), they were
tested in combination with 20 uM Phostag and 40 uM MnCl,.6H,0 to analyze Ub
phosphorylation. However no mobility shift was detected for His-Ub following ATP-dependent
phosphorylation by PINK1 (Figure 2.2A, lane 1 and 2 are the same compared to controls lanes 3,
4 and 5). Since Tris-tricine gels use different concentrations and pH of Tris compared to Tris-
glycine gels (among other things), these factors might alter the migration of phosphorylated
proteins in the presence of Phos-tag. As mentioned in the previous section, divalent cations
such as Mn?* are essential for Phos-tag gels to work since they bind to both Phos-tag and the
phosphate groups on proteins simultaneously to retard their migration. | asked if changing the
cation to another divalent cation (transition metal) could allow the detection of phospho-
protein; Tris-tricine gels were run with the same kinase reactions as Figure 2.2 (A) but this time
with Zn%* as the cation instead of Mn?* (Figure 4.2 B). Lane 6 and 7 show the mobility shifts in
an ATP and TcPINK1 dependent manner compared to controls (lane 8, 9 and 10). Also, it can be
seen that the phosphorylated and non-phosphorylated bands are sharper and well-resolved. To
further increase their separation, Phos-tag and Zn?* can be increased to 30 uM and 60 puM

respectively, and such conditions were used in kinetics assays shown below (Fig. 4.4 for
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in kinase buffer

Figure 2.2 Optimization of Phos-tag Gel System TcPINK1(143-570) kinase assays with His-Ub using different salt
concentrations in kinase buffer and analyzed using Phos-tag Tris-Tricine gels with (A) MnCl,.6H,0 or (B) ZnSOa.

instance). All the phosphorylation assays of Ub with 15% Tris-Tricine reported in this thesis use
these concentrations of Phos-tag and Zn?*. | also investigated the effect of increasing NaCl
concentration in the reaction buffer on the kinase activity. A concentration of 100 mM Nacl
was found to yield more pUb than 300 mM NacCl in the buffer conditions (compare lane 6 with
lane 7). This is an important finding since the salt concentration optimal for purification is 300
mM NaCl, but as shown previously (section 2.1.1) these conditions are not optimal for pUb
phosphorylation.
2.2.3 Ubl phosphorylation assays

Phosphorylation assays of GST-UbL and its mutant forms were performed using 2 uM
GST-TcPINK1 (143-570) and 30 uM substrate with 1 mM ATP and 2 mM MgSO4 for 5 min. These
samples were loaded on 12% Tris-Tricine gels with 30 uM phos-tag and 60 uM ZnSOs, which
were stained with Coomassie Brilliant Blue. Phosphorylation of the Ubl (non-fusion form) was
performed similarly for 15 min with TcPINK1 (121-570) or TcPINK1 (143-570).
2.2.4 Phosphorylation assays with PD-mutant forms of TcPINK1

Phosphorylation assays with different mutant forms of TcPINK1 were performed with

2.5 uM of the enzyme and 120 uM His-Ub for 30 minutes. The sample were loaded on 15% Tris-
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tricine gels with 30 uM Phos-tag and 60 uM ZnSOs, which were stained with Coomassie Brilliant

Blue.

2.2.5 Kinetics of Ub and UbL phosphorylation
For Michealis-Menten kinetic analysis, time course experiments were performed with 120 uM

His-Ub with 2.5 uM GST-TcPINK1 (143-570) or 120 uM Ubl with 1.25 uM GST-TcPINK1 (143-570)
for 2,5, 10 and 20 min. The samples were loaded on 15% Tris-tricine gels with 30 uM phos-tag
and 60 uM ZnSOsand stained with Coomassie Brilliant Blue. Densitometry was done using
Imagel following destaining to quantify band intensities of phosphorylated species. These were
plotted (after background subtraction and normalization with respect to substrate
concentration) against time to determine the time points that can be used for initial rate (vo)
determinations (in Microsoft excel). Experiments were then done to obtain Kmnand Vmax
parameters for Ub phosphorylation by performing phosphorylation reactions for 5 min at
different substrate concentration for both His-Ub and Ubl. These experiments were performed
at 2.5 uM and 5 uM enzyme for His-Ub. For Ubl phosphorylation, two replicates of the
experiment were performed at 2 M enzyme concentration. Following gel runs and
densitometry, the intensities (vo) were plotted as a function of concentration and the values for
Km, Vmax and keat were obtained from the global fit to the two datasets using the data analysis
software Prism. For either substrate, the intensities were normalized with respect to the
substrate concentration and time (in units of uM/min) and scaled according to the enzyme
concentration before performing the analysis. Control samples of His-ubiquitin and Ubl were
loaded on gel at different concentrations to demonstrate a linear relationship between
concentration and intensity measurement by densitometry. To determine the Km of
phosphorylation with respect to ATP, kinetic experiments were performed as mentioned above
with an excess of His-Ub (1 mM) and a range of ATP concentrations.
2.2.6 Parkin phosphorylation assays and Kinetics

Parkin phosphorylation assays were performed with 0.1 uM GST-TcPINK1 (143-570)
with 3 uM Parkin WT, L266K or H302A as substrates in the presence or absence of 3 uM pUb
and 1 mM ATP in a reaction volume of 25 pL. The kinase buffer constituted 50 mM Tris-HCl, 100

mM NaCl, 1 mM DTT and 2 mM MgSO4. Reactions were performed for 5 min at 30 °C and were
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quenched using SDS PAGE loading buffer and 20 uL of the reaction was loaded on 10% Tris-
Glycine gels containing 20 uM Phostag and 40 uM MnCl,.4H,0. Gels were stained with

Coomassie Brilliant Blue for visualization.

To compare the effects of pUb or Ub S65A on Parkin phosphorylation, assays were performed
with 0.1 uM GST-TcPINK1 (143-570) with 30 uM Parkin WT in the presence or absence of 30
uM pUb or 30 uM UbS65A and 1 mM ATP in a reaction volume of 25 uL. The kinase buffer
constituted 50 mM Tris-HCIl, 100 mM NaCl, 1 mM DTT and 2 mM MgS0O4. Reactions were
performed at 30 °C and at each time point (2 min or 10 min), 8 uL was taken and quenched
using 4 uL SDS PAGE loading buffer. After denaturation, 2 pL of the latter mixture was loaded
on 10% Tris-glycine gels containing 20 uM Phostag and 40 uM MnCl,.4H,0. Gels were stained

with Coomassie Brilliant Blue for visualization.

For kinetics of Parkin phosphorylation (wild type or L266K), experiments were performed as

mentioned in section 2.2.5 with 2 uM GST-TcPINK1 (143-570).

2.3 ITC experiments

2.3.1ITC experiment for TcPINK1 and AMP-PNP binding
The ITC buffer consisted of 50 mM HEPES, 300 mM NacCl, 0.5 mM TCEP and 5 mM

MgSQO4 at pH 7.5. The experiments were performed with 100 uM GST-TcPINK1 (143-570) in the
cell and 3 mM AMP-PNP in the syringe. Both the protein and the ligand had been buffer-
exchanged into the ITC buffer prior to the experiment. The measurements were made at a
constant temperature of 25 °C using the ITC200 calorimeter (Malvern). The data was analyzed

using Origin software (version 7). The stoichiometry was fixed to 1.

2.3.2 ITC experiments of Parkin RORBR
ITC measurements were carried out at a constant temperature of 20°C using ITC200

(Malvern). Samples were in 50 mM Tris—HCl pH 7.4, 150 mM NacCl, 1 mM TCEP. Data were
analyzed using Origin v7 software. Protein concentrations in the cell and syringe are indicated

in the figures. The stoichiometry was determined experimentally for Ubl and pUb titrations and
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generally refined to values between 0.8 and 1.0 (Sauve et al., 2015). The stoichiometry was

fixed to 1:1 for UbcH7 titrations

2.4 NMR titration experiments

2.4.1 NMR titration experiments for TcPINK1 and Ubl
N-labelled UbL and unlabeled GST-TcPINK1 (121-570) were buffer-exchanged into

NMR buffer (50 mM Tris, 100 mM NaCl and 1mM DTT pH: 7.5). Experiments were performed
using a 600 MHz NMR spectrometer (Bruker) equipped with a room-temperature triple-
resonance probe, at a temperature of 295 K. 5% D,0 was added to each sample for for the lock
signal. Titrations were then performed with GST-TcPINK1 (121-570) and 200uM *>N-UbL at 1:2,
1:4 and 1:8 molar ratios. 'H -*°N sensitivity-enhanced HSQC spectra were acquired at each
titration point, as well as a reference spectrum with 200 uM *N-UbL. Experiments were done
with 64 scans per titration point. All spectra were contoured to the same level. The data was
processed using NMRView and visualized using Sparky. The NMR assignments for UbL were
obtained from Trempe et al. 2009 and mapped onto the HSQC spectra. Intensities for individual
peaks (corresponding to each amide) were obtained from each spectra and represented as a
ratio of the respective intensity in the reference spectrum (Ubl alone). Protskin (Gehring Lab)
was used to map the intensity ratios (corresponding to the 1:8 titration point) onto the UbL
structure (from Trempe et al. 2009). The results were visualized in Pymol. The results were used
to guide the mutagenesis of the UbL domain for phosphorylation assays.
2.4.2 NMR experiment for RORBR binding with pUb

'H -15N HSQC spectra were collected for 0.2 mM °>N-Ubl alone and following the
addition of unlabeled Parkin RORBR, or Parkin RORBR and pUb at equimolar concentrations.
Prior to the experiment all proteins had been exchanged into NMR buffer (20 mM Tris-HCl, 120
mM NaCl, and 2 mM DTT pH 7.4). The spectra were acquired on a Varian NMR spectrometer at
a field strength of 800 MHz at a temperature of 293 K, processed using NMRpipe and analyzed
using NMRView J.
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2.5 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering data was collected on the SIBYLS beamline (12.3.1) at the
Advanced Light source (Lawrence Berkeley National Laboratory). Data was collected for 0.5 or 1
s at 20 °C, at protein concentrations of 2, 4 and 8 mg/ml for L266K Parkin and 1.5, 3 and 6
mg/ml for WT Parkin. Background scattering from the buffer (50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 2% glycerol and 10 mM DTT) was measured for 0.5 - 1 s. Scaling, buffer subtraction, and
merging were performed using the ATSAS software suite (Petoukhov et al., 2012). Pairwise

distance distributions were calculated using GNOM.

2.6 Multiple-angle light scattering (MALS)

Data were collected with a miniDAWN Treos (MALS) and an OptiLab rEX (refractive
index) instruments (Wyatt Technology Corporation), connected to a Waters AllianceBIO HPLC
with autosampler fitted with a Superdex 200 Increase analytical gel filtration column (GE). The
column was equilibrated in 50 mM Tris/HCI, 300 mM NaCl, 1 mM DTT, pH 8.0 and all
experiments were performed at room temperature. Fifty (50) uL of protein solution (previously
centrifuged) was injected per run, and resolved on-column at a flow rate of 0.5 mL/min. Three-
angle MALS data and refractive index were collected with a 1 Hz sampling rate. Data were
analyzed with the software Astra (Wyatt). Peaks were identified with UV and the molecular
weights derived from light scattering data normalized with concentrations derived from the

refractive index.
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Chapter 3. PINK1 expression and purification

3.1 Expression of Human PINK1
Performing structural studies on proteins such as NMR and X-ray crystallography

requires large quantities (on the order of milligrams) of stable and pure proteins. Functional
experiments including protein-protein or protein-ligand binding assays such as ITC also requires
similar amounts of proteins. To obtain large amounts of proteins, bacterial expression systems
or Insect cell lines (infected with baculovirus) are commonly used. The latter is advantageous
over the former in the sense that it provides eukaryotic machinery for the protein folding and
post-translational modifications. However, the method is method is expensive, difficult to
maintain and the time required to get to purified desired product in greater. For these reasons

we chose to start with a bacterial expression to obtain human PINK1 for structural studies.

Human PINK1 kinase domain (residue 148-511) and kinase domain and C-terminal region
constructs (residue 148-581) cloned in pGEX-6p1 vectors were expressed as GST fusion proteins
and purified. Lysis of cells was performed in the presence of protease inhibitors. The GST tag
was cleaved off using the 3C rhinovirus protease overnight. GST-tag cleavage also serves as a
diagnostic for the successful purification of the desired protein. To take into account any
changes in the stability of the protein at 4°C overnight, control samples were also frozen at -
80°C. The samples were loaded on SDS-PAGE gel and are shown in Figure 3.1. Upon addition of
3C, both GST fusion proteins (73 and 66 kDa bands) lose GST (26kDa band) and yield non-fusion
forms (47 and 41 kDa bands) showing that the desired protein is present in the sample.
However for both proteins, the gel results also shows two undesirable features: degradation
and the presence of impurities. The former is visible in the form of a ladder-like pattern of
bands above 26 kDa in size (in all samples without 3C) that goes away upon the addition upon
the addition of 3C protease. This implies that these bands correspond to GST fusion proteins
(and hence truncated forms of PINK1) degraded by endogenous proteases in E.coli at different
positions following the GST tag. The impurities are visible in the form of extra bands present
around 65kDa and 75kDa (close to both GST fusion forms). Since the proteins are present in

both samples and do not show a shift upon 3C addition, it is clear that they are not GST forms
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of PINK1. They likely correspond to bacterial chaperones that bind to PINK1 and coelute with it.
Indeed, the bacterial chaperone GroEL (~60 kDa) has been reported to copurify with unstable
GST-fusion proteins (Rohman and Harrison-Lavoie, 2000). There is also no visible difference
between the protein samples stored at -80°C and 4°C on gel; no precipitation was observed at
4°C either. Including impurities and degraded product, the yield of human PINK1 from 1 liter
E.coli cultures was found to be no greater than 1 mg. Though some studies reported the
purification of different constructs human PINK1 from E.coli, the purification yields have not
been reported (Sim et al., 2006, Beilina et al., 2005, Silvestri et al., 2005, Woodroof et al., 2011).
One of these studies also reports the poor solubility of full length human PINK1 and toxicity to
E.coli (Beilina et al., 2005) and another one reports endogenous degradation of the 121-581
construct (Sim et al., 2006). As a result, many groups have considered Baculovirus infected
insect cell lines (Sf9) as alternative expression systems for human PINK1 (Sim et al., 2006,
Woodroof et al., 2011, Hertz et al., 2013). Notably, one study found that co-expression with the
mitochondrial chaperone TRAP1 in Sf9 cells dramatically increases the expression of human
PINK1 [6]. We therefore tried the co-expression of human PINK1 with TRAP1 in E.coli (Pridgeon
et al., 2007, Hertz et al., 2013), as well as the use of denatured E.coli lysate and ATP to remove
the GroEL impurity (Rohman and Harrison-Lavoie, 2000). However the problem of protein
degradation and co purification with chaperones persisted (data not shown). We therefore
conclude that because of its endogenous degradation in E.coli and copurification with
chaperones, human PINK1 is unstable (does not fold well) and unfit for expression in E.coli. We

therefore turned our attention towards orthologs of human PINK1.
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Figure 3.1 Expression of Human PINK1 (above) Schematic representing the domain organization of PINK1 and SDS-
PAGE gels from the purification and 3C cleavage of (below, left) kinase domain (below, right) kinase domain and C-
terminal region.

3.2 Expression of TcPINK1
In 2010, a study reported that recombinant expressed PINK1 from the insect species

Pediculus humanus corporis (common louse) and Tribolium castaneum (figure 3.2 A) (TcPINK1)
displayed much higher kinase activity than human PINK1 and drosophila PINK1, with TcPINK1
showing the greatest levels of activity towards generic substrates including histone H1 and the
myelin basic protein (Woodroof et al., 2011). Though this study used E.coli expression lines for
the study, the yields of purification were not reported. We performed pairwise sequence
alignments between human PINK1 and TcPINK1, and found that the full-length forms of the two
proteins have a sequence identity of 33% while the kinase domains is about 40% identical. At
this level of conservation of sequence, the tertiary structure and the fold of the protein is
usually conserved (Gong et al., 2009). In particular, the architecture of kinase domains is
generally conserved across all kinases (Kornev and Taylor, 2010). The multiple sequence
alignment (Figure 1.4) indicates that the active site residues are conserved as well. One major
difference between the kinase domain of human PINK1 and TcPINK1 is that the latter has a
much shorter insert 1. Taking the increased activity and high sequence homology of TcPINK1

into account, we hypothesized that TcPINK1 might be a suitable model for human PINK1 for
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Figure 3.2 Expression of TcPINK1 (A) Tribolium Castaneum (B) SDS-PAGE showing purified TcPINK1 (128-570)
before and after 3C cleavage with the molecular standards and theoretical molecular weight of the proteins

structural and functional studies. Therefore, the open-reading frame for TcPINK1 with codon-
optimization for E.coli was cloned in the pGEX-6p1 vector and for expression in E.coli and
purification. Figure 3.2 shows the SDS-PAGE for the elution and 3C cleavage of TcPINK1 (128-
570), a construct that starts within the NT linker and includes the kinase domain and C-terminal
region. In contrast to human PINK1, TcPINK1 shows almost no degradation nor co purification
with impurities, and 3C cleavage generates a stable 50 kDa protein. Different constructs of
TcPINK1 (1-570), (121-570) and (143-570) have since been purified successfully with similar
observations. Subsequently, bacterial growth media was changed from LB to TB (Terrific broth)
to improve protein yield. Lysis buffer composition has been optimized to improve protein yield
and stability. These optimizations include the addition of lysozyme, changing pH from 7.5 to 8.0
and increasing salt concentration from 100 mM to 300 mM. It was also found that the addition
of 0.1% CHAPS to the elution buffer helped increasing its solubility and preventing precipitation
upon concentration. Section 2.1.1 contains the final optimized purification protocol. With this
optimized protocol the average yield of pure fusion protein from 1 Liter cultures is around 40
mg.
3.3 Deletion of Insertl from human PINK1

Knowing that TcPINK1 expresses well, we wished to explore the differences between
human PINK1 and TcPINK1 that enable the latter to express well in bacterial expression

systems. As mentioned previously, TcPINK1 differs from human PINK1 in that it has a shorter
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insert 1. In human PINK1, insert 1 is composed of 30 amino acid spanning residue 181 through
residue 210. While no structural information is available for this region, it is likely to form an
unstructured loop because it is rich in glycine and proline residues. We hypothesized that the
difference between TcPINK1 and human PINK1 expression arises because of this loop, which in
the case of human PINK1 makes the protein prone to endogenous degradation by proteases or
affects its folding in E.coli. Using site-directed mutagenesis, two different lengths of insert 1
were deleted from human PINK1 (148-581) to generate A184-206 or A181-209 constructs and
expressed in E.coli. The SDS-PAGE analysis (figure 3.3) indicates that either of the proteins, just
like WT (148-581), co-purify with impurities, are significantly degraded and have low proportion
of non-degraded protein of interest (compared to the impurities). Samples of A184-206 contain
lesser degraded protein than WT, but more than A181-209. This observations suggests that
insertl might indeed be the target for endogenous proteolytic cleavage in E.coli. However, the
solubility of both constructs lacking the insert was poor. The appearance of the band close to
66 kDa (as in figure 3.1) suggests the presence of chaperones and alludes towards the instability
of each protein. Including degraded protein and chaperones the total yield form 1 Liter cultures
of E.coli was 0.5 mg (as measured by Bradford assay). From this experiment it can be concluded
that the inability to express human PINK1 cannot be attributed solely to insert 1, and other

differences between the TcPINK1 and human PINK1 sequences must contribute.
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Figure 3.3 Deletion of Insert 1 from human PINK1 Two different lengths of insert 1 were deleted from human PINK1 (148-581),
expressed and purified from E.coli. The samples at -80 °C correspond to elutions concentrated before and after concentration (same
amounts loaded).

3.4 Expression of C-terminal region of PINK1 and TcPINK1 kinase domain
The C-terminal region of PINK1 (511-581) is not known to share homology with any

known protein. Reports have suggested that it contains alpha helices, has inhibitory (Woodroof
et al.,, 2011, Silvestri et al., 2005) or activating roles for the kinase activity of PINK1, and also is
also involved in substrate recognition (Sim et al., 2006). Since this region is not shared in
homology with the kinase domain of CamKIl (as mentioned in the introduction), we
hypothesized that it might be an independently folding domain and hence can be expressed in
E.coli independently from the rest of the protein. Since this region is short, it could also be a
good target for NMR studies. This putative domain spans residues 511-581 in human PINK1 and
residues 486-570 in TcPINK1. Both were cloned in pGEX-6p1 and expressed in E.coli. Figure 3.4
(A) shows that the expression of TcPINK1 C-terminal is negligible since the GST-fusion form of
the protein is not visible. Since GST is visible, the C-terminal region probably got cleaved inside
cells and did not elute. While bands are observed at the expected size for human PINK1 C-
terminal region in GST-fusion form, they do not undergo any change upon addition of 3C
protease indicating they are either impurities or aggregated GST-fusion forms. The results led
us to conclude that the C-terminal region of PINK1 is not an independently folding domain and

relies on the kinase domain for its folding (in the case of TcPINK1).
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Figure 3.4 Expression of C-terminal region of PINK1 and kinase domain of TcPINK1 (A) expression tests on TcPINK1 and human PINK1
C-terminal region. (B) Expression of TcPINK1 (143-570), (143-486) and (143-500); all images in (B) were cropped from the same gel
image.

In order to investigate the effect of deleting the C-terminal region of TcPINK1 on its kinase

activity, TcPINK1 (143-486) and TcPINK1 (143-500) were expressed in E.coli (Figure 3.4 B). As
opposed to TcPINK1 (143-570), the constructs from which C-terminal region was deleted did

not purify well, and similar to human PINK1 kinase domain construct (Figure 3.1), the elutions
contain mostly degraded protein and impurities. Taken together, these results imply that the C-

terminal region is an integral part for the kinase domain and both depend on each other for

proper folding. Hence the C-terminal region should not be classified as a domain.

3.5 Expression tests on other PINK1 orthologs
Besides TcPINK1, we also considered cloning and expressing other orthologs of PINK1.

The intent behind this exercise is to identify candidate(s) most suitable for crystallization. We
expressed PINK1 constructs (following the transmembrane region) from Gallus gallus (chicken),

Camponotus floridanus (ant), Pediculus humanus corporis (louse), Dendroctonus penderosae

40



kDa
70

55

40

35

25

GST-PINK1 Tc143 | Ant | Chicken | Oyster | mpBeetle | Louse

Figure 3.5 Small-scale expression of PINK1 orthologs.

(mountain pine beetle) and Crassostrea gigas (Oyster). Owing to the success with TcPINK1,
more insect species were considered for expression in E.coli than other vertebrate species. The
expressed constructs were cultured on a small-scale (15 ml bacterial cultures) and purified as
GST fusion proteins. Figure 3.5 is an SDS-PAGE gel showing the elutions of these proteins. All
proteins show a band close to 70 kDa on gel. The amount of protein eluted for GST-Chicken
PINK1 is lesser compared to the rest and it also gives a degraded product close to 55 kDa. All
the other proteins show almost no degradation or impurities. Oyster PINK1 travels higher on gel
compared to the rest of the proteins and also showed aggregation in solution. Drosophila and
mouse PINK1 were not found to express well in E.coli (not shown). Of these constructs, both
ant and beetle PINK1 appear the most stable; unsurprisingly, these orthologs have the highest

sequence identity with TcPINK1.

3.6 Size-exclusion Chromatography studies of TcPINK1
Studies conducted thus far on PINK1 have focused almost exclusively on PINK1’s

functional role. Not only is there a lack of experimental structures for PINK1, there are also no
studies reporting the behavior of PINK1 in solution in terms of its oligomeric state. In 2013,
using PINK1 tagged with multiple fluorophores analyzed by native PAGE gels, a study reported
that PINK1 might exist as a dimer on mitochondria in complex with TOM in a mitochondrial
damage-dependent manner (Okatsu et al., 2013). Since the same group earlier reported that

PINK1 auto phosphorylates in trans (Okatsu et al., 2012), it was suggested that dimerization is
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Figure 3.6 Size-exclusion study of TcPINK1 constructs using Sephacryl $200 (Above) Sephacryl S200 16/60 profiles of
different TcPINK1 constructs at different concentration. The peak intensities for all profiles were normalized to bring
them to the same height. (Below) Schematic representing the positions of residues 121, 128 and 143 in TcPINK1.

an essential requirement for autophosphorylation and activation of PINK1. Nonetheless, there
are still no studies about the region in PINK1 that is responsible for mediating dimerization.
Size-exclusion chromatography using Sephacryl S200 column was performed with different
concentrations of different constructs of TcPINK1 (Figure 3.6). We used GST as a standard for
this column and found it to elute at 65ml (not shown). Since GST forms dimer in solution, this
elution volume corresponds to a 52 kDa mass (2 x 26 kDa). TcPINK1 (128-570) was injected at 1
mg/ml (low concentration) and 5 mg/ml (higher concentration) on column. Surprisingly, at low
concentration the TcPINK1 (128-570) elutes close to 65 ml (close to monomer) and at higher
concentration it elutes at 45 ml. The latter probably corresponds to a trimer or higher
oligomeric forms since 1gG (a 160 kDa protein) elutes at a similar volume according to the
column manufacturer datasheet. This implies that this construct of TcPINK1 undergoes
concentration-dependent oligomerization. The peaks for both samples are also skewed and
broad, alluding to the presence of multiple forms of TcPINK1 (monomer or oligomer). TcPINK1

(121-570) (which starts right after the transmembrane helix) elutes at 67 ml when injected at a
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concentration of 6 mg/ml (higher concentration) and is most likely a monomer, while TcPINK1
(143-570) elutes at about 53ml when injected at a concentration of 10 mg/ml. According to
manufacturer’s instructions, bovine serum albumin (a 67 kDa protein) elutes between 55 and
60ml from this column under similar conditions. Hence TcPINK1 (143-570) is most likely a dimer
at this concentration. The peaks for both TcPINK1 (121-570) and TcPINK1 (143-570) are also
sharper compared to TcPINK1 (128-570) pointing towards a greater homogeneity of species in
solution. To confirm these findings, we performed higher resolution size-exclusion
chromatography using an analytical Superdex 200 Increase column in combination with
multiple-angle light scattering (MALS) on TcPINK1 (121-570) and TcPINK1 (143-570). MALS
allows the determination of the molecular weight of eluting species independently of their
shape in solution and hence can be used confirm the oligomeric state of different species. Both
proteins were investigated at 3 mg/ml and 6 mg/ml concentrations. Figure 3.7 (A) shows that
the TcPINK1 (143-570) peaks elute earlier compared to TcPINK1 (121-570) consistent with the
observation form the Figure 3.6. TcPINK1 (121-570) samples also show minor peaks close to the
elution time of TcPINK1 (143-570) that possibly corresponds to a small proportion of dimer in
solution. For both proteins some concentration-dependent changes are observed in the elution
profile: both proteins shows small shift towards the right upon decrease the concentration
from 6 to 3 mg/ml. The molecular weights corresponding to the major peaks for each sample
were estimated using MALS (Figure 3.7 B). As shown, at lower concentration TcPINK1 (121-570)
is monomeric but the shift of average mass from 51 kDa to 56.1 kDa at 6 mg/ml shows at least a
small proportion of dimer is present in solution. Similarly TcPINK1 (143-570) is dimeric at
6mg/ml and the decrease in concentration causes decrease the average mass, showing that a

small proportion of the protein is monomeric at lower concentration.
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Figure 3.7 SEC-MALS study of TcPINK1 (A) Superdex S200 increase profiles of TcPINK1 (121-570) (green: 3 mg/ml, red:
6mg/ml) and TcPINK1 (143-570) (blue: 3 mg/ml, black: 6 mg/ml ) (B) Mass estimation based on MALS for the major peaks.

These comparisons indicate that TcPINK1 can undergo variable levels of concentration-
dependent dimerization depending on the length of N-terminal linker in the construct; 121-570,
that contains the entire length of the NT region and stays mostly monomeric in solution even at
higher concentration while the 143-570 construct is mostly dimeric even at lower
concentration. The 128-570 construct is the intermediate case in the sense that it undergoes
shifts from monomer to dimer (on average) upon similar increases in concentration, though the
peaks are broader than either of the other constructs. It is hence likely that the NT region
regulates the oligomerization of PINK1 in solution. Despite the evidence of dimerization in cells
(Okatsu et al., 2013) it is not clear if this phenomenon is physiologically relevant. PINK1 localizes
on the OMM in complex with TOM in its full-length form so it will be important to investigate
the oligomeric state of full-length TcPINK1 in solution. It can be speculated that 121-570 and
143-570 represent two different forms of PINK1 in the cells; in the former case might
correspond to a conformation of NT linker folding back to interact with the kinase domain and
prevent its dimerization (in the cytoplasm) while in the latter case the association with TOM
subunits might product a conformational change that changes the position of the NT and allows

the dimerization of adjacent kinase domains.
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Chapter 4. PINK1 Kinase Activity

4.1 TcPINK1 phosphorylates Ub in vitro
As described in the introduction chapter, PINK1 was discovered to be a kinase of

ubiquitin and Parkin. | have also described in the previous chapter that by virtue of its close
homology with human PINK1, TcPINK1 is likely to conserve most structural elements that
convey selectivity for ubiquitin Ser65. Based on conservation one can also hypothesize that
TcPINK1 will also be functionally similar to Human PINK1. We tested this hypothesis by
investigating the ability of TcPINK1 to phosphorylate ubiquitin in vitro (Figure 4.1). The
phosphorylation was analyzed loading the reaction on regular and phos-tag SDS PAGE gels.
Compared to the regular SDS-PAGE gel (figure 4.1 (A), bottom panel), the His-ubiquitin band is
shifted upward in a TcPINK1-dependant manner (figure 4.1 (A), top panel), indicating that
TcPINK1 had phosphorylated His-Ub. In order to confirm these finding, we performed similar
phosphorylation assays with and without ATP and inspected changes in intact Ub with MALDI-
TOF mass spectrometry. The resulting spectra (corresponding to singly charged species) are
shown in Figure 4.1 (B). The spectrum corresponding to the reaction with ATP (top panel)
contains an extra peak at about 8648 Da which is ~ 80 Da greater in mass compared to the Ub
peak (8568 Da), but this change was not observed in the reaction without ATP (bottom panel) .
The mass increase corresponds to the incorporation of a phosphate group to Ub. The extent of
phosphorylation is lesser as observed with MALDI-TOF compared to the Phos-tag gel. This can
be attributed to the fact that phosphate groups are labile and can dissociate upon MALDI laser
irradiation. Ubiquitin is entirely conserved across all species and shares the Ser65 residue with
Parkin Ubl (besides other residues), which has been reported as a phosphorylation site target
site for PINK1. We hypothesized that owing to the high degree of similarity between Ub and
Parkin UbL, this phosphorylation is likely to occur at Ser65 on Ub as well. As expected, S65A Ub
did not show a shift on Phos-tag gel (figure 4.1 (A), top panel). The results suggest Ub
phosphorylation is conserved in insect species such as TcPINK1 and that phos-tag is a reliable
assay for detecting Ub phosphorylation. Our results are in concurrence with other studies that

showed TcPINK1 can phosphorylate Ub (Kazlauskaite et al., 2014, Kane et al., 2014).
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Figure 4.1 TcPINK1 can phosphorylate Ub in vitro (A) phosphorylation assay with WT or S65A His-Ub and GST-TcPINK1 (128-
570) loaded on regular or Phos-tag gel (15% Tris Glycine). This result was contributed to (Koyano et al., 2014). (B) MALDI-TOF
spectra of Ub phosphorylation reactions with or without ATP. The labelled value for each peak represents the m/z (mass to
charge) value for singly charged species. Note: These experiments were performed before the first reports about Ub
phosphorylation by PINK1 (Kazlauskaite et al., 2014, Kane et al., 2014) were published.

4.2 UbL phosphorylation by TcPINK1

Phosphorylation of full-length human Parkin or its Ubl domain on Ser65 has been
previously reported by Mugit and co-workers, which was shown to be responsible for Parkin’s
activation (Kondapalli et al., 2012). | used the Ubl domain from Rat Parkin as a substrate for
TcPINK1 since there are a greater number of structural studies available for this domain
(Trempe et al., 2009, Trempe et al., 2013) and it also has been proposed to have a higher
solubility. Human Parkin UbL domain is very similar to its Rat ortholog with only 3 amino acid
substitutions including Trp74, which is a glutamine in Rat and potentially increases the solubility
(Trempe et al., 2009). Work in my lab has shown that Ubl domain of TcParkin does not express
well in E.coli (data not shown), so it was not considered further for this analysis. The results

indicate that Rat Ubl gets phosphorylated by TcPINK1 (Figure 4.2).

4.3 NT truncations of TcPINK1 does not affect kinase activity
In the previous chapter, it was shown that the NT region (121-156) might play a role in

regulating the oligomeric state of the protein as TcPINK1 (121-570) was found to be mostly a
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Figure 4.2 Ubl Phosphorylation by different TcPINK1 constructs Ubl phosphorylation assays conducted with TcPINK1 (121-
570) or TcPINK1 (143-570) under the same conditions.

monomer in solution whereas TcPINK1 (143-570) was found to be mostly dimeric. However is it
not understood if this region has any impact on the activity of PINK1. | asked whether the NT
region of the protein is likely to regulate its kinase activity. Figure 4.2 shows that both
constructs are active in terms of Ubl phosphorylation. Therefore the NT region is not likely to

interfere with the activity of the kinase domain.

4.4 PINK1 Enzyme Kinetics
In order to investigate the difference between the phosphorylation of Ub and Ubl by

PINK1, a Michealis-Menten kinetics approach was taken. Michealis-Menten analysis provides
two key parameters for enzymatic reactions: Km, that provides a measure of substrate affinity
for the enzyme, and kcat, that gives an estimate of the catalytic turn-over of a reaction. Both of
these parameters are specific to every enzyme-substrate reaction and can used to understand
the difference in activities for different substrates or rationalize the effect of mutations in
enzymes. In order to do so, time course kinase reactions were performed with fixed
concentration of His-Ub and TcPINK1 to find out the time points, which are within the bounds
of the initial reaction rate i.e. a linear increase in phosphorylation of Ub over time (Figure 4.3).
These time points can then be used to find the initial rate of reaction for different
concentrations of substrate which when plotted out can be used to give estimates of Kmand
Vmax (maximum rate). Figure 4.3 A and B indicate that Ub phosphorylation increases linearly
over time until the first five minutes of the reaction, but since the 10min time point does not lie
close to the linear line, the effects of the reverse reaction start becoming prominent after the 5

min time point. For Ubl phosphorylation time course (Figure 4.3 C and D), the product
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Figure 4.3 Ub and Ubl phosphorylation time course kinase assays (A) His-Ub time course assay and (B) corresponding graph. (C)
Ubl time course assay and its corresponding graph. The graphs were obtained following background subtraction and

normalization of intensity counts with respect to concentration. Data points not following the linear trend in each graph are
labelled with blue dots. R-squared values for the fit of the data to the linear line are stated.

formation trajectory is linear uptil the 10 min time point but not afterwards. Hence for both Ubl
and Ub phosphorylation reactions at different substrate concentrations, the 5 min time point

can be used as the time corresponding to the initial rate of reaction.

Kinetics experiments were then performed using a fixed time point (5min) and different
concentrations of Ub or Ubl. Following densitometry of the phosphorylated protein, the results
were plotted and fitted to the Michealis-Menten equation to calculate the values of Km and Vmax
(Figure 4.4). The results indicate that TcPINK1 has a 10 times more favorable Km for Ubl (Figure
4.4 B and E) compared to Ub (Figure 4.4 A and D), which indicates a greater affinity of the
enzyme for the Ubl domain than Ub. However the catalytic turnover rate Keat (Vmax/[Enzyme])
are 2 times greater for Ub. This could imply that though binding of Ubl to TcPINK1 is more
favorable than Ub, once bound the conversion of Ub to pUb is faster than Ubl. Moreover, the

uncertainty on keat is probably greater than determined from the curve-fitting procedure;
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Figure 4.4 Michealis-Menten modelling of Ub and Ubl phosphorylation Kinetics 5 minute phosphorylation reactions for (A)
His-Ub and (B) Ubl and their corresponding graphs (D) and (E) (background subtracted and normalized with respect to
concentration and time). The graphs in (D) and (E) are global fits to data collected for 2 sets of reactions for both Ubl and His-
Ub performed independently. Only one set of reactions for Ub is displayed (A). (C) Control Ub samples loaded on phos-tag
gel and (F) analyzed by densitometry.

systematic errors such as pipetting of enzyme dilutions will increase the uncertainty in the
measurements. Thus, the difference in keat is likely insignificant, whereas the difference in Km is
marked and insensitive to the enzyme concentration estimation. The catalytic efficiency
(kcat/Km ratio) is significantly greater for Ubl (~0.22) compared to Ub (~0.05), which implies that
both kinetically and thermodynamically Ubl might be preferred as a substrate over Ub by
TcPINK1. The findings need to be established for human PINK1.

In order to ensure that the kinetic data observed was purely due to Ub or Ubl phosphorylation
and not because of a non-linear protein staining by Coomassie, control samples
(unphosphorylated) of Ub and Ubl were run on phos-tag gels and the relationship between
signal intensity and concentration was observed using graphs. This is particularly important for
small proteins like Ub and Ubl for which poor reactivity with Coomassie can cause staining
anomalies. The results for Ub is shown as an example in Figure 4.4 (E and F) as an example. The
results indicate unphosphorylated Ub gives a perfectly linear increase in intensity with

concentration. Hence the kinetic data observed is reliable.

In order to characterize PINK1 further, similar kinetic analysis was performed for calculating Kn,

of TcPINK1 for ATP by observing Ub phosphorylation as a function of ATP concentration. The

49



Time (min)

0 10 20 30 40 50
0.10 ——T 7T
0.00 —
-0.10 a
(A) (B) 8 -0204 i
2 l
® -0.30 -
a N = 1.00 (fixed) J
_ K., (ATP) =75+ 20 uM 0.40 K=125+27210° M- 4
80000 AH =-2920 + 231.5 cal/mol |
-0.50 | AS =8.95 cal/molideg -
T T T T T T [ T T T T T T
-"? é 0.00
g @ ’ //.'1’.—-/-_11
E‘ n B |
5 o
£ ke B
g b
w /
g
0 1 T T T 200 T T T T T T T T T
0 50 100 150 200 -0.50.00.51.01.52.0253.03.540455.0556.06.5
ATP( M) Molar Ratio
u

Figure 4.5 Kinetic and Binding experiments between TcPINK1 and ATP (A) Graph for His-Ub phosphorylation reactions plotted
against ATP concentrations and the value of Ky, calculated from Michealis-Menten modelling. (B) ITC experiment for the
binding between AMP-PNP and GST-TcPINK1 (143-570) and the obtained values for thermodynamic parameters. The
stoichiometry (N) was fixed to 1.0.

reactions were performed with an excess of Ub but with ATP as the limiting substrate. The
result following the Michealis-Menten modelling of the data are shown in Figure 4.5 (A) and
show that Kn is about 75 pM. This result is very similar to the reported K for ATP in
autophosphorylation reactions for human PINK1 (74.6 uM) (Hertz et al., 2013). Binding studies
were also performed between TcPINK1 and AMP-PNP (a non-hydrolysable ATP analog) using
ITC (Figure 4.5B). The Kq for binding was found to be 80 + 18 uM (inverse of the association
constant (K) given in Figure 4.5 B). The value is very close to the Ky, from the phosphorylation
kinetics study, which is consistent with the Km being a measure of the enzyme-substrate
affinity. The ITC experiment also revealed the thermodynamic parameters including AH, AG (-
5.5 kcal/mol) and AS of the binding (Figure 4.5 B). Since AG of binding is negative, the binding of
AMP-PNP to TcPINK1 occurs spontaneously. Both AH (negative) and AS (positive) are favorable
but since the magnitude of AH is much greater than AS, the binding between TcPINK1 and AMP-

PNP is mostly driven by a favorable enthalpy.
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4.5 Effect of PD Mutations on Ubiquitin Kinase Activity
Studies have reported the effects of PD-linked mutations in cell-based assays on Parkin

recruitment and phosphorylation (Iguchi et al., 2013). However, it is not known how these
mutations impact ubiquitin phosphorylation. The availability of a recombinant stable PINK1
ortholog, TcPINK1, enabled me to test these effects in vitro. We chose a few PD-linked mutants
of PINK1 to test Ub phosphorylation, including E240K, G309D, C388R, H271Q and A537P.
Reported multiple sequence alignments of PINK1 orthologs (Figure 1.3) (Woodroof et al., 2011,
Cardona et al., 2011) indicate that these residues are conserved across all species from human
to drosophila except A537, which is an alanine, leucine or methionine (aliphatic) in vertebrates,
but lysine (basic) in insect phyla. The residue numbers for these PD sites in TcPINK1 was
determined from these alignments (human numbering in parenthesis): E217 (E240K), G285
(G309D), C363 (C388R), H247 (H271Q) and K513 (A537P). These residues were then mutated to
the PD residues except for C363 that was mutated to a serine. D359N (D384 in human) mutant
was used as a negative control: as mentioned in chapter 1, this residue is a part of the
activation loop and is necessary for coordinating the Mg?* ion to perform the catalysis, and
hence does not show any Ub phosphorylation (Figure 4.6 C). Figure 4.6 A and B show the
positions of some of these residues in the human PINK1 kinase domain homology model
(Cardona et al., 2011). In concurrence with the lack of Parkin phosphorylation in cells by E240K,
G309D and H271Q mutants of PINK1 (lguchi et al., 2013), their corresponding mutation in
TcPINK1 also abrogated Ub phosphorylation compared to WT TcPINK1 (Figure 4.6 C and D).
H247Q shows some phosphorylation but E217K and G285D completely abolish Ub
phosphorylation. Since E217 (E240) lies close to the activation loop (Figure 4.6 A), the
introduction of a lysine at that position might affect the positioning of the loop. It is also
possible that the residue might be involved in forming interactions with the substrate. E240K
was found as a compound heterozygote with L489P in a PD patient (Cardona et al., 2011), a
mutation that would disrupt a predicted alpha-helix in the C-lobe. Thus a combination of a

Ill

“structural” and “active-site” loss-of-function mutations would completely abolish PINK1
ubiquitin kinase activity and lead to PD. G285 (G309D) lies in insert 3 of the kinase domain.

Since insert 3 has been modelled as unstructured in the human PINK1 model, it is hard to make

51



a prediction about the structural role of this residue. It might be fair to assume that it might
disturb the charge distribution in its vicinity; insert 3 is rich in positively charged residues. It has
been shown that the use of KTP (instead of ATP) as a substrate rescues the deleterious effect of
the G309D mutation in kinase assays for human PINK1 (Hertz et al., 2013). This implies that
insert 3 (and hence G309) might be important in dictating PINK1’s specificity towards its
nucleotide substrate. H247 (H271) lies at the boundary of insert 2 and mediates ionic
interactions with E348 in a helix of the C-lobe (Figure 4.6 B). This interaction might be
important in stapling the N and C lobes together or maintaining the structure of insert 2.
Another potential reason for the importance of this interaction might be the fact that L347P,
which is a PD-mutant as well, would distort the helix. One of the consequences of this helix
distortion might be to disrupt the H271-E348 interaction. Both and L347 and E348 are

conserved in between human and TcPINK1.

PINK1 is the only kinase that has cysteine residues located at positions at the +1 and +2
positions with respect to the DFG motif in the activation loop. Studies indicate the identity of
residues at the DFG+1 position are important for determining the specificity of kinases towards
acceptor site in substrates (Chen et al., 2014). Moreover, C388R (DFG+2) in human PINK1 is a
PD-linked mutant. To test the functional importance of thiol groups in cysteines at these
positions for Ub phosphorylation, they were mutated to serines (structural analogs). However,
as the results (Figure 4.D C and D) show, both single and double mutants (C362S, C363S and
C362-3S) do not affect Ub phosphorylation. While it seems that these cysteine residues are not
involved in ubiquitin phosphorylation reaction per se, they may play other roles in the
regulation of PINK1 as post-translational modification sites, and experiments with the PD-like

mutation C363R have yet to be performed.

K513 (A537P) lies in the C-terminal region PINK1. The phosphorylation assay in Figure 4.6 D
indicates that it phosphorylates Ub even more than WT TcPINK1 (slightly). Secondary structure
prediction indicates that this residue lies in a conserved helical region ) that in this case might
get disrupted and cause structural changes in the C-terminal region (Sim et al., 2012). Reports
have shown that the C-terminal region might down-regulate PINK1’s kinase activity (Sim et al.,

2006), which is in line with the Ub phosphorylation assay as the disruption of the C-terminal
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Figure 4.6 Effect of PD mutations of PINK1 on Ub Phosphorylation (A) and (B) showing the regions surrounding E240 and
H271 respectively in the human PINK1 homology model. (C) and (D) show the His-Ub phosphorylation assays of the
indicated mutants on TcPINK1 with or without ATP.

structure is leading to TcPINK1 over activation. The increase in phosphorylation remains to be
guantified via kinetics. Since the C-terminal region is less conserved between human PINK1 and
TcPINK1 (compared to the kinase domain), it is plausible that the C-terminal region might also

serve a different role in TcPINK1.

4.6 Mapping the PINK1 binding site on Ubl
Since PINK1 is a unique kinase because of its ability to phosphorylate Parkin Ubl and Ub,

it is important to understand how it recognizes these substrates. Also, as shown in section 4.4,
Ubl phosphorylation is favored over Ub. Hence, what features of the Parkin Ubl makes it
distinct from Ub in terms of its interaction with PINK1 is also an important question. Since the
backbone >N-*H amide NMR resonance assignments for the Parkin Ubl are available (Trempe
et al., 2009), *H->N HSQC experiments can be performed between Ubl and proteins that
interact with it to find the residues that undergo chemical shift changes. These experiments can
reveal the identity of the binding site on Ubl. In order to accomplish this, a *H-1>N HSQC
spectrum was acquired for °N-labelled Ubl and the backbone amide assignments were mapped

onto the spectrum. Following that, NMR titrations were performed with starting with the
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Figure 4.7 NMR titrations show TcPINK1 and Ubl binding. Each panel represents the addition of a different concentration of PINK1
relative to 200uM >N-Ubl.

saturating concentration (1:2) and decreasing amounts of TcPINK1 down to 1:8. 'H-1>N HSCQ
spectra were acquired for each concentration (Figure 4.7). The spectra indicate a loss of signal
for >N-labelled Ubl peaks with increasing TcPINK1 which is indicative of binding between Ubl
and TcPINK1; chemical shift changes in the peaks were not observed probably because of a
slower-tumbling complex formed between Ubl and TcPINK1 that causes greater relaxation and
line broadening. Hence the inference of interacting residues wouldn’t be possible by monitoring
chemical shift perturbations. In order to salvage meaningful results out of this titration
experiment, we decided to calculate the signal ratio (for all peaks) between the earliest
titration point (1:8) and the control spectrum Ubl spectrum without TcPINK1. The earliest
titration point is also a decent choice for this purpose because the TcPINK1 concentration (25
puM) lies closest to the Kq for TcPINK1 and Ubl binding (assuming that K¢~ Km). The peaks with
the smallest values for the ratios are those that disappear the fastest and potentially
correspond to residues that might be interacting with TcPINK1. An arbitrary signal ratio < 0.4

was chosen as the lower cut off value. Residues fulfilling this criterion are labelled on the
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Figure 4.8 Ubl Interaction with PINK1 and Parkin RING1 (A) (red) Residues that show the fastest loss of signal in the NMR
experiment with TcPINK1, (pink) residues adjacent to them and (green) Ser65 phosphorylation site, mapped on the Ubl
structure taken from PDB: 4ZYN (Sauve et al., 2015). (B) Interaction interface between Ubl and RING1 in the Parkin
structure (Figure copied from (Sauve et al., 2015)).

structure of Ubl (Figure 4.8 A). Val5, Val43 and Ile69 are hydrophobic residues with their side
chains pointing in towards the core, but their backbone amides (detected by NMR) are located
halfway between Phe4, Arg42 and His68, which are solvent exposed. Arg72 also appears to be
involved in the interaction with TcPINK1. The fact that NMR signal comes from the amide bond
implies that the adjacent residues in the sequence of Ubl make the contribution towards the

interaction with TcPINK1.

The interaction of Ubl with Parkin RING1 in the auto-inhibited state of Parkin is well understood
owing to the availability of high-resolution crystal structures containing the Ubl domain (Sauve
et al., 2015, Kumar et al., 2015). According the structures, Ubl interacts with RING1 (helix 1) via
a series of hydrophobic and ionic interactions (Figure 4.8 (B); taken from (Sauve et al., 2015)).
The key hydrophobic interaction are mediated by lle44 and Val70, which interact with L266
from RING1. lle44 and Val70 is conserved in Ub, and interactions with many Ub-binding
domains are known to be mediated via these residues (Dikic et al., 2009). Since the NMR
titration show Val43 signal loss, it implies that adjacent residues including lle44 and Arg42
might be important for binding with PINK1 as well. Similarly, important ionic interactions are

mediated via Arg6 and His68 which interaction with Asp274 on RING1, and Arg72 which
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interacts with Asp262. Since Arg72, lle69 and Val5 were indicated by the NMR results, it implies
that His68, Argb and Arg72 might be important for interacting with PINK1. Hence the NMR
results allude to a similarity between the interactions of Ubl with PINK1 and Parkin RING1, even
though there is no homology between the two proteins. This site centered around lle44 is also
important for the binding of Parkin Ubl to the SH3 domain of Endophilin-Al (Trempe et al.,

2009). K48 has also been shown to mediate an interaction with the Endophilin-A1 SH3 domain.

In order confirm the findings from the NMR experiment, a series of Ubl mutants were
generated and their phosphorylation by TcPINK1 was tested. Figure 4.9 shows the results in the
form of phos-tag gels and the corresponding quantitative comparisons on bar graphs.
Compared to WT Ubl, most mutants show a decrease in phosphorylation with the greatest
decrease occurring for 144A, R42E and R72A (more than 3 times compared to WT), followed by
H68A and R6A (more than 2 times compared to WT). R42P is also a commonly known PD-linked
mutation of Parkin, although this mutation has been shown to destabilize the Ubl fold
(Chaugule et al., 2011). This further strengthens the idea that these residues play an important
role in binding TcPINK1 as well as the Parkin RING1 domain. For reasons mentioned previously,
K48A (and its adjacent E49Q) were also tested and also show impairment in phosphorylation.
Besides these residues, some residues that are not conserved in Ub were tested, with the
intention of deciphering the specificity factors that allow for greater Ubl phosphorylation
compared to Ub. N8 in Ubl has been shown to mediate important interactions with both Parkin
RING1 and EndophilinA1 SH3 (Trempe et al., 2009), while L8 in Ub is also known to make
important hydrophobic contacts with Ub-binding domains (Dikic et al., 2009). lle 66 (adjacent to

the phosphorylation site S65) in Ubl might also dictate a difference in recognition as it is a
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Figure 4.9 Phosphorylation experiments between mutant forms of Ubl and TcPINK1 (A) and (C) 5mins phosphorylation
experiments of mutant forms of GST-Ubl with GST-TcPINK1 (143-570). (B) and (D)Bar graphs showing the corresponding results
as the ratio of remaining unphosphorylated Ubl and total Ubl (-ATP controls). Residues labelled in blue on the gel images
correspond to those that were tested for investigating the specificity of Ubl for PINK1 compared to Ub.

threonine in Ub. Also the last 4 residues of Ubl PQRK are not conserved in Ub (LRGG). Hence the
effect on Ubl phosphorylation was monitored by introducing the Ub residues into Ubl. Of these
mutations, N8L showed the greatest decrease in phosphorylation by PINK1 (about 3 times).
166T was very similar to WT, and LRGG (73-76) showed some decrease in phosphorylation. It is
important to notice that L8 in pUb forms an important contact with Parkin in the recently
published structure of Parkin RORBR in complex with pUb (Wauer et al., 2015). As opposed to
this, pUbl is not known to bind strongly to Parkin RORBR (Sauve et al., 2015). Hence the
interactions that pUb makes with parkin to activate it also need to come from residues and
surfaces which are distinct from pUbl. The binding of pUb to Parkin will be discussed further in

the next chapter.

Future experiments would involve similar NMR experiment with Ub. It also important to
perform NMR methods such TROSY experiments that can allow the chemical shifts to be

mapped much more accurately for large protein complexes.
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Chapter 5. Parkin activation by PINK1

Note: The results shown in this chapter (Figure 5.1, 5.2 and 5.3 A) have been published (Sauve et
al., 2015) and contain contributions from other authors on the manuscript as well (as described

in the acknowledgements section).

As discussed in the introduction chapter, the structure of full-length Parkin revealed an auto-
inhibited structural form, because the catalytic site C431 is occluded by RINGO, and the binding
site for the E2 enzyme on RING1 is occluded by Ubl and the REP (Trempe et al., 2013). This
implies that prior to enzymatic activation, the Ubl and REP need to be released. One possible
way for that to happen could be the phosphorylation of the Ubl by PINK1 (Kondapalli et al.,
2012), which could disrupt the Ubl: RING1 interaction. Molecular dynamics studies have also
presented some evidence for this (Caulfield et al., 2014). Multiple studies have reported the
role of pUb in the allosteric activation of Parkin in cells and in vitro, though both
phosphorylation of Ubl and Ub were found to necessary for complete activation (Koyano et al.,
2014, Kane et al., 2014, Kazlauskaite et al., 2014). What was not addressed in these studies is
how Parkin interacts with pUb. This year, our group (Sauve et al., 2015), among others (Kumar
et al., 2015, Kazlauskaite et al., 2015, Wauer et al., 2015), tried to answer two important
guestions: 1) which residues in Parkin act as the binding site for pUb? And 2) what is the precise
biochemical role of pUb in terms of the activation of Parkin. The structure of Parkin (Sauve et
al., 2015) revealed that sulfate ions in the crystallization conditions were bound to Parkin in 2
distinct basic residue patches: a positively charged surface formed by H302 and R305 close to
the RINGO-RING1 interface (Figure 5.1 A) and another positive patch formed by K161, R163 and
K211. It was hypothesized that these sites could be potential pUb binding sites. Upon mutation
to alanine however, only H302A (figure 5.1 C) and R305A showed a decrease in pUb binding
compared to WT RORBR of Parkin as demonstrated with ITC experiments (Figure 5.1 B); the
H302A mutant alone shows about 60-fold decrease in pUb binding. SAXS data has also been

used to confirm that pUb binding occurs in this region (Sauve et al., 2015). Similar findings have

58



(A) (B) Q)

(D)

N RORBR - pUb RORBR H302A - pUb RORBR L266K - Ubl
Kg=22+5nM Ky=1.3+0.09uM No signal
) ® Time (min) Time (min) Time (min)
ek{' F ),a 0 10 20 30 40 50 0 10 20 30 a0 50 o 10 20 30 40 50 60
2 4 012 T T T T T T T v T T
H302 @ '/\? 010 040 0.04 |
@ p 312 22: 030 E %
) i R305 {N% g oo \ 8 o0 1 g o
h r F o A 3 J 3§ <o
3 0004 t 5 010 4 EY
11 ve | L =0.04
‘5‘”& - ooz UL LJ! U
;m E o % RING1: 00t ] 000 va— LJ AJJ-_L_JJJJ._L e
: S o843 . ———— —

= WT parkin \
20 *‘
an

R T

keal mol™ of injectant

kcal mol™' of injectant
-

keal mol ™" of injectant

—— L266K parkin

1.0 5
Molar Ratio

y T T T T T
00 05 10 15 20 25 30 0.0 05 15 0.0 05

Molar Ratio

10

Molar Ratio

0.0E+00

0 20 80 100

120

4 0 140
R [Angﬁ

Figure 5.1 Binding site of pUb on Parkin (A) Sulfate ion bound at the binding interface formed by H302 and R305 (PDB: 4ZYN).
ITC experiments of (B) WT ROBRB region of Parkin with pUb, (C) H302A RORBR with pUb and (D) L266K RORBR with Ubl. (E)
P(R) curves obtained from SAXS data, comparing pairwise distance distributions of full-length Parkin WT with full-length
L226K Parkin.

been reported by other groups (Kazlauskaite et al., 2015, Wauer et al., 2015, Kumar et al.,
2015). As mentioned in the introduction, pUb is important for Parkin recruitment to
mitochondria; H302A mutant was also found to be defective in terms of Parkin localization to

mitochondria (Kazlauskaite et al., 2015).

As established in the last chapter, the PINK1 interaction surface on the Ubl, i.e. 144, H68, R72
and R6, is bound to RING1 in the auto-inhibited structure of Parkin. This implies that if PINK1
were to phosphorylate the Ubl domain, the Ubl would have to disengage from RING1 to be able
to bind to PINK1, since the accessibility of PINK1 to Ser65 is limited. The affinity of the Ubl for
TcPINK1 (Km= 35 uM) established in the last chapter is slightly lesser than that of intramolecular
interaction between Ubl and Parkin RING1 (~16 uM) (Sauve et al., 2015), so PINK1 is less likely
to favorably bind to Ubl compared to RING1. Moreover, the Ubl is tethered to the rest of
Parkin, which strongly favors the closed conformation. Hence PINK1 is not likely to
phosphorylate Parkin in the auto-inhibited state. Since pUb binding to Parkin is important for its
mitochondrial localization, | hypothesized that pUb was responsible for generating the
conformational change necessary for PINK1 to phosphorylate Parkin. Phosphorylation assays
were hence conducted on Parkin in the presence or absence of pUb using TcPINK1, and loaded
on 10% Tris-Glycine gels with Phos-tag (figure 5.2 A). As visible, Parkin shows a very small
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Figure 5.2 Binding of pUb to Parkin causes Ubl release and Phosphorylation by PINK1 (A) Phos-tag gel showing a
phosphorylation assay (5 minute reaction) of full-length WT, L266K and H302A Parkin with TcPINK1, in the absence or presence
of equimolar quantities of pUb. (B) *H-15N HSQCs of 1>*N-Ubl (100uM) in the presence of equimolar quantities of Parkin RORBR or
Parkin RORBR and pUb.

amount of phosphorylation in the absence of pUb in 5 mins, though nearly 50 percent of Parkin
gets phosphorylated in the presence of pUb in the same time. In order to consolidate these
findings, similar phosphorylation experiments were performed with the L266K mutant of
Parkin. As mentioned in the previous chapter, the L266 residue on Parkin RING1 maintains
hydrophobic interactions with the 144 patch on Ubl. Hence the introduction of this mutation
prevents the binding of Ubl to RING1 as shown by the ITC data (Figure 5.1 D). This causes the
Ubl to be repelled from the interface to produce a more open conformation or Parkin
compared to WT Parkin; the SAXS paired-distance plot shows interatomic distances greater
than those WT (Figure 5.1 E). The Rg calculated from SAXS for L266K (34.1 + 0.1 Angstrom) is
also significantly greater than WT (29.1 + 0.1 Angstrom). When tested in phosphorylation
assays with or without pUb, L266K showed much greater phosphorylation compared to WT
even without pUb, confirming that the role of pUb is the release of the Ubl (Figure 5.2 A). No

significant increase in phosphorylation was registered upon pUb addition. As expected, the
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Figure 5.3 Specificity of pUb and Kinetics of Parkin Phosphorylation (A) Time course phosphorylation assay of Parkin by
PINK1 in the presence or absence of equimolar His-pUb or His-S65A Ub. Michealis-Menten modelling of (B) L266K or (C) WT
Parkin phosphorylation by TcPINK1.

H302A did not exhibit a pUb-dependent increase in phosphorylation. The phosphorylation
assays were reinforced by 'H-1>N HSQC experiments with *°N-Ubl (Figure 5.2 B): the addition of
RORBR Parkin lead to a disappearance of the 1>N-Ubl peaks due to binding. However the signals
reappeared upon the addition of pUb since Ubl is released. These observations elucidate an
antagonistic relationship between pUb and Ubl binding, which explains the increase in Parkin

phosphorylation upon pUb binding.

It has been shown that Parkin RORBR can bind weakly to Ub (Sauve et al., 2015). In order to
confirm that the conformational change in parkin and its increased phosphorylation was
specifically due to binding of the phosphorylated form of Ub, time course Parkin
phosphorylation assays were performed with or without pUb or Ub S65A. Ub S65A was used in
these instead of WT because it can’t get phosphorylated by PINK1 during the reaction. Figure
5.3 (A) shows the results. After 10 minutes, the reaction without pUb or the reaction with Ub
S65A show only a minimal amount of phosphorylation compared to Parkin with pUb. The

negligible effect of Ub S65A of Parkin phosphorylation could be because of its much weaker
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binding to Parkin compared to pUb. Also, it is likely that the binding site for pUb might be
distinct from Ub since the latter does not possess the negatively charged phosphate moiety

needed to bind the H302 and R305 basic pocket.

Preliminary kinetic analysis was also performed on Parkin and L266K Parkin (in the same way as
described in chapter 4). Since L226K mimics the effect of pUb binding to Parkin, it was chosen
as model for this analysis to understand the kinetics of phosphorylation of Parkin bound to pUb.
The estimated Km for the phosphorylation of L266K parkin is very similar to that of Ubl domain
alone (determined in the previous chapter). This implies Ubl is fully accessible by PINK1 for
phosphorylation when Parkin it is bound to pUb. Compared to this, Parkin WT does not
undergo saturation upon increase in concentration and the increase in Vg stays linear even up
to 120 uM concentration. Hence the Ky, of Parkin lies beyond this concentration range. It
remains to be seen if the Kn, is above that of Ub to establish the preferred substrate in the
absence of pUb. For either protein (WT or L266K), it is hard to concentrate the protein beyond
the concentrations used in the assays, therefore the determination of K for WT parkin using
this assay is difficult (compared to Ub). Also, the number of data point for L266K
phosphorylation are limited. Nonetheless, based on this data, it is fair to conclude that the
binding of pUb is a necessary step for efficient phosphorylation of Parkin by PINK1. It has also
been shown that phosphorylation of Parkin is the key step for its activation; though pUb can
cause increase in Parkin’s E3 ligase activity as it had been previously reported (Koyano et al.,
2014, Kazlauskaite et al., 2014, Kane et al., 2014), once phosphorylated Parkin (in the absence
of pUb), addition of pUb causes no further increase in Parkin’s activity (Sauve et al., 2015). In
summary, pUb plays a role in Parkin localization to mitochondria and priming Parkin for PINK1-

dependent phosphorylation.
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Chapter 6. Discussion and Conclusion

PINK1 is an important neuroprotective protein and its malfunction due to genetic
mutations is linked to autosomal recessive Parkinsonism. PINK1 most likely fulfills this
neuroprotective role as a mitochondrial-damage sensing protein and initiates mitochondrial
repair, removal and homeostasis. This thesis was inspired by the importance and roles that

PINK1 plays in the cells, and aimed for its structural and functional characterization in vitro.

Chapter 3 was aimed at the discovery of PINK1 constructs that could be easily expressed in an
active and soluble form in E.coli. Subsequent to expression, the purification were was optimized
to improve the yield of the purified protein. We discovered that insect species including the Red
red flour beetle (Tribolium castaneum), louse, ant and mountain pine beetle possess PINK1 that
can be expressed in E.coli with ease and do not present problems such as low yield, instability,
endogenous degradation and impurities. Additionally for TcPINK1 constructs, the kinase
domain and C-terminal region both were found necessary for expression. NT was dispensable
for protein expression but the length of the NT included in the construct was found to control
the dimerization of protein in solution (using SEC-MALS studies). Since TcPINK1 (143-570) and
(121-570) (monomer and dimer respectively) are more homogenous in solution compared to
(128-570), they are better candidates for crystallization trials. The observations from both the
expression tests and SEC hence guide towards making the best constructs for crystallization.
Additional approaches can be used to improve protein crystallization including substitution of
surface exposed hydrophobic residues (non-conserved) to hydrophilic residues to increase
solubility, or amino acid substitution as a means of surface entropy reduction (replacement of
flexible long chain amino acids such as lysines with short chain hydrophilic ones) to increase the
chances of crystallization. Since the yield of the protein is fairly high (40 mg of protein from 1
liter), metabolic 13C and °N-labelling for NMR studies is a viable option for sequential
assignment of the entire construct (143-570) or using site-specific labels, of 3C can be used for
example for the labeling of isoleucine C5 for methyl TROSY experiments for functional studies.
While the assignment would be laborious (mutagenesis approach), it would enable functional

studies in solution. This chapter is thus an important building platform of for structural
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inquiries. A recent study has attempted the sequential assignment for Parkin RORBR (~35 kDa)
(Kumar et al., 2015); though TcPINK1 is bigger in size (~47kDa) the high expression levels can

allow for TcPINK1 to be used for similar NMR investigations.

Chapter 4 involved functional inquires of PINK1 as a ubiquitin kinase and building up a system
for kinetic studies on PINK1. The latter was accomplished by optimizing the phos-tag gel
system. The Vmax and Kn, for Ub and Ubl were determined and indicated a higher affinity and
catalytic efficiency of Ubl (Km =35 uM) phosphorylation compared to Ub (Kn =391 uM). The
cellular concentration of Ub in HEK293 cells was found to be 85 uM and even lesser in human
frontal cortex and mouse brain (Kaiser et al., 2011). Since the Kmn for Ub is much greater than
the indicated concentrations, we hypothesize that the phosphorylation of Ub occurs on pre-
ubiquinated substrates on mitochondria around PINK1, which provides PINK1 will high local
concentrations of Ub. Therefore it is likely that on mitochondria PINK1 on mitochondria
phosphorylates anchored ubiquitin chains (rather than free monomers). The cellular
concentration of Parkin was measured is to be about 100 nM, as estimated by quantitative
western blotting from mouse brain lysate (JF Trempe, personal communication) which is
significantly lower than the Kmn for Ubl, but in the same range as the Kq for pUb. Similarly to Ub,
this Ubl phosphorylation might be possible when there is a high local concentration of Parkin
due to recruitment by pUb (on mitochondria). The defects in Ub phosphorylation for some PD-
linked mutants of PINK1 were also characterized in this chapter qualitatively. The list of
mutants needs to be expanded, and kinetic analysis needs to be performed to indicate whether
the mutations impact the affinity for substrate or the turn-over rate of phosphorylation. Based
on a 'H-1>N HSQC NMR study and subsequent phosphorylation studies, the residues on Ubl
important for interacting with TcPINK1 were determined (144, R72, H68 and R42), while some
factors that promote a PINK1’s specificity towards Ubl (compared to Ub) were also alluded to
(N8). This was intended as a preliminary investigation for the Ubl binding site on PINK1. Other
methods such as TROSY experiments can be used to elucidate the chemical shifts more

clearly .To get more accurate information on the binding site and chemical shift perturbations,
we could produce uniformly labeled ?H,**N-Ubl and 2H-TcPINK1 and record a *H-*>N TROSY-

HSQC NMR. Hydrogen-Deuterium exchange mass spectrometry can also be performed for this
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purpose which can give an idea of the binding site on both PINK1 and Ubl. This method relies on
figuring out regions of the protein protected from exchange due to intermolecular complex

formation (Okiyoneda et al., 2013).

Chapter 5 was a part of the investigation of PINK1-dependent activation of Parkin (Sauve et al.,
2015). Here we showed that the role pUb plays in activation of Parkin by binding to Parkin on
its RING1 domain, and thus bringing about the conformational change that is required for
PINK1 to bind to Parkin Ubl and phosphorylate it. The similarity between the kinetic parameters
of phosphorylation of Ubl and L266K Parkin (representing pUb bound Parkin) suggests that the
Ubl domain of Parkin is accessed by PINK1 only in the unbound form. We were unable to
determine the Kn of WT Parkin alone but it is probably greater than 120 uM and we are yet to
ascertain how it compares with Ub. Currently, there is debate in the field about whether
phosphorylation of Ub or Parkin is the first step in the pathway following PINK1 accumulation,
with opposing suggestions by different studies (Kane et al., 2014, Ordureau et al., 2014). While
the phosphorylation experiment presented in this thesis suggests clearly that pUb binding is the
driver of Parkin phosphorylation, there is also opposing evidence that suggests that
phosphorylated Parkin binds much more strongly to pUb compared to unphosphorylated Parkin
(and hence that Parkin phosphorylation needs to occur prior to its binding to pUb) (Ordureau et
al., 2014, Sauve et al., 2015). Therefore, it is safe two ascertain that the two processes occur
simultaneously and the unambiguous identification of the first step might not be critical to the
understanding of the pathway: even a small amount of Parkin phosphorylation (at
concentrations below its Km) could potentially be sufficient to trigger its activation and build up
new Ub chains which can then get phosphorylated by PINK1 to allow Parkin binding.
Alternatively if Ub phosphorylation occurred first, it could bind Parkin and allow it
phosphorylation and activation. In terms of Parkin activation on a molecular level, it remains to
be fully understood how pUb brings about the conformational change in Parkin to release the
Ubl. The Full length structure of full-length Parkin bound to pUb will be able to answer this
guestion. Some preliminary evidence from the structure of pUb-bound louse Parkin RORBR
bound to pUb suggests that binding of pUb induces the straightening of helix 2the C-terminal

helix in RING1, which might be essential to the release Ubl (Wauer et al., 2015).
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On the whole, this thesis sets the ground for multiple investigations on PINK1: it documents
protein expression tools necessary to yield sufficient levels of PINK1 to perform structural
studies and the characterization of the novel phenomenon of Ub phosphorylation. The
structure of PINK1 and understanding of Ub and Parkin binding will pave the path for structure-
based drug designs to activate PINK1 in patients suffering from genetic or sporadic forms of
Parkinson’s disease. Since PINK1 has recently been shown to mediate initiate mitophagy even
in the absence of Parkin (Lazarou et al., 2015), it should serve as an important target for

therapies directed towards regulating mitochondrial quality control.
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