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Abstract

PINK1 (Phosphatase Tensin homologue (PTEN)-Induced Kinase) is a
neuroprotective kinase involved in mitochondrial dynamics. It is composed
of an N-terminal mitochondrial targeting sequence, transmembrane domain
and C-terminal kinase domain. PINK1 is imported into mitochondria and
anchored into the IMM, where it is rapidly cleaved by intramembrane
rhomboid protease, PARL (Presenilin-Associated Rhomboid-Like). Mutations
that prevent cleavage or signaling events of the kinase domain result in

Parkinson’s disease.

This thesis aims to assess the structure of the PINK1 membrane
domain to further understand its interactions with PARL. We predict that
Parkinson’s disease mutations found in the transmembrane domain may
alter the secondary structure to prevent cleavage of PINK1 by PARL. The
PINK1 TM domain was expressed and purified in E. coli and been analyzed by
nuclear magnetic resonance (NMR). An expression and screening system has
been developed in Pichia pastoris, which has been used to design a

preliminary expression regimen for PARL.
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Chapter 1

Introduction



1.1  Parkinson’s Disease

Parkinson’s disease (PD) 1is a debilitating movement and
neurodegenerative disorder. It is recognized as the most prevalent
movement disorder, and second most prevalent neurodegenerative disorder
to Alzheimer’s diseasel. According to the Parkinson’s Disease Foundation, it
affects 7-10 million worldwide. PD progression can vary from patient to
patient. Currently there is no cure for Parkinson’s disease, and treatments
ranging from physical, occupational and speech therapy are used to manage
symptoms. Furthermore, we are just beginning to understand the mechanism

for neurodegeneration associated with different forms of PD.

Patients clinically present with resting tremors, slow movement
(bradykinesia), rigidity and postural instability?3. Neurologically, PD is
characterized by dopaminergic neurodegeneration in the substantia nigra
pars compacta and its depigmentation in colorl4, as well as
neurodegeneration of the ventral tegmental area and locus coeruleus>.
Degeneration is not limited to dopaminergic neurons, but also noradrenergic,
serotonergic and cholinergic systems in the brainl3. Another typical
characteristic of PD is the formation of Lewy bodies3 which are intra-
cytoplasmic proteinaceous deposits, containing aggregated a-synuclein
speciesl. PD had originally been presumed to be a sporadic disease,
potentially caused by environmental factors. For example, a mitochondrial
complex I inhibitor has been discovered where chronic parkinsonism was a

side effect in patients®.



There has been a gap in understanding the etiology of PD despite the
good characterization of its pathology and physiology>’. Over the last 16
years, a large shift in causal understanding has occurred due to genetic
developments and the discovery of specific protein mutations. Though PD
was originally perceived to be a sporadic illness, the evidence for genetic
susceptibility is mounting®. This was brought about by the first genetic
analysis of a large American-Italian family with autosomal dominant
presentation of PD symptoms. It was later discovered that the family had an
AS53T missense mutation in a-synuclein, a presynaptic protein involved in
neuronal plasticity and a major component of Lewy bodies?. This protein was
the first of several proteins suggested to play a role in PD pathology, where
compromising mutations and gene deletions contributed to a parkinsonism
phenotype in patients. Other proteins uncovered in the last 16 years have
been Parkin, PTEN-induced kinasel (PINK1), DJ1, Leucine-rich repeat
kinase2 (LRRK2), ATPase type 13A2, phospholipase A2, F-box protein 7,

vacuolar sorting protein 35 and pantothenate kinase 2157.9(Table 1.1).

It is important to keep in mind that to date, it is predicted ~10% of PD
patients have the condition due to genetic reasons® and that a well
understood pathology can have many different causes. Within the genetic
variations of Parkinson’s alone, there are variations in symptom severity,
psychological issues (such as dementia or schizophrenia), levodopamine
responsiveness, age of onset, dystonia, and presence of multiple system
atrophy (MSA), Lewy bodies and glial cytoplasmic exclusions?.10. It is also

3



worth noting that certain mutations, such as in the PINK1 kinase, result in
parkinsonism that has a neuropathology indistinguishable from idiopathic
PD, which makes it very difficult to assess the cause without genetic

analysis!L.

1.2  Mutations in PINK1

As the cause of Parkinson’s disease has become better characterized,
two forms of the disease are recognized. Sporadic Parkinson'’s disease refers
to the true idiopathic form, where familial Parkinson’s disease refers to the
disease which results from genetic mutations. A focus of research has been
identifying the genes linked to different familial forms of PD. PARK®6 is a
recessive form of Parkinson’s due to mutations in PINK1 that result in a PD
phenotype. This is the second most common form of recessive PD, second to
PARK?2, which affects the function of Parkin, an E3 ubiquitin ligase in the

PINK1/Parkin mitophagy pathway12 (Table 1.1).

Clinically, PINK1 heterozygous mutations result in early onset
(characterized as onset before the age of 5013) and presents as a slowly
progressive levodopa-responsive disease. Other symptoms include
pronounced dystonia and pyramidal signs’. In 2010, a neuropathological
report was released about a large Spanish family with five generations of
genetic analysis. Family members with a PINK1 exon 7 deletion had 50% loss
of neurons in the lateral and medial tiers of the substantia nigra pars

compacta with a few neurons containing Lewy bodies?3.



Gene Age of
Locus Gene Product Inheritance Onset Ref
Symbol
(years)
PARK1/ . 1415
PARKA SNCA a-synuclein AD 30-60
16
PARK2 PARK2 Parkin AR 10-50
17
PARK6 | PINK1 PTEN-induced kinasel AR 30-50
18
PARK7 | PAKR7 DJ1 AR 20-40
L e 19,20
PARK8 | LRRK2 Leucine-rich repeat AD 30-50
kinase2
21
PARK9 | ATP13A2 ATPase type 13A2 AR 10-22
22
PARK14 | PLA2G6 Phospholipid A2 AR 10
23
PARK15 | FBX07 F-box protein7 AR 20s
i 24,25
PARK17 | vPS35 Vacuolar protein AD 40-50
sorting 35 homologue
26,27
PANK2 Pantothenate kinase 2 AR 15-20

Table 1.1: Genetic forms of Parkinsons Disease. A compiled list of all
forms of PARK resulting in Parkinson’s Disease’. Adapted from Houlden, H.,
and Singleton, A. B. (2012) The genetics and neuropathology of Parkinson's

disease. Acta Neuropathologica 124, 325-338.



This neurological study is evidence towards how complex and unique to each
individual the presentation of the disease is. PINK1 mutations contribute to a
multisystem cellular failure in cases of PD, and give reason to characterize

how this protein causes this disease.

1.3  Mitochondrial Biogenesis

The mitochondrion is a double-membrane bound organelle essential
for many cellular and metabolic processes such as oxidative phosphorylation,
lipid metabolism, calcium homeostasis and cell death pathways 128, It
consists of an outer mitochondrial membrane (OMM), intermembrane space
(IMS), inner mitochondrial membrane (IMM) and the mitochondrial matrix.
It represents a very dynamic organelle in the cell, continuously undergoing
rapid transitions of fission and fusion as a response to changes in
metabolism. These transitions are mediated by guanosine triphosphatases
(GTPases) from the dynamin family28. The dynamic balance of the
mitochondrial membrane is essentially controlled by dynamin proteins, such

as Drp1, Mfn1, Mfn2 and OPA12°,

Fission is a process that generates new mitochondria as a means of
division (Figure 1.1). Fission segregates damaged mitochondria and
represents an essential part of cell division. This process is mediated by Drp1
(dynamin related protein 1), a cytosolic dynamin that polymerizes and
constricts around mitochondria to separate both IMM and OMM?2829, This

process is heavily regulated by post-translational modifications. Sites of



fission are marked by mitochondrial fission 1 protein (Fisl) and
mitochondrial fission factor 1 (Mffl) works as an adaptor for Drpl to

promote polymerization?? (Figurel.1).

Fusion is an essential process that joins membranes through gradual
membrane mixing. This is an important means of ensuring mitochondrial
homogeneity, as well as a means of compensating for high metabolic activity.
Membrane anchored dynamin proteins, mitofusion 1 and 2 (Mfn1 and Mfn2),
are responsible for joining the OMM. IMM fusion is mediated by a separate
dynamin, optic atrophy type 1 protein (OPA1), which is located in the inner

mitochondrial space?82°(Figure 1.1).



/
JJE[B[AA]E

Figure 1.1: Dynamics of the mitochondrial network in mammalian cells.

A) Confocal time-lapse images of fluorescently labeled mitochondria.
Mitochondrial fusion is shown in green and fission is shown in red B)
Schematic demonstrating mitochondrial fusion where mitochondria fuse via
interactions between OMM anchored mitofusins. OPA1 (optic atrophy 1),
which is anchored partially on the IMM, participates in the membrane fusion
process. C) Fisl encircles the OMM and recruits the dynamin GTPase Drp1l
which subsequently joins mitochondrial scission sites?8. Adapted from Youle,
R. ], and Narendra, D. P. (2011) Mechanisms of mitophagy. Nature reviews.

Molecular Cell Biology 12, 9-14.



1.4 PINK1/Parkin Mediated Mitophagy

Mitophagy is an essential process to maintain the quality of
mitochondria and ultimately the viability of the cell. Since oxidative
phosphorylation produces reactive oxygen species (ROS), which are
extremely damaging to the cell, there must be mechanisms in place to isolate

and remove damaged organelles to maintain mitochondrial integrity.

Several layers of quality control mechanisms exist in mitochondria
(Figure 1.2). In the instance of unfolded or misfolded proteins, mitochondria
has its own proteasome, the ATP-dependent AAA-proteases which degrade
proteins within the matrix and IMS3031, [t has also been suggested that
mitochondria have their own lysosomal pathway in which mitochondria
under oxidative stress can bud off vesicles targeted to the lysosome30:32,
Ultimately, if there is no compensation for mitochondrial damage, damaged
parts of the organelle are segregated and separated through a polarized
fission event?8, Upon the loss of the mitochondrial membrane potential,
mitochondria are selectively degraded and engulfed by autophagosomes33.34,
Selective autophagy was first observed though confocal microscopy?33, a
process now understood to be mitophagy. Mitophagy is defined as the
selective engulfment of mitochondria by autophagosomes and their

catabolism by lysosomes3>.



Mitochondrial Quality Control

/

Unfolded Proteins

/‘

Select mitochondrial
proteins

Entire
Mitochondrion
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T

Vesicular transport

AAA Protease complexes to lysosome Mitophagy
= oM N
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Figure 1.2: Pathways of mitochondrial quality control. Misfolded
mitochondrial membrane proteins can be degraded in three pathways.
Firstly, AAA protease complexes located in the inner membrane can degrade
proteins from either the matrix or inner mitochondrial space faces. Secondly,
mitochondrial proteins can be transferred to lysosomes for degradation. This
is accomplished by budding mitochondrial vesicles with accumulated
proteins for degradation, which are targeted to the lysosome for degradation.
The third pathway, mitophagy, involves degradation of entire mitochondria,
contained within the double-membrane autophagosomes which ultimately
fuses with a lysosome30. Taken from Ashrafi, G., and Schwarz, T. L. (2013)
The pathways of mitophagy for quality control and clearance of

mitochondria. Cell Death and Differentiation 20, 31-42.
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Proteins PINK1 and Parkin trigger an irreversible pathway for the
removal of damaged mitochondria3¢(Figure 1.3). Parkin is an E3 ubiquitin
ligase responsible for adding ubiquitin chains on proteins, targeting them for
both proteosomal and autophagy degradation respectively. It is presumed
that phosphorylation of Parkin activates the protein, resulting in its
translocation into the OMM30.36, The role of PINK1 and Parkin as the essential
proteins to kick start mitophagy was validated when PINK1, overexpressed
and targeted to the peroxisome, resulted in Parkin-induced peroxisomal
autophagy?’. In attempts to find direct targets of Parkin ubiquitination,
studies were carried out in depolarized mitochondria, which results in
compromised mitochondrial integrity and should initiate mitophagy. The
degradation of a protein Miro was observed. Miro is a Rho GTPase on the
OMM responsible for mitochondrial motility. This interaction was linked to
PINK1/Parkin mitophagy when they observed a PINK1/Parkin/Miro protein
complex in depolarized HEK293T, HeLa and neural cells3¢. The PINK1/Parkin
mitophagy pathway also results in Parkin ubiquitination of Mfn1 and Mfn2.
This prevents further fusion events of damaged fragments before
degradation3?38. Other targets of Parkin, Fis1 and TOM70, were determined
by a proteomic study in HeLa cells3°. Accumulation of PINK1 is prevented by
degradation via proteases which include PARL, an intramembrane serine
protease residing in the IMM, where its proteolytic role thereby prevents

mitophagy. PARL will be discussed in more detail in Chapter 5.

11



Model of
Parkin-induced
mitophagy

mtDNA mutation
tROS
7\

Pink 1
accumulation

Parkin
recruitment
Autophagosome UIO

UPS <—— p97—<—— Mfn-Ub

D

Figure 1.3: Model of mitophagy. PINK1, when localized to the IMM is
processed through a membrane cleavage event by rhomboid protease PARL.
When damage accumulates in mitochondria resulting in loss of membrane
potential across the IMM, the import of PINK1 is restricted to the OMM. This
prevents interaction with PARL. This results in recruitment of the E3 ligase
Parkin from the cytosol, where it is phosphorylated by the PINK1 kinase.
Parkin ubiquitinates (Ub) several outer membrane proteins. Parkin triggers
autophagic elimination by lysosomal fusion. UPS - ubiquitin proteasome
system!45, Adapted from Youle, R. ], van der Bliek, A. M. (2012)

Mitochondrial fission, fusion and stress. Science 337, 1062-1065.
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1.5 Phosphatase Tensin Homologue (PTEN) Induced Kinase 1
(PINK1)

PINK1 is a neuroprotective serine/threonine kinase located in
mitochondria, which plays major roles in mitochondrial trafficking, dynamics
and structure and function*?, Its neuroprotective roles centre on its ability to
prevent apoptotic cell death and mitochondrial dysfunction#l. PINK1 is a 581
amino acid protein with a canonical N-terminal mitochondrial targeting
sequence (MTS), putative single pass transmembrane domain, and C-

terminal serine/threonine kinase domain#%(Figure 1.4).

PINK1 transcripts have been found ubiquitously in the body, with
higher expression in the heart, skeletal muscle, testes and brain, specifically
the substantia nigra, hippocampus and cerebellar Purkinje cells10. Loss of
function studies have been performed in mice and fly models. Pink1-/- mice
had intact but enlarged mitochondria, which follows with the evidence to
suggest that PINK1 enhances mitochondrial fission. Mitochondrial
respiration was also impaired with reduction in respiratory complex I,
complex II and aconitase, all enzymes sensitive to oxidation by ROS due to
their iron sulfur clusters*3. In Drosophila melanogaster, PINK1 loss of
function flies had wing muscle degeneration, slow climbing ability, shorter
lifespan, and a decrease in dopaminergic neurons over time as well as male

sterility due to impaired sperm production#+.
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Figure 1.4: Putative domains of PINK1. A domain map of PINK1, showing
an N-terminal mitochondrial targeting signal sequence presumed from
residues 1-77, a putative transmembrane domain from 89-111, and a C-
terminal PTEN (Phosphatase tensin homologue)-induced kinase domain#6.
Adapted from Kawajiir, S., Saiki, S., Sato S., and Hattori, N. (2010) Genetic
mutations and functions of PINK1. Trends in Pharmcological Sciences 32, 57 3-
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1.5.1 Localization of PINK1 in Mitochondria

One of the most controversial questions associated with PINK1 is
regarding its localization within mitochondria. PINK1 is a nuclear encoded
protein, which is synthesized in the cytosol and targeted to mitochondrial by
an N-terminal targeting sequence*24>, PINK1 was originally suggested to be
found in the outer membrane (OM) of mitochondria2846, This was
counterintuitive to the fact that PINK1 has an alpha helical N-terminal
mitochondrial targeting sequence, which is typically responsible for directing
proteins to the inner mitochondrial regions. Targeting sequences are
generally 20-60 amino acids and are capable of folding into an amphipathic
alpha helix with both hydrophobic and positively charged sides*2. Targeting
studies in vivo in HeLa cells with the MTS constructs of 1-33 aa, 1-77 aa, 1-
156 aa attached to GFP were all found to localize to mitochondria4’. The TM
domain of PINK1 acts as a stop-transfer to prevent further import of the
protein into the matrix, and that localization was dependent on the presence

of the kinase domain and its interaction with Hsp9047.

Import of PINK1 into mitochondria has been suggested to be
facilitated by the TOM complex. PINK1 associates with the import complex to
form a 700 kDa complex containing TOM40, TOM22, TOM20 and TOM7037.
TOM?70, which is known as the receptor for internal signals in hydrophobic
proteins, is an important component of the TOM complex for mitochondrial
import. In a cell free import assay, the knockdown of TOM70 alone resulted
in significant reduction of PINK1 import#*>. TOM40, a protein required for the
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import of MTS precursor proteins, was not essential for import of PINK1.
This supports a hypothesis in the field that PINK1 may only be recognized by
TOM?70, but is integrated into the membrane by an unknown pathway#548.
Although PINK1 and TOM show clear association, Parkin has never been
present in the complex, suggesting TOM association with the E3 ubiquitin

ligase requires PINK1 to be inserted into the membrane3745,

PINK1 has been proposed to exist in both mitochondrial membranes.
This has been seen in rat brain subcellular localization studies of PINK111.47
and many in vivo studies, using immunofluorescence, immunogold assays,
western blotting, and subcellular fractionation1249-51, This raises many
questions about the role of the protein and produced many controversial
hypotheses. A colocalization study with only the predicted MTS and TMD

found PINK1 in both membranes?’.

To summarize, it has been proposed that PINK1 may be fully
translocated into the IMM where it can be proteolytically processed by PARL,
an IMM rhomboid protease, to release a soluble kinase domain into the
IMS34, Alternatively, the protein may exist stretched through both OMM and
IMM, leaving the kinase domain outside the OMM in the cytosol52 (Figure
1.5). Interestingly, PINK1 and yeast fumarase are the only two proteins
identified with MTS sequences that localize constitutively to mitochondria

and cytosol4’. The behavioral patterns of PINK1 highlights the complexity of
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mitochondria and how there is much left to understand when it comes to

protein import pathways and localization.

1.5.2 PINK1 Degradation

Upon arrival to the IMM, presumably facilitated by TIM23 of the TIM
complex, the MTS was suggested to be cleaved by metallopeptidase
mitochondrial processing protease (MPP)42. Recent studies have suggested
otherwise. Cell-free radiolabelled expression of PINK1 was shown to not be
processed by MPP in a cell free import assay with HeLa cell purified

mitochondria%s. Therefore this MTS cleavage enzyme remains undetermined.

One well characterized aspect of PINK1 localization is its behavior
dependent on the mitochondrial membrane potential (MMP). PINK1 import
into the IMM is dependent on an intact membrane potential1234374253,54 The
reason why import is prevented without a MMP still seems unclear. One
hypothesis is that the presence of an MMP allows for a unidirectional
“pulling” of the highly positively charged MTS into the TIM complex to form
the contiguous TOM/TIM23 channel42. The loss of MMP prevents this type of
import mechanism. Based on current understanding, this potential-
dependent localization has led researchers to believe that PINK1 acts as a
molecular checkpoint in mitochondrial quality control>s. In healthy or stable
mitochondria with a MMP, PINK1 localizes to the IMM, and is processed to
undergo signaling events that maintain mitochondria and prevent

apoptosis*256-58,
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Figure 1.5: Model for PINK1 import and processing. The localization of
PINK1 to the outer membrane (OM) or inner membrane (IM) and its IM
proteolytic processing by PARL is dependent on an intact mitochondrial
membrane potential. Localization of PINK1 to the IMM requires a polarized
inner membrane where the positively charged mitochondrial targeting
sequence is pulled based on its charge into the TIM complex. PINK1 then
encounters PARL, an intramembrane protease located in the IMM, which
cleaves the PINK1 release a soluble kinase domain into the IMS, where it is
rapidly degraded. If the membrane potential is dissipated, mitochondrial
targeting sequence cannot be pulled into the TIM complex, leaving PINK1 in
the OMM where it can interact with Parkin and thereby induce mitophagy3+.
Adapted from Jin, S. M., Lazarou, M., Wang, C., Kane, L. A., Narendra, D. P., and

Youle, R.]. (2010) The Journal of Cell Biology 191, 933-942.
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In depolarized mitochondria, PINK1 is left trapped on the OMM, where it
signals damage and actives PINK1/Parkin mitophagy pathway1234404254

(Figure 1.5).

1.5.3 PINK1 Interactions with PARL

Despite the various hypotheses about localization, a well
characterized protein that interacts with PINK1 is PARL (presenilin-
associated rhomboid like protein). PARL is an intermembrane protease
responsible for cleaving single pass transmembrane segments, and in vivo
has been determined to cleave PINK1 in the putative transmembrane domain
at residue A103>° (Figures 5.1 and 5.2). PARL was determined to be the
primary protease responsible for generating the predominant PINK1
cleavage product of 53 kDa (Figure 1.5). When mitochondrial proteases
Afg3L2, ClpP, Omal, HtrA2/Omi, Paraplegin, Ymel and PARL were knocked
down using siRNA, PARL was observed to have the greatest effect on PINK1
behavior and cleavage. With polarized membranes, knockdown of PARL
resulted in full length PINK1 accumulation. When the membranes were
depolarized, PARL knockdown had no effect on normal PINK1 behaviour34.
PARL also appears to play a role in PINK1 localization, since cleavage of
PINK1 by PARL prevents insertion of full length PINK1 into the OMM and
instead releases it to the cytosol*8. The released 53 kDa cleavage PINK1 has a
half-life of 30 min in vivol2. The cleavage of PINK1 by PARL has not been

demonstrated in vitro.
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1.5.4 Parkinsonism-linked PINK1 Mutations Associated with its Kinase
Domain and Transmembrane Domain

The PINK1 serine/threonine kinase is one of two kinases causative in
genetic forms of PD; the second kinases is the leucine-rich repeat kinase 2
(LRRK2) (Table 1.1). One of the effects of PARK6 mutations causing
Parkinsonism comes from mutations in the kinase domain region. Eukaryotic
protein kinases require essential conserved structural features to be intact.
PINK1 kinase domain is homologous to the calcium/calmodulin family of
kinases®?. It has a two-lobed structure containing an the ATP-binding loop,
the salt bridge formed by a lysine in B-strand 3 and glutamate on the helix c,
the catalytic loop involved in phosphate transfer and the activation loop
required for regulation*42 (Figure 1.6). Mutations that disrupt critical
interactions in these regions can disable the ability of the kinase domain of
PINK1 to phosphorylate targets. Examples of this are five mutations (A168P,
A217D, E240K, G386A, E417G), which all affect conserved residues critical
for kinase activity. A secondary perspective on kinase domain mutations is

that they may result in aggregation, inactivation or deregulation*.

The catalytic loop contains a conserved HRD motif (360-367) (Figure
1.6) with the catalytic aspartate 362 which acts as a catalytic base. In a well-
coordinated active site, the D362 accepts a proton from the hydroxyl group
of the target site, which facilitates a nucleophilic attack on the y-phosphate of
ATP (Figure 1.6). Noteworthy are the mutations N367S and L369P PD
mutations, which are presumed to disrupt the catalytic D362 and disable it
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from phosphorylating downstream targets*2. ATP positioning is critical for
coordinating the y-phosphate in the active site, and this is determinant on
the ATP binding domain corresponding to residues 163-170 with a
GXGXXGXV B-hairpin motif. This coordination is aided by K219 on strand 3
(Figure 1.6), which orders both o and 3 phosphates of ATP. An assisting Mg?2+
is also stabilized by a highly conserved DFG motif (384-386). The K219, DFG
and GXGXXGXV motifs all act to stabilize and prime the ATP for catalysis. PD
mutations A168P (affecting the -hairpin motif), A217D (affecting the K219),
A383T, A385L, G383A, C388R (affecting the DFG motif) are presumed to play

arole in drastically reducing the kinase function##4261,

The activation loop of the kinase domain is found in residues 384-417,
flanked by the conserved DFG (384-386) and APE (415-417) regions on
either end. There are eight known mutations that exist in this subdomain of
the kinase. PINK1 is proposed to be activated by an autophosphorylation
event on serine residue(s) in the activation loop, predicted to be on the
highly conserved S40244249, A subsequent study found that upon
depolarization of the mitochondrial membrane, where PINK1 is predicted to
be at the OMM, PINK1 undergoes two autophosphorylation events at S228
and S402, observed in vivo in HeLa cells in the presence of CCCP, a
mitochondrial uncoupler®2. Mutations that perturb kinase activity abolished
the phosphorylation of these sites. Double mutations of S228A and S402A

prevented autophosphorylation and Parkin recruitment to the OMM®2,
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Figure 1.6: Kinase domain and Parkinson’s disease associated
mutations of PINK1. A) PINK1 linear sequence marked with Parkinson’s
disease associated mutations and color matched to kinase subdomains,
predicted (B-strands (shown as arrows) and a-helices (shown as cylinders). A
predicted mitochondrial targeting sequence (residues 1-34) is shown in gray.
B) A schematic of the PTEN serine-threonine kinase domain. Conserved
motifs are shown in boxes. Dotted lines mark predicted interactions between
within the protein between residues, ATP, and cofactor Mg* Adapted from
Mills, R. D,, Sim, C. H., Mok, S. S., Mulhern, T. D., Culvenor, J. G., and Cheng, H.
(2008). Journal of Neurochemistry 105, 18-33.
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P-3 P-2 P-1| P P+1 P+2 P+3

F/L/I | A/G/V/L/I/F/Y/C/R | X | S/T | N/S/DJE | L/I/M/F | A/V/L/I/M/P/F/T/S/E/H/Q

Table 1.2: The optimal phosphorylation sequence of PINK1 predicted
by PREDIKIN. PREDIKIN is based on analysis of 1) crystal structures of
serine/threonine kinases in complex with peptide substrates, 2) kinase
sequences, and 3) phosphorylation site sequences of kinases. P -
phosphorylation site (serine/threonine). Residues N-terminal to P are
referred to as P-1, P-2, P-3, and residues C-terminal to P are referred to as
P+1, P+2, P+3. Residues are in order of preference. X - any residue#2. Adapted
from Sim, C. H., Gabriel, K., Mills, R. D., Culvenor, J. G., and Cheng, H. (2012)
Analysis of the regulatory and catalytic domains of PTEN-induced kinase-1

(PINK1). Human mutation 33, 1408-1422.
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1.5.5 Phosphorylation Targets of PINK1 Kinase

The phosphorylation targets of the PINK1 kinase domain have only
begun to be uncovered, with only a handful of targets identified to date. Some
of these proteins are Miro, Parkin, TRAP1 (Tumor necrosis factor-receptor
associated protein 1 or Hsp75) and Omi (also known as HtrA2)¢0(Figure 1.7).
PINK1 has also been suggested to regulate Na*/Ca2* exchanger activity,
which prevents calcium accumulation within the mitochondrial matrix, and
ultimately prevents ROS accumulation#269, It is accepted that the adaptor
protein Miro, a Rho GTPase, is phosphorylated by PINK1 in conjunction to an
interaction with Parkin on the OMM. The phosphorylation of Miro by PINK1
enables Parkin to ubiquinate and target the protein to the proteasome3®.
Miro is a protein regulated by cytosolic Ca?* and acts to control

mitochondrial mobility3e.

Another phosphorylation target is TRAP1, a poorly characterized
protein also known as heat shock protein 75. TRAP1 localizes to the inner
mitochondrial space. This was determined through affinity purification in
PC12 cells and further verified in vivo and in vitro>¢. Phosphorylation of
TRAP1 is abolished in the presence of PINK1 kinase inactivating mutations
(G309D, L347P), which suggests that PINK1 is responsible for
phorsphorylation®¢. An experiment which knocked down expression of
TRAP1 found that its absence was correlated with an increase in oxidative
stress in mitochondria. This knockdown also resulted in cytochrome c
release into the cytosol which activated apoptosis®6. It is presumed that
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PINK1 phosphorylation of TRAP1 is part of an anti-apoptotic mechanism to
prevent cell death from oxidative stress due to ROS build up (Figure 1.7).
This is important for dopaminergic neurons where the production of
dopamine increases ROS production®. In another link to PD, TRAP1 also
appears to be the first protein linking PINK1 dysfunction in mitochondria to
the build-up of a-synuclein toxicity, linking this pathways with PD symptoms
of neuronal apoptosis and a-synuclein accumulation, better known as Lewy

bodies>8,

In Drosophila melanogaster PINK1 null mutants, expression of Sir2
rescued flight muscle defects caused by PINK1 deficiency®*. Sir2, silent
information regulator 2, is hypothesized to mediate cellular stress. It is
unknown how PINK1 interacts with Sir2. It may be directly regulated by
PINK1 phosphorylation when the protein is found in the cytosol, or indirectly
through other protein interactions®s. Further genetic analysis found that the
Sir2’s ability to rescue PINK1 loss of function phenotype was abrogated by
FOXO deletion, suggesting that Sir2 and FOXO act in a pathway downstream
of PINK1¢5, FOXO or Forkhead box, is a protein recognized to protect cells
against oxidative stress and glucose deprivation by regulation of SOD265

(Figure 1.7).
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Figure 1.7: Phosphorylation targets of PINK1. PINK1 regulates mitophagy
through the phosphorylation of Parkin, which ubiquitinates a variety of
mitochondrial proteins. PINK1 also phosphorylates Miro which is involved in
mitochondrial trafficking and inner mitochondrial space protein TRAP which
protects against oxidative damage. PINK1 can also activate expression of
genes SOD2 and 4EBP which are suggested to play a role in mitochondrial
protection through the Sir2-FOXO pathway®5. Adapted from H. Koh, ]. Chung.

Molecules and Cells. 34(2012): p. 7-13.
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An important phosphorylation target of PINK1 is Parkin. PINK1 and
Parkin are an intensely studied pair of proteins known to interact, but Parkin
phosphorylation by PINK1 has been disputed. The arguments for
phosphorylation were weak as there was no concrete phosphorylation site
identified. A hypothesis existed that PINK1 and Parkin interactions were
linked by mutual interactions with proteins like Miro, where PINK1 would
phosphorylate Miro, then facilitating Parkin ubiquitination of the same
target3¢. It was only recently that a Parkin-activation phosphorylation site
was identified - a highly conserved Ser65. Parkin was phosphorylated in a
PINK1-dependent manner when mitochondria are depolarized, and Parkin
translocation into the OMM is dependent on this phosphorylation®® (Figure
1.5). Phosphorylation of Parkin by PINK1 was also proposed to relieve
autoinhibition, which would explain how only loss of membrane potential

activates the Parkin mitophagy pathway?>3.6¢.

PINK1 activates basal and starvation induced autophagy by
interacting with Beclin-1, a pro-autophagic protein involved in other
neurodegenerative diseases, such as Huntington’s disease and Alzheimer’s
diseasel0. In the presence of a depolarized membrane, PINK1 phosphorylates

Bcl-xL (an anti-apoptotic protein)4L.

In addition to PD mutations in the kinase domain, several mutations
are located within or surrounding the predicted transmembrane domain

(TMD). No study has been carried out to examine why these mutations lead
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to PD. At the cellular level it is not known whether these mutations disrupt
secondary structure, the localization of PINK1 or its cleavage by PARL, the
intramembrane protease found in the inner mitochondrial membrane
(Figure 1.5). Further study is needed to address these questions, which is the

focus of this thesis. This topic will be discussed in detail in Chapter 3.

1.6 Membrane Protein Expression

One of the greatest bottlenecks in the study of membrane proteins
structure and function is obtaining adequate quantities of protein®7.¢8, In
most cases, natural abundance of membrane proteins is low and insufficient
for structural studies®®. Early successes of membrane protein crystallography
required protein sources with a rich native protein requiring no
modification, such as the case of with Rhodopsin, a protein naturally
abundant in the retina?0. In contrast, the study of proteins that are low in
abundance or eukaryotic targets that have complex folding patterns often
requires recombinant expression with gene modifications to enhance
stability, and enable detection and purification®®. This has led to many
different strategies and expression hosts that have been used to for

heterologous membrane protein production.

Membrane proteins are extremely sensitive to the lipid environment,
protein processing, folding and post-translational modifications. This makes
finding an ideal and compatible expression system extremely valuable when

producing quality membrane proteins. The in vitro study of eukaryotic
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membrane proteins has been especially problematic, with the frequent
requirement for a eukaryotic heterologous hosts for overexpression,
including Sf9 insect cells, HEK cells, CHO cells, and yeasts such as Pichia

pastoris and Saccharomyces cerevisiae®871,

1.7  Pichia pastoris

Pichia pastoris is a methylotrophic yeast expression system, which has
recently become popular for its ability to express heterologous proteins. It
uses methanol as a source for carbon and energy. Large scale expression
requires an inexpensive medium and P. pastoris can grow to high cell
densities’?, thereby resulting in high yields. Vectors for expression in P.
pastoris have a strong promotor, the AOX1, which is powerful and tightly
regulated, making it advantageous over Saccharomyes cerevisiae®’.73. As post-
translational modifications can be essential for proper folding and function®?,
P. pastoris is capable of generating post-translational modifications such as N
and O-linked glycosylations, which resemble those of higher eukaryotic
organisms’4. They are also capable of generating more authentic
glycosylations than S. cerevisiae, with mannose additions of 8-14 residues in

comparison to the 40-150 residue additions observed in S. cerevisiae’>.

The yeast expression system P. pastoris has been successfully used to
produce many eukaryotic membrane proteins for structural studies
including; G-protein coupled receptors7677, ion channels’879, aquaporins80.81

and ABC transporters76.77.82,
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1.7.1 Basic Features of P. pastoris Expression System

In an analysis of criteria that make up a suitable expression system, P.
pastoris meets many of the basic requirements. P. pastoris allows for simple
genetic manipulation by linear gene integration into the host genome. It is a
low cost production system made up of relatively inexpensive medium
components, containing yeast extract, tryptone, peptone, salt, glycerol and
methanol’677. Yeast are also notorious for generation of very high cell
densities relative to other microbial expression systems. They also meet

safety requirements being non-pathogenic83.

1.7.2 Promotor

One reason Pichia pastoris makes a strong system for heterologous
overexpression is its strong inducible promotor, alcohol oxidase 1 (AOX1).
Since methanol metabolism is capable of solely generating a source of
carbon, P. pastoris is considered methylotropic yeast. The primary enzyme
responsible for this metabolism is alcohol oxidase (AO), encoded exclusively
by two genes, AOX1 and AOX284. AOX1 is responsible for production of most
AO within the cell. Alcohol oxidase catalyzes the conversion of methanol to
formaldehyde and hydrogen peroxide. The production of alcohol oxidase is
highly regulated by transcriptional factors®4, which is why it is utilized as
such a strong promotor for expression of heterologous proteins. In the
presence of methanol, expression of AO can make up 35% of all cellular

proteins in P. pastoris. Under the conditions when yeast are grown with
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glucose or any other carbon source, alcohol oxidase is not necessary for

metabolism and is not present8>,

1.7.3 Gene Integration

P. pastoris requires gene integration into the host genome. Stable
integration of genes into the host genome allows a predictable and consistent
protein production®¢. One way of accomplishing this is digesting expression
vectors in a way that they are flanked by 5 and 3’ AOX1 sequences. The
linearized gene undergoes a gene replacement event where the gene replaces
the AOX1 gene while still remaining flanked with the 942 bp region of 5’
AOX1 promotor and 3’ region. This is accomplished with chemical
transformation or electroporation. Gene integration occurs directly into the
5’ AOX1 promotor so that intended expression of AO in the presence of
methanol directly translates into expression of the desired protein8’. Cells
are then forced to generate AO from the weaker AOX2 gene, resulting in a
Muts phenotype, meaning methanol utilizing slow. The MutS phenotype can
be identified by slow growth of P. pastoris on medium containing methanol,
and can be advantageous in protein expression as less methanol utilization is
marked by slower growth and often, more foreign protein production.
Transformation and gene integration is not limited to manipulation of the
AOX1 promotor, but is also possible for genes to be incorporated at AOX2 or
at the HIS4 loci of P. pastoris®’. Since transformation involves a linear gene,
multi-copy integration is probable and has produced questions regarding
gene-dosage.
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1.7.4 Multicopy Integration

Due to the method of recombinant integration of a desired gene into
Pichia pastoris, multi-copy strains can be generated and it is often ideal to
isolate these strains. Multi-copies in an expression cassette typically have
higher protein yields than single-copy inserts. However, having increased
gene dosage is not always the solution to obtaining the most protein. In the
case of GPCR human p-opioid expression in Pichia pastoris, a higher gene
dosage does not equate to higher expression®8. This can be due to spatial
limitations of the membrane, as there is limited area to contain
overexpressed membrane proteins in comparison to overexpressed soluble

proteins in the cytosol.

For each protein, however, it is accepted that one must test an
expression system as it is difficult to predict which system will generate a
properly folded protein. This is particularly the case for eukaryotic
membrane proteins and in particular those with more than one
transmembrane domain, i.e. polytopic. This step however is essential for in

vitro analysis of protein for both function and structure.
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1.8 Thesis Objective:

The objective of this thesis centers on the study of membrane proteins
and membrane domains. In order to analyze membrane proteins, well
defined and optimized expression conditions and purification regimens must
be developed. This is often very difficult as membrane proteins or the
hydrophobic counterparts must be overexpressed, stabilized outside their

native environment and purified homogenously.

There are two converging goals of this thesis. First is the optimization
using the overexpression system, Pichia pastoris, for the purposes of
screening for high expressing membrane proteins. Chapter 3 details the
overexpression and purification of the transmembrane domain of PINK1,
ending with a structural investigation, using solution NMR spectroscopy.
Development of a rapid screening system to identify yeast colonies
overexpressing the polytopic membrane protein, PARL, is outlined in
Chapter 4. This system was used to find a stable overexpressing clone for
PARL, a mitochondrial intramembrane rhomboid protease. The expression
and purification of this protein is outlined in Chapter 5. This converges with
the structural analysis of the transmembrane domain of PINK1, and
mitochondrial kinase found to contain mutations resulting in Parkinson'’s
disease. The transmembrane domain of PINK1 is cleaved by PARL, and this
thesis outlines the developing story to analyze how these proteins interact
and contribute to our understanding of why mutations in the TMD of PINK1
lead to Parkinson’s disease.
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This thesis discusses the strategies used for different kinds of
membrane protein expression leading to the investigation of in vitro

interactions between PINK1 and PARL.
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Chapter 2

Materials and Methods
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2.1 Materials

Reagents:

Standard lab reagents were purchased from Sigma-Aldrich (ON, Canada),
Fisher Scientific (ON, Canada). Other reagents are listed below.
Kits:
e QuikChange Lightning Mutagenesis Kit (Stratagene)
e QIAquick Gel Extraction Kit (Qiagen)
e QIAspin Spin Miniprep Kit (Qiagen)
¢ QIAGEN Plasmid Maxi Kit (Qiagen)
e Pichia EasySelect™ Expression Kit (Invitrogen, USA)
e C(Clontech In-Fusion HD Cloning Kit (Clontech)
Enzymes:
e Restriction enzymes with appropriate buffers (Fermentas, USA)
e T4 DNA ligase (Invitrogen, USA)
e TopTaq DNA Polymerase (Qiagen)
Primers:
Synthesized by Integrated DNA Technolgies, USA
Culture medium:

e LB (Luria Bertani) liquid medium from Fisher Scientific

e LB Agar: LB liquid with 1.5% w/v Agar



Solutions:

Phosphate buffer solution (PBS)

137 mM NaCl, 10 mM phosphate
buffer, 2.7 mM KCI, pH 7.4

Tris buffered saline

50 mM Tris, 150 mM NacCl, pH 7.5

SDS-PAGE gel-loading buffer

50 mM Tris-Cl pH 6.8, 100 mM
dithiothreitol, 2% SDS, 0.1%
bromophenol blue, 10 % glycerol

Agarose gel-loading (6 X)

0.02% bromophenol blue, 0.02%
xylenecyanol, 30% glycerol in H:0

Tris/Acetate/EDTA (TAE)

0.04 M Tris-acetate, 0.001 M EDTA,
pHS8

Bacterial strains:

Strains Genotype

Top 10 F- mcrA A(mrr-hsdRMS-mcrBC)
®80lacZAM15 AlacX74 recAl
araD139 A(ara leu) 7697 galU galK
rpsL (StrR) endA1 nupG

DH5a F- ®80lacZAM15 A(lacZYA-argF)

U169 recAl endAl hsdR17 (rK-,
mK+) phoA supE44 A- thi-
1 gyrA96 relAl
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2.2  Methods:
2.2.1 Transformation

Competent cells (DH5a or Topl0, Invitrogen) from -80 °C were
thawed on ice for 15 min. 1 pL of plasmid, or 5 pL of ligation product were
added to the competent cells, mixed and incubated on ice for 20 min. Cells
were then heat shocked for 30 s and incubated on ice for 2 min. 1 mL of LB
was added to the competent cells and incubated at 37 °C for 1 h with shaking.
Cells were spread on an appropriate agar plate using sterile techniques and

the plate was incubated at 37 °C

2.2.2 Standard Polymerase Chain Reaction

TopTagq Kit (Qiagen) was used standard lab PCR reactions. 50 uL. PCR
reactions were carried out with 5 pL. 10X TopTaq buffer, 1 pL of 10 mM of
both forward and reverse primers, 1 pL of 10 mM dNTPs, 1 pg of template
plasmid, 0.25 pL TopTaq, with ddH20 to 50 pL final volume. PCR cycling was
carried out with the Eppendorf Thermocycler starting with a 3 min
denaturation cycle (94 °C) and 30 cycles of denaturation (30 s, 94 °C),
annealing (30 s, 60 °C) and extension (1 min/kb, 72 °C), with a final

extension of 10 min (72 °C).

2.2.3 PCR Screening Protocol:
To ensure that transformed colonies from ligation reactions contained
a desired gene insert, PCR screening was used on a collection of colonies

from a plate. Each colony was selected off of the plate under sterile
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conditions and mixed in a PCR tube containing 15 pL ddH20. The pipette tip
containing the remainder of the colony was transferred to a sterile culture
tube with LB and antibiotics. To the PCR tubes the following was added: 0.5
puL 10 mM dNTPs, 0.5 pL of 10 mM forward and reverse screening primers,
2.5 uL of 10X TopTaq buffer and 0.125 pL of TopTaq (Qiagen). The samples
were cycled in Eppendorf Thermocycler with an initial denaturation (95 °C, 3
min), 25 cycles of denaturation (94 °C, 30 s), annealing (58 °C, 1 min), and

extension (72 °C, 1 min), with a final extension (72 °C, 5 min).

2.2.4 1% Agarose Gel Protocol

An agarose gel (1%) was prepared by melting 1 g of agarose into 100
mL 1X TAE buffer in a microwave. After cooling, 7.5 puL of 10 mg/mL stock
ethidium bromide was added, thoroughly mixed, and poured into the gel
apparatus. Gels were loaded with samples in 6X loading dye (Thermo
Scientific), and a base pair ladder (100 bp or 1 kbp) for reference (GeneRuler
DNA ladder, Thermo Scientific), and electrophoresed at 85 V. Gels were

visualized with UV light in the ImageQuant LAS4000 (GE healthcare, USA).

2.3  Expression and Purification of PINK1 Transmembrane Domain
2.3.1 Cloning of PINK1 into pMAL

New England Biolab vector pMAL-c2 which contains an N-terminal
Maltose Binding Protein (MBP) followed by a tobacco etch virus (TEV)
cleavage site was obtained from the laboratory of Dr. Howard Young

(University of Alberta). This vector comes with the signal sequence removed
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for cytoplasmic expression. The PINK1 transmembrane (TM) sequence from
amino acids 89-111 was codon optimized for E. coli expression. Long
primers; forward 5’ GAT CCG CCT GGG GCT GCG CGG GCC CGT GCG GCC GCG
CGG TGT TTC TGG CGT TTG GCC TGG GCC TGG GCC TGA TTT AAG and
reverse 5" AAT TCT TAA ATC AGG CCC AGG CCC AGG CCA AAC GCC AGA AAC
ACC GCG CGG CCG CAC GGG CCC GCG CAG CCC CAG GCG, were ordered PAGE
purified to duplex and were inserted into the vector flanked by 5’ BamHI and
3’ EcoRL

Primer duplexing protocol was obtained from Integrated DNA
Technologies. Primers were dissolved in 100 mM potassium acetate, 30 mM
HEPES, pH 7.5 to Az260 of 3.0 and 13 pL of each were mixed together. The
mixture was heated to 94 °C and cooled to 4 °C on a gradient over 30 min.
This duplex was inserted into a BamHI/EcoRI digested vector, transformed
into Top10 competent cells, and plated on LB plates containing 100 pg/mL
ampicillin. The pMAL vector was restriction digested with Fermentas
restriction enzymes and buffers. 3 pg (3.4 pL) of pMAL vector was mixed
with 3 pL. BamH1 and 3 pL EcoR1 (20 U/uL), 5 pL 10X fast digest buffer with
stain and 35.4 uL ddH20, which was incubated at 37 °C for 1.5 h. A 1%
agarose gel was run and the digested pMAL fragment was purified with
QIAquick Gel Extraction Kit (Qiagen). Ligation of PINK1 transmembrane
duplex into the pMAL vector was carried out by T4 DNA ligase kit
(Invitrogen) by mixing 13 pL of PINK1 duplex, 1 pL digested pMAL vector, 4

pL 5X ligase buffer and 1 pL. T4 DNA ligase. The ligation was carried out at
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room temperature for 1 h. Transformation was into Top10 competent cells
and cells were plated on LB plates with 100 pg/mL ampicillin.

Colonies were screened for insertion of the TM sequence with
screening primers that bound 5’ within the MBP region and 3’ of the inserted
segment (Forward 5’ TCG CTG ATT TAT AAC AAA GAT CTG C and reverse 5’
TTA AAT CAG GCC CAG GCC). Four clones resulted in successful sequencing

results from The Applied Genomics Center (TAGC) (University of Alberta).

2.3.2 Growth and Expression in E.coli

Expression in LB Medium

Medium used was LB + 0.4% glucose + 100 pg/mL ampicillin. PINK1-
pMAL was transformed into DH5a and a fresh transformation was used to
inoculate an overnight culture grown at 37 °C. Large cultures were
inoculated with 2% of the overnight culture and grown at 37 °C to an Aeoo of
0.6 and induced to a final concentration of 0.5 mM IPTG. Expression was
optimal after 3 days at 24 °C and 225 rpm. Cells were centrifuged at 8000 g

for 10 minutes and used immediately or frozen at -20 °C.

Expression in Minimal Medium

Enriched M9 minimal medium was used for expression of MBP-PINK
fusion construct. Using stock solutions (Table 2.1), combine autoclaved 100
mL 10X M9 minimal medium, 100 mL 10X phosphate buffer, 1 mL metal mix,
0.1% w/v NH4Cl, 1% w/v D-glucose, 1% thiamine w/v, 100 pg/mL final

concentration of ampicillin and ddH20 to 1 L.
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Table 2.1: Recipe for Components of Minimal Medium in g/L

Media Component Chemical Quantity Concentration
(g/L) (mM)

10X M9 Minimal NaH2PO4 120 g 1000 mM
Medium (pH 7.4)

KH2PO4 60g 440 mM

NaCl 5g 85 mM
10X Phosphate KH2PO4 496 g 365 mM
Buffer

K;HPO, 106 g 608 mM
Metal Mix MnSO4 5g 33 mM

FeS0,4¢7H,0 0925g 3 mM

MgS0O4.¢7H,0 50g 203 mM

CaCl,e2H,0 05g 4 mM

A freshly transformed colony of MBP-PINK1 in DH5a was used to
inoculate an overnight culture of LB with 100 ng/mL final ampicillin
concentration, grown at 37 °C. Once the Agoo has reached ~2, 50 mL of
overnight culture was used to inoculate 1 L minimal medium culture grown
at 37 °C and 225 rpm in a shaker. Expression was induced once the Agoo was
~0.5 with 0.5 mM IPTG. Growth was continued for 40 h (37 °C, 225 rpm).
Cells were centrifuged in Beckman centrifuge (rotor JLA 8.1) at 7000 g (4 °C,

10 min) and used immediately for cell lysis or stored at -20 °C.

2.3.3 Small Scale Expression Test of MBP-PINK1 in E. coli

Small cultures of 25 mL were grown overnight in either LB medium or
M9 minimal medium. Growth conditions were varied by time (from 3 h - 72
h), concentration of IPTG (from 0.001 mM to 1 mM) and induction
temperature (22 °C and 37 °C). Cell pellets from these experiments were
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resuspended in buffer (1X PBS (pH 7.4), 1 mM EDTA, 1 mM PMSF) at 5X the
volume of the pellet weight. 450 pL of each resuspension was collected . 1 pL
of 10 mg/mL DNase was added to each tube and mixed well. 50 puL of 10%
v/v Triton X-100 was added to each cell resuspension and tubes were
incubated at 4 °C with rotation for 1.5 h. Cells were centrifuged at 4 °C with a
benchtop centrifuge at 14 000 g for 15 min. 30 pL of each supernatant was
set aside for SDS-PAGE gel. An approximate 2 pL fraction of the inclusion
body was collected with a pipette tip and solubilized in 100 puL of 8 M urea.
30 uL of this sample was also set aside for SDS-PAGE gel. Both supernatant
and inclusion body samples were mixed with 10 pL 4X SDS gel buffer, and 10
uL of this mixture was loaded onto 12 or 14% acrylamide SDS-PAGE gels
with 4% stacking gels. Gels were stained with Coomassie stain, destained,

and imaged with ImageQuant LAS4000 (GE healthcare, USA).

2.3.4 Cell Lysis

Cells were resuspended on ice in lysis buffer 5X the weight of the cell
pellet (20 mM KPOg4 buffer (pH 8), 120 mM NacCl, 50 mM glycerol, 1 mM
EDTA, 1 mM PMSF, 1 mM DTT) with protease inhibitor tablets (1 per 100
mL) and 10 pg/mL DNase. Cells were lysed in Constant System cell disrupter
at 35 KPSI, and 0.5% Triton X-100 was added post-lysis. Lysate was
centrifuged in the Beckman centrifuge (rotor JA 25.50) at 40,000 g for 30 min
at 4 °C. The supernatant was collected carefully to avoid contamination of

inclusion bodies and poured into chilled 50 mL Falcon tubes.
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2.3.5 Amylose Purification of MBP-PINK1

The amylose resin (Amylose Resin High Flow, NEB) was equilibrated
by running 10X the column volume of phosphate salt EDTA (PSE) buffer (20
mM KPOg4, 120 mM NaCl, 1 mM EDTA) through resin by gravity flow at 4 °C.
MBP-PINK1 supernatant was mixed batch with resin and incubated on
rotator for 2 h at 4 °C. 1 mM PMSF was added to continue proteolysis
prevention. Batch resin was flowed through column and flow through was
collected. The amylose resin was washed with ~1 L of PSE until A2go returned
to ~0.03 or less. MBP-PINK1 was eluted with 50 mL of 40 mM maltose in
PSE buffer. Fraction collection was monitored by A2go until Azgo returned to

baseline.

2.3.6 Tobacco Etch Virus (TEV) Digestion of MBP PINK1:

For TEV digestion 50 pL of purified TEV (30 mg/ml, recombinant TEV
expressed and purified from pET vector prepared by Dr. Elena Arutyunova
was used per 20-30 mg of fusion protein present, with 1 mM DTT at 20X TEV
buffer (1 M Tris-HCI, pH 8.0, 10 mM EDTA) and left to digest at 16 °C. A
second aliquot of TEV was added after 2-3 days of digestion, and continued
until sufficient digestion was observed in the form of precipitation of the
hydrophobic TM PINK1. Small digestions (~10 mL or less) would typically

take approximately 4 days, and large (~20 mL or more) take up to 8 days.
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2.3.7 Organic Extraction of PINK1 Transmembrane Segment

Corex glass tubes, 30 mL, were rinsed with methanol to pre-clean, and
digested MBP-PINK1 was divided into equal fractions between tubes (~45
mL/4 tubes). 2.5 mL of 60% w/v Trichloroacetic Acid (TCA) was added to
each tube and was incubated for 30 min on ice. The precipitant was
centrifuged for 10 min at 10,000 g in Thermo Scientific Sorvall centrifuge
(rotor SS-34) at 4 °C. The supernatant was decanted and the pellet was
rinsed 3 times with ddH20. For the final rinse, the pellet was incubated with
water on ice for 10 min. A 50:50 isopropanol:chloroform (100 mL) was
mixed in a graduated cylinder and used to resuspend the pellets by carefully
scratching them off the sides of the Corex tube. The resuspension in organic
solvents was incubated on ice for 30 min. A glass homogenizer was used to
homogenize the pellet, which was distributed equally into 16 X 100 mm glass
tubes. 1-2 ml of ddH20 was aliquoted into each tube and left to incubate in a
fume hood overnight. The next day, the organic layer (bottom layer) was
carefully removed with a glass Pasteur pipette and transferred it into a clean
tube. 1-2 ml of ddH20 was aliquoted into each new tube and left to incubate
in a fume hood overnight at room temperature. This separation was repeated
until all white precipitate was removed and organic phase was considered
clean. At this point, organic layers were combined and dried down under

nitrogen or argon gas.
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2.3.8 High Performance Liquid Chromatography of PINK1

Transmembrane Segment

The PINK1 peptide was resuspended in ~6-8 mL of 7 M guanidine-
HCl, 50 mM KPO4 buffer (pH 8). This was injected through a 2.5 mL loop onto
a Agilant Zorbax SB-300 C8 silica based, stainless steel 25 cm x 1 cm column
which was preheated to 60 °C. The column ran at 60 °C with a flow rate of 1
ml/min. An isopropanol gradient against 0.05% TFA/water was used to elute
the protein, where the gradient ran from 20% - 80% over 180 min. PINK1
TM typically eluted at ~50% isopropanol. Determination of fractions
containing the peptide was established by running 6% urea gels, which were

visualized through silver staining.

2.3.9 Analytical Gel Filtration of MBP-PINK1 Fusion Protein

Amylose-purified MBP-PINK1 fusion protein (300 pL of 1 mg/mL)
was filtered in DURApore membrane filters (Millipore) with a benchtop
centrifuge at 14,000 g for 5-10 min at 4 °C or until completely filtered.
Analytical gel filtration was performed on a SEC 75 10/300 column (GE
Healthcare, USA). The column was equilibrated with 2 column volumes of 20
mM KPO4, 120 mM NaCl, 1 mM EDTA, pH 8.0. 250 pg of fusion protein was
loaded and the column was run with the equilibration buffer. Samples were
run at 0.8 ml/min and the absorbance values of the fractions were

determined at 280 nm. Fractions were collected in 18 mm x 100 mm tubes.
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2.3.10 6 M Urea Gels

Based off of Hermann Schagger’s Nature Protocols “Tricine-SDS-Page” 8°

Table 2.2: Recipe of Components for 6% Urea Gel

Gel Component Chemical Composition
AB3 Stock Solution Acrylamide 48% w/v
Bis-acrylamide 1.5% w/v
AB6 Stock Solution Acrylamide 46.5% w/v
Bis-acrylamide 3% w/v
4X SDS Buffer SDS 3% w/v
BME 6% v/v
Glycerol 30% w/v
Coomassie blue dye | 0.05% w/v
Tris-HCI (pH 7) 150 mM
3X Gel Buffer (pH 8.45) Tris Base 3M
Hydrochloric acid 1M
SDS 0.3% w/v
10X Anode Buffer (pH 8.9) Tris Base 1M
Hydrochloric acid 0.225 M
10X Cathode Buffer (pH 8.25) | Tris Base 1M
Tricine 1M
SDS 1% w/v
Table 2.3: Silver Stain Solutions
Silver Stain Buffer Chemical Composition
Fixing Solution Methanol 50% v/v
Acetic acid 10% v/v
Ammonium acetate | 100 mM
Sensitizer Solution Sodium thiosulfate | 0.005% w/v
Silver Solution Silver nitrate 0.1% w/v
Developing Solution Formaldehyde 0.036% v/v
Sodium carbonate | 2% w/v
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Stop Solution EDTA 50 mM

The urea gel was composed by three layers, a 6 M urea gel layer, 10% spacer
gel and a 4% stacking gel. The urea gel layer contained 10 mL AB6, 10 mL 3X
gel buffer, 10.8 g urea, 10 mL ddH20, 100 pL 10% APS and 100 pL. TEMED .
The 10% spacer gel was made of 2.5 mL AB3, 3.3 mL 3X gel buffer, 0.5 mL
glycerol, 3.7 mL ddH:0, 50 pL 10% APS and 5 pL. TEMED. The 4% stacking
gel contained 1 mL AB3, 3.3 mL 3X gel buffer, 5.7 mL ddH20, 100 pL 10% APS
and 10 pL. TEMED. The gel was made layer by layer and used 95% ethanol to

level each gel before adding each additional layer.

Most samples were in isopropanol or organic solvents. In regards to
dealing with loading solvents incompatible with water, solvents were
evaporated off by boiling or higher temperatures (>70 °C). Dried samples
were resuspended in 10 pL - 15 pL of 4X SDS sample buffer. All samples

were warmed at 37 °C before loading into the gel.

The gel was run in 1X cathode buffer and 1X anode buffer. The gel was
run at 30 V until running front was seen to enter the urea gel layer, where the

voltage was increased to 150 - 200 V.

The gel was run until the running front closely approached the end of
the gel upon which it was soaked overnight in fixing solution. This step
removed the dye front from the gel and prevented it from staining over the

protein bands. The next day, it was washed twice with ddH20 (20 min each),
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washed once with sensitizer solution (30 min), washed once with silver
solution (30 min) and wash once quickly with ddH20. The staining was
started by washing the gel with developer solution until bands were
appropriately visualized, and then stop solution was quickly added for at
least 30 min. Gels were imaged using a ImageQuant LAS4000 apparatus (GE

healthcare, USA)

2.3.11 NMR Spectroscopy of PINK1 Transmembrane

A synthetic peptide was obtained from Biomatik with a sequence of
AGPCGRAVFLAFGLGLGLIEE at 95% purity (9 mg). The peptide was dissolved
into deuterated DMSO to a concentration of 2 mM in 500 pL. The spectra

were acquired with a Varian INOVA 600 MHz spectrometer at 30 °C.

2.4  Pichia Pastoris Experimental Protocols
2.4.1 Construction of GFP Fusion Vector and Cloning of PEMTSs

A red shifted variant of enhanced GFP containing the mutations F64L
and S65T (eGFP) was amplified from pEGFP-N1 (Clontech). To the 3’ end of
the coding sequence, codons corresponding to an 8 x His’s-tag were added
and to the 5’ end cDNA coding for a Tobacco Etch Virus protease (TEV) cut
site and a four amino acid linker sequence were added. The PCR product was
then ligated into pPICZ-A (Invitrogen). Genes (cDNA) for human, and mouse
PEMT were a kind gift of Dr. Dennis Vance (University of Alberta) and

Saccharomyces cerevisiae PEMT (OPI3) were obtained from the Protein
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Structure Initiative materials repository®. The genes were amplified using

PCR and cloned into pPICZA-GFP.

2.4.2 Transformation of Pichia pastoris

Plasmids containing the PEMT gene were purified using maxi-prep
kits (Qiagen), and 20 pg of DNA was linearized overnight at 37 °C with Sacl
(Fermentas, USA). Electrocompetent P. pastoris GS115 were prepared
following the protocol outlined in the Pichia EasySelect™ Expression kit
(Invitrogen, USA). Linearized plasmid DNA was incubated with 80 pl of
electrocompetent GS115 on ice and electroporated using a BioRad Gene
Pulser at 2.5 kV, 25 pF, 100 Q. Cells were plated on YPDS (1% yeast extract,
2% peptone, 2% dextrose, 1 M sorbitol) medium, containing 100 pg/ml
zeocin, and incubated at 30 °C until colonies appeared (approximately two

days).

2.4.3 PCR Screening for Insert

To confirm genomic integration of the expression cassettes, individual
colonies were picked into 10 pl of sterile water. To lyse the cells, 5 pl of 5
U/ul of lyticase (Sigma, USA) was added and the cells were incubated at 30 °C
for 10 min, followed by freeze-thaw from -80 °C to RT. A hot start PCR was
set up using TopTaq (Qiagen, USA). Briefly, 50 pl PCR reactions contained 5
ul 10X TopTaq buffer, 2.5 ul 10 mM dNTPs, 0.5 pl 25 mM Mg?+, 1 pl of 10 mM
forward and reverse primers, 5 pl of cell lysate, and 30 pul of sterile water.

PCR samples were mixed thoroughly and placed in Eppendorf Thermocycler
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at 95 °C for 5 min before 5 ul of 0.16 U/ul TopTaq polymerase was added.
PCR cycled 30 X with a 1 min 95 °C denaturation, 1 min 54 °C annealing stage
and 1 min 72 °C elongation. Samples were run on 1% agarose gels with 1%

ethidium bromide.

2.4.4 Induction Plating and Imaging of Pichia Pastoris colonies
Following the appearance of colonies on YPDS-zeocin plates, a total of
50 colonies from each transformation were picked onto BMMY plates (1%
yeast extract, 2% peptone 100 mM potassium phosphate buffer pH 6.0,
1.34% YNB (yeast nitrogen base), 40 uM biotin, 0.5% methanol) using a grid.
As a negative control, two colonies of untransformed GS115 were also
picked. Plates were incubated at 30 °C for 24 h and imaged, using an
ImageQuant LAS4000 imager equipped with blue light (GE healthcare, USA).
All exposures were taken at 1/8t™h of a second. In order to quantify the
intensity of the colonies, the mean gray value was determined, using Image]

software

2.4.5 Culture Fluorescence, Small Scale Lysis and Protein Expression
Colonies were inoculated into 5 ml of BMGY (1% yeast extract, 2%
peptone 100 mM potassium phosphate buffer pH 6.0, 1.34% YNB, 40 uM
biotin, 1% glycerol) and grown overnight at 30 °C at 300 rpm. Cultures were
sub-inoculated into 25 ml of BMGY with a starting Asoo of 0.02 and grown for
24 h at 30 °C at 300 rpm. When the cells had reached at A¢oo of approximately

7, they were centrifuged (1500 g, 5 min) and induced by re-suspension of the
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cell pellet in 25 ml of BMMY medium and incubated for 24 h at 24 °C at 300
rpm. In order to measure cell fluorescence, 5 ml of the cells were centrifuged
(1500 g, 5 min) and re-suspended in 200 ml of PBS in a 96 well plate (Costar,
USA). Fluorescence was measured, using a FluoroSTAR fluorescent plate
reader at an excitation wavelength of 488 nm and emission wavelength of

509 nm with a gain of 800.

To correlate fluorescent measurements with protein expression, the
remaining 20 ml of culture was harvested by centrifugation (1500 g, 5 min)
and re-suspended in 50 mM KPO4 Buffer, 0.3 M NaCl, 10% glycerol, pH 8.0 so
that the final Agoo was 150. 100 pl aliquots were taken from the re-suspended
cells and lyticase was added to a final concentration of 2 U/ul and incubated
for 30 min at 30 °C. The cells were then flash frozen in liquid nitrogen for 2
min, followed by heat shocking at 30 °C. The freeze thaw was repeated twice
more, and insoluble material and unbroken cells were removed by
centrifugation. The lysate was run on a 14% SDS PAGE gel and imaged using

blue light on an ImageQuant LAS4000 apparatus (GE healthcare, USA).

2.4.6 Expression and Purification of mPEMT

A clone of mPEMT that appeared brightest under blue light was
grown overnight (30 °C, 300 rpm) in 100 ml of BMGY medium to an Aeoo of 7.
A total of 6L of culture was sub-inoculated into BMGY and grown for 24 h (30
°C, 300 rpm) to an Aesoo of 10. The cells were harvested by centrifugation

(1500 g, 10 min) and re-suspended in an equal volume of BMMY induction
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medium. The cultures were grown for 48 h (25 °C, 300 rpm), adding fresh
methanol at 24 h (0.5%). The cells were harvested by centrifugation (1500 g,
10 min) and re-suspended in 300 ml of 50 mM Tris pH 8.0, 0.15 M NaCl, 5%
glycerol and lysed by passage through a Constant Systems cell disruptor at
40,000 PSI. Cell debris was pelleted by centrifugation (3000 g, 10 min) and
membranes were isolated by ultracentrifugation (100,000 g, 2 h).
Membranes were homogenized in 50 mM Tris pH 8.0, 0.15 M NaCl, 5%
glycerol, and solubilized in 1% Fos-choline-12. Insoluble material was
pelleted (100,000 g, 30 min) and the supernatant batch bound to Ni-NTA
agarose (Qiagen) for 2 h at 4 °C and washed and eluted using a step imidazole
gradient of 30 mM to 1 M in 0.1% Fos-choline-12. The purified fusion
protein was digested using TEV protease with a 1:1 w/w ratio. mPEMT was
purified from GFP and TEV, using M2 FLAG tag resin (Sigma) according to the
manufacturer’s instructions. The final purified protein was injected onto a
Superdex 200 16/60 column equilibrated in 20 mM Tris pH 8.0, 0.15 M Nacl,

5% glycerol, 0.15% FC-12 to assess the oligomeric state (Figure 8).

2.5 PARL Purification and Expression
2.5.1 Cloning of PARL-GFP into pPICZA - GFP vector

PARL was cloned into the pPICZA GFP fusion vector. Using the
primers forward 5’ TCG AAA CGA GGA ATT CAC CAT GGC GTG GCG AGG CTG
G and reverse 5° ACA GGT TTT CCT CGA GCT TAG AGC CAC CTC CTT TTT TGG
G PARL was amplified through standard PCR reaction (See protocol 2.). A 1%
agarose gel was used to purify the PCR amplification, followed by gel
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extraction by kit (Qiagen). The PARL PCR product was blunt ligated into
pJET1.2 (Fermentas Clone]ET PCR cloning kit) by following kit directions and
was transformed into Top10 competent cells.

A PCR screen was used to assess successful ligation into the pJET1.2
vector. Successful clones were grown in 3 mL of LB medium and plasmid
purified with a plasmid purification kit (Qiagen). Both the pPICZa GFP fusion
vector and the PARL-pJET1.2 blunt vector were digested with Xho1 and Pml1
for 1 h at 37 °C. A 1% agarose gel was run and the digested fragments were
purified from the gel with a gel extraction kit (Qiagen). A ligation with T4
DNA ligase (Invitrogen, USA) was set up, following the kit protocol. The
ligation was transformed into Topl0 competent cells and colonies with
successful insert were screened for insert by PCR screening and verified with

sequencing by TAGC (University of Alberta).

2.5.2 Expression and Purification of PARL-GFP

A brightly fluorescing PARL-GFP colony (colony 14) was selected for
overexpression in large scale (6 L) cultures. PARL-GFP was grown overnight
(28 °C, 300 rpm) in 100 mL of BMGY medium to an Asoo of 7. A total of 6 L of
culture was sub-inoculated into BMGY and grown for 24 h (28 °C, 250 rpm)
to an Asoo of 10. The cells were harvested by centrifugation (1500 g, 10 min)
and re-suspended in an equal volume of BMMY induction medium. The
cultures were grown for 72 h (25 °C, 250 rpm), adding fresh methanol at 24 h

(0.5%) and ampicillin (100 ng/mL). The cells were harvested by
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centrifugation (1500 g, 10 min) to a final weight of 145.45 g. Cells were
resuspended in 400 mL of 50 mM KPO4 (pH 8), 0.1 M NacCl, 5% glycerol and
10 mM BME, with 5 protease inhibitor tablets (Roche, EDTA-free) and 10
ng/mL DNase. Cells were pre-homogenized with a hand mixer and then lysed
in the Constant cell disruptor with a single pass at 40 kPSI. Cell lysates had
PSMF added to a final concentration of 1 mM after lysis and were centrifuged
in a Beckman centrifuge (rotor JLA 8.1) 3000 g for 5 min (4 °C) to remove cell
wall debris. The supernatant was transferred into tubes for
ultracentrifugation (Beckman, rotor TI-45) and centrifuged at 100,000 g for
2 h (4 °C). The supernatant was discarded and the membrane fraction was
isolated. The membrane fraction (25.5 g) was homogenized in 250 mL of a
high salt buffer, 50 mM KPO4 (pH 8), 0.8 M NaCl, 5% glycerol, 10 mM BME
and 1 mM PMSF. Membranes were isolated by ultracentrifugation again

(38,000 rpm, 30 min, 4 °C).

Purified membranes (20.7 g) were homogenized in 200 mL of 50 mM
KPO4, 0.1 M NaCl, 5% glycerol, 10 mM BME, 1 mM PMSF, pH 8.0 and two
protease inhibitor tablets. The fusion protein was solubilized on ice in 0.2%
Fos-choline 12 for 30 min at 4 °C. Insoluble protein was removed by
ultracentrifugation (Beckman, rotor T1-45) at 100,000 g, 4 °C, for 30 min. The
supernatant was transferred into pre-chilled 50 mL falcon tubes with Ni-NTA
agarose (Qiagen) (6 tubes, 1 mL of 50% Ni-NTA resin (Qiagen) with ethanol
removed). PARL-GFP was bound to the resin for 2 h with rotation at 4 °C.
Protein was washed and eluted, using a step imidazole gradient from 30 mM
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to 1 M in 0.2% Fos-choline-12 (Anatrace). Samples were collected from
washes and elutions and assessed on SDS-PAGE acrylamide gels. The flow
through collected was subjected to a repeat batch Ni-NTA binding with fresh

resin for 2 h more and was washed and eluted as described above.

2.5.3 Detergent Optimization of PARL-GFP

Using 3 g of crude membranes containing PARL-GFP, homogenized
with a glass homogenizer in 30 mL of resuspension buffer (50 mM KPOy,
10% glycerol, 0.3 M NaCl, 10 mM BME, 1 protease inhibitor tablet). Separated
homogenized membranes into 7 x 2.7 mL aliquots and added 0.3 mL of the
following detergents to each: 20% neopentyl glycol, 10% n-decyl-B-D-
maltopyranoside, 10% n-dodecyl-3-D-maltopyranoside, 10% dodecyl

octaethylene glycol ether, 10% lauryldimethylamine-N-oxide, 10% Triton X-

100, 10% Foscholine-12. A blank sample with water added was also
included. Each aliquot of homogenized membrane with its detergent was
incubated on a rotator at 4 °C for 30 min. Aliquots (0.5 mL) were then set
aside which would be used to measure relative fluorescence and for a
running an SDS-PAGE gel. The remaining 2.5 mL samples were centrifuged in
a Beckman Optima micro-ultracentrifuge (fixed angle rotor TLA-110) at
50,000 g for 30 min. Aliquots of the solubilized protein were removed for
relative fluorescence measurement and for SDS-PAGE gel. Aliquots (200 pL)
were used of homogenized and detergent solubilized membranes for relative

fluorescence comparison. Fluorescence was measured using a FluoroSTAR
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fluorescent plate reader, at an excitation wavelength of 488 nm and emission
wavelength of 509 nm with a gain of 1600. Each sample (7.5 pL) was mixed
with SDS loading dye and electrophoresed on 14% acrylamide SDS-PAGE

gels.

2.5.4 Fluorescence Size Exclusion Chromatography of PARL-GFP.
Solubilized PARL-GFP (1 mL) in 0.1% foscholine-12 from crude
membranes was centrifuged in DURApore membrane filters (Millipore) with
a benchtop centrifuge at 4 °C until completely filtered. Analytical gel filtration
was done on a SEC 200 10 x 300 column (GE Healthcare, USA). The column
was equilibrated with 2 column volumes of 50 mM KPO4, 5% glycerol, 0.1 M
NaCl, 10 mM BME, 0.1% foscholine-12. Fusion protein (100 pL) was loaded
and the column was run with the equilibration buffer. Samples were run at
0.5 ml/min and the absorbance values of the fractions were determined at
280 nm. Fractions were collected in 18 mm x 100 mm tubes. Aliquots of each
collected fraction (200 pL) was measure in a 96 well plate for relative
fluorescence. Fluorescence was measured using a FluoroSTAR fluorescent
plate reader, at an excitation wavelength of 488 nm and emission wavelength

of 509 nm with a gain of 1595.

57



Chapter 3

Structural studies of PINK1
transmembrane domain with
NMR spectroscopy

Contributions:

[ would like to acknowledge the help and contributions of Dr. Brian Sykes
and Brian Lee from the Sykes group at University of Alberta. All NMR
experiments were performed by Brian Lee, and strategizing and data analysis

carried out by Brian Lee and Brian Sykes.
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3.1 Introduction:

The mitochondrial PTEN-induced kinase (PINK1) is a dynamic protein
which acts as a molecular checkpoint in mitochondrial health®>. The interest
to uncover its molecular mechanisms and interactions has been peaked due
to the protein’s role in early-onset Parkinson’s disease*17.60.6391 The
introduction chapter to this thesis provided a comprehensive assessment of
the protein as a whole, and this chapter’s introduction will aim to provide a

more thorough discussion specifically of the PINK1 transmembrane domain.

As mentioned in the introduction, PINK1 is composed of three
domains; an N-terminal domain, containing the mitochondrial targeting
sequence, putative transmembrane domain and PTEN kinase domain#4248
(Figure 1.4). The boundaries of transmembrane domain are weakly
predicted, probably due to its dynamic nature in mitochondria. However,
several transmembrane prediction programs predict a boundary consensus
of the domain. Domain boundaries marked by residues 91-111 were
determined by TMPRED and TopPred, and boundaries with 89-111 were
determined by TMHMM and SACS MEMSAT. The sequence was predicted to

be (89)AWGCAGPCGRAVFLAFGLGLGLI(111).
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Figure 3.1: Kyte-Doolittle hydrophobicity plot of PINK1 transmembrane
domain. Human PINK1 transmembrane domain was assessed its
hydrophobicity using the Kyte and Doolittle scale, where regions above zero
are considered more hydrophobic in nature48. Adapted from Meissner, C.,
Lorenz, H. Weihofen, A. Selkoe, D. ], and Lemberg, M. K. (2011) The
mitochondrial intramembrane protease PARL cleaves human Pinkl to

regulate Pink1 trafficking. Journal of Neurochemistry 117, 856-867.
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Among many PINK1 mutations located throughout the protein leading
to PARK6 and the onset of Parkinsonism (Table 1.1), only four known
mutations are located in the transmembrane domain: C92F, P95A, RO8W
and [111S. All have been reported in relation to Parkinson’s disease (Figure
3.2 and 5.2). C92F (along with R464H in the kinase domain) was found when
a genetic analysis of a 60 year old woman with PD was performed. She
presented with a resting tremor of the right upper limb, which began at age
37 years®2. A Parkinson’s mutation database, PDmutDB, considers this

mutation pathogenic for PD.

A recent publication characterizing the interactions with PINK1 and
PARL in vivo also analyzed the effect of the mutation on PINK1 behavior. The
C92F mutation resulted in accumulation of full length PINK1, but no
information was available regarding the localization of the C92F mutant

PINK159.

The next reported mutations R98W and [111S were found in 2008 by
a retrospective genetic analysis of over 1126 sporadic and familial cases of
PD. Among assessed patients with confirmed clinical PD, R98W and [111S
were identified as statistically significant mutations, ranked probably
damaging and possibly damaging respectively®? (Figure 3.2). The PDmutDB
has marked these mutations as having an unclear pathogenic nature. A
thorough review suggests that these residues may be essential for structural

integrity of the TM domain or that they may destabilize the TM due to
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changes in hydrophobicity42. These mutations may result in misfolding or
improper localization of the protein*2. Their characterization in vivo
demonstrated that both R98W and [111S abolished cleavage of PINK1 by

PARL, resulting in full length PINK1 accumulation4s.

The final mutation worth discussing is the P95A (Figure 3.2). This
mutation has a profound effect on the protein’s ability to interact with PARL.
The mutation allows proper localization of PINK1 to the inner mitochondrial
membrane, but abolished cleavage by PARL>?. It also results in the same
accumulation of full length PINK1 as seen in mutations C92F, R98W and
[111S. The P95A mutation has not been found in a genetic screen of a patient
with PD, and remains a potential PD promoting mutation. It is still worth
investigating, since it has detrimental effects on the proper functioning of

PINK1 and parallels the same behavior as known PD mutations.
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Figure 3.2: Mutations in the transmembrane domain of PINK1. The
mutations in the PINK1 transmembrane domain; R98W, P95A, and C92F,
respectively. Mutations are marked in red circles. Blue arrow designates

PARL cleavage site. The transmembrane domain is shown with boundaries

A89 -1111.
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3.1.1 Objective

PINK1 has a highly conserved transmembrane domain, which is prone
to Parkinson’s disease causal mutations. Weakly characterized PD mutations
within transmembrane domain of PINK1 and the recent insights of cleavage
of this domain by PARL attracted our interest. It is tempting to speculate that
PINK1 TMD mutations could affect three aspects of its behavior. Firstly,
mutations may alter the structure of PINK1, possibly impairing cleavage of
PINK1 by PARL. Secondly, mutations may prevent its ability to localize
correctly due to aggregation or its inability to interact with import proteins
properly. And finally, if the mutations do not affect the secondary structure of
the transmembrane domain, they still may prevent PARL from correctly
interacting or recognizing the PINK1 substrate, thus preventing PINK1

cleavage resulting in accumulation.

Since there is no structural information about PINK1 transmembrane
domain, our goal was to solve the structure of this domain and assess
whether the PINK1 transmembrane domain undergoes secondary structure
changes in the presence of PD mutations, which prevent interaction with
PARL. Our strategy was to express and purify the TM domain of PINK1 and
analyze its structure using solution nuclear magnetic resonance (NMR). A
structure of the transmembrane domain of PINK1 may also be insightful into
the shape and behavior of substrates of rhomboid intramembrane proteases

such as PARL.
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3.2 Results
3.2.1 PINK1 Transmembrane Domain Expression

The PINK1 transmembrane domain was cloned into a pMAL vector,
containing an N-terminal maltose binding protein (MBP), followed by a
tobacco etch virus (TEV) cleavage site and C-terminal PINK1 transmembrane
domain. The TM domain of PINK1 consisted of residues 89 to 111. The
construct was expressed in E. coli. The strain of E. coli which yielded the most
soluble protein with the least amount in the inclusion body was DH5a, when
compared to BL21-DE3, Top10 and C43 cells. Expression of the MBP-PINK1
construct was also optimized for expression in both LB and M9 minimal
medium. This was done in preparation for N15and C!3 labeling which may be
necessary for NMR spectroscopy. Expression in LB medium was highest
when cells at Asoo of 0.6 were induced with 0.5 mM IPTG, and grown at 22 °C
for 72 h. However, it was determined that protein yield was higher in M9
minimal medium. Expression in minimal medium was optimal when cells
were induced with 0.5 mM IPTG at Agoo of 0.4 - 0.5, and induction was carried
out at 37 °C for 40 h. Yield of MBP-PINK1 grown in 6L of LB was 75 - 100 mg,

while 150-200 mg was obtained from minimal medium.

3.2.2 Purification and Isolation of the PINK1 Transmembrane Domain
MBP-PINK1 was isolated from E. coli cells through high pressure lysis
and insoluble cell components were pelleted by centrifugation. The isolated
supernatant containing the soluble MBP-PINK1 protein was applied to
amylose affinity columns. The unbound and weakly bound proteins were
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washed out and the protein of interest was eluted with 40 mM maltose. The
purity was checked on Coomassie stained SDS-PAGE gels (Figure 3.3).
Purified MBP-PINK1 was immediately digested with TEV protease, for 3-8
days for optimal digestion depending on the amount of fusion protein.
Conveniently, the hydrophobic PINK1 TM domain precipitated upon cleavage
by TEV, which provided a means to gauge the degree of digestion. Also, a
simple centrifugation step enabled isolation of mostly the precipitated TM

segment away from the soluble MBP and TEV and undigested MBP-PINK1.

The precipitate was collected for an organic extraction, a step which
would act to eliminate any TEV or MBP from the precipitated
transmembrane fragment. Trichloroacetic acid (TCA) was added to solution
to precipitate all the protein. The mixture then was centrifuged and washed
with water to remove all TCA. An organic mixture of 50% isopropanol and
50% chloroform was added to the pellet, which was homogenized in the
organic solvents. Water was added to the resuspension, which acted to
segregate soluble proteins - TEV and MBP - which would separate into the
aqueous phase, while the hydrophobic peptide would partition into the
organic phase. This process was repeated two or three times to ensure
adequate separation. Urea gels were used to monitor the purity of the

organic phase (Figure 3.4).

The purified peptide was either kept in organic solvent or dried down,

and the pellet was resuspended in deuterated DMSO. The solution NMR
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spectroscopy was performed by collaborators (Brian Lee) for both conditions
but neither of them yielded satisfactory spectra, and it was suggested that the
sample was not pure enough for NMR. To further purify the protein, reverse
phase high performance liquid chromatography was added to the
purification protocol. The peptide sample was dried down, resuspended in a
phosphate buffer, containing 7 M guanidine-HCI, loaded on SB-300 C8 silica
based column and eluted with isopropanol gradient. The disadvantage of
this step was a yield insufficient for NMR. With purifying a very hydrophobic
and sticky peptide, major losses occurred after reverse phase HPLC.
Unfortunately, due to problems drying and resuspending the peptide in
guanidine, as well as losses in HPLC columns, we were unable to purify

sufficient amounts for NMR spectroscopy.

3.2.3 Synthetic PINK1 Peptide for NMR Spectroscopy

As an alternative strategy, a synthetic peptide was ordered from
Biomatik. The peptide had slightly different boundaries for strategic reasons.
Instead of ordering the expressed peptide with
(89)AWGCAGPCGRAVFLAFGLGLGLI(111), the synthetic peptide was marked
by (93)AGPCGRAVFLAFGLGLGLIEE(113) boundaries. This was to remove
one of the N-terminal cysteines, which may have helped stabilize the peptide
by preventing disulfide bridge formation. Peptide in a quantity of 9 mg was
ordered at 95% purity. The purity was verified by mass spectroscopy at the
Institution of Biomolecular Design (IBD) at the University of Alberta (Figure
3.5).
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Figure 3.3: SDS_PAGE of MBP-PINK1 transmembrane segment fusion
purification. 14% SDS-PAGE of MBP-PINK1-fractions after amylose-column
purification. 3.75 pL of eluted fractions were loaded with Coomassie loading

dye. Arrow represents MBP-PINK1 fusion protein.
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Figure 3.4: 6% Urea gel of PINK1 transmembrane domain purification
by organic extraction. 6% urea gels were run composed of a 4% stacking
and 10% spacer, with the 6% urea phase for separation. 1 puL of Novex (Life
Technologies) MW ladder was used containing low MW bands. 100 pL of the
aqueous fraction and organic fraction were evaporated and resuspended in
10 pL of SDS Coomassie buffer. Gels were run at 30 V through the stacking
and spacer gel phases, and 150 V for the separating urea gel. Arrows

represents the oligomers of the PINK1 transmembrane in the gel.
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Figure 3.5: Maldi-TOF mass spectrometry of PINK1 synthetic peptide.
Routine Maldi-TOF(matrix assisted laser desorption/ionization - time of
flight) mass spectroscopy was used to verify the quality of the synthetic
peptide. The correct molecular weight was 2092 Da , which was observed to
be the middle peak at m/z of 2091.618. The two peaks below were assumed
to be small contaminants, and the two peaks above were determined to be
ion adducts of the peptide. Experiments were performed by the Institute for

Biomolecular Design at the University of Alberta.
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3.2.4 Solution NMR Spectroscopy of PINK1 Transmembrane Domain
Synthetic peptide was easily dissolved into deuterated DMSO to a final
concentration of 2 mM. With our collaborator’s help, we were able to obtain
1D proton spectra with well separated peaks (Figures 3.6, 3.7, 3.8). This
warranted three 2D NMR spectroscopy experiments: a correlation
spectroscopy (COSY), total correlation spectroscopy (TOCSY) and nuclear
overhauser effect spectroscopy (NOESY) (Figure 3.9). These spectra were all
utilized to understand different information about the peptide. COSY
identifies basic connectivity and determines which protons are spin coupled.
TOCSY correlates all protons in a spin system. NOESY investigates the
conformation and proximity of adjacent spin systems. The three spectra were
used to associate observed peaks with amino acids connected down the
peptide backbone (Figures 3.9 and 3.10). This determination allowed a
chemical shift index to be generated for each amino acid®3°* (Figure 3.11).
Analysis of the chemical shift index demonstrated that the peptide had no
significant secondary structure, and was classified as a random coil?. This
was presumed due to the fact that the chemical shift index does not deviate
lower than -0.1 (lower than -0.1 represents significance alpha helical
structure) or higher than +0.1 (greater than +0.1 represents significant beta-

sheet nature) (Figure 3.11).

Experiments with the synthetic PINK1 peptide were attempted to be
repeated in detergent DPC/fos-choline12 and SDS. Neither led to clear 1D
spectra, and were not carried further for 2D NMR proton-proton analysis.
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Figure 3.6: 1D H+*-H* spectrum of PINK1 transmembrane segment.
Synthetic peptide (2 mM) of PINK1 transmembrane segment dissolved in
deuterated DMSO and was acquired at 600 MHz at 30 °C. Sequence
corresponds to peptide sequence of human PINK1,
AGPCGRAVFLAFGLGLGLIEE. Peptide was obtained from Biomatik at 95%

purity.
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Figure 3.7: Amide/Aromatic region of a 1D H+*-H* spectrum of PINK1

transmembrane segment. Synthetic peptide (2 mM) of PINK1
transmembrane segment dissolved in deuterated DMSO and was acquired at
600 MHz at 30 °C. Sequence corresponds to peptide sequence of human
PINK1, AGPCGRAVFLAFGLGLGLIEE. Peptide was obtained from Biomatik at

95% purity.
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Figure 3.8: Aliphatic region of a 1D 1H spectrum of PINK1
transmembrane segment. Synthetic peptide (2 mM) of PINK1
transmembrane segment dissolved in deuterated DMSO and was acquired at
600 MHz at 30 °C. Sequence corresponds to peptide sequence of human
PINK1, AGPCGRAVFLAFGLGLGLIEE. Peptide was obtained from Biomatik at

95% purity.
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Figure 3.9: Overlay of 2D H+-H* spectras COSY-TOCSY-NOESY of PINK1
transmembrane segment. Synthetic peptide (2 mM) of PINK1
transmembrane segment dissolved in deuterated DMSO and was acquired at
600 MHz at 30 °C. Black peaks are associated with the NOESY spectra, blue
peaks represent the TOCSY spectra and the red/green peaks represent the
COSY spectra. Sequence corresponds to peptide sequence of human PINK,

AGPCGRAVFLAFGLGLGLIEE. Peptide was obtained from Biomatik at 95%

purity.

75



&

1

1

1

1
. 4.00 %“GZ
£ 1
o
= w— P3(HD)
e G2

4.20
4.40 cisC4
cisP3(HA)
4.60
4.80
8.60 8.40 8.20 8.00 7.80 7.60

"H (ppm)

Figure 3.10: Amino acid assignment of PINK1 tranmembrane using
overlay of 2D H+-H* spectras TOCSY-NOESY. Synthetic peptide (2 mM) of
PINK1 transmembrane segment dissolved in deuterated DMSO and was
acquired at 600 MHz at 30 °C. Black peaks are associated with the NOESY
spectra, blue peaks represent the TOCSY spectra. Red lines connect
consecutive amino acids peaks. Yellow lines represent peaks associated with
the cis-conformation of the proline 95. Sequence corresponds to peptide
sequence of human PINK1, AGPCGRAVFLAFGLGLGLIEE. Peptide was

obtained from Biomatik at 95% purity.
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Figure 3.11: Chemical shift index (CSI) of the PINK1 transmembrane
domain. Chemical shift of PINK1 transmembrane domain were compared to
the chemical shifts of amino acids in a random coil conformation. Secondary
chemical shifts lower than -0.1 are considered a-helical in nature and shifts

greater than +0.1 are considered to be of 3-sheet nature.
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3.3 Discussion

A complete protocol for the expression and purification of the PINK1
transmembrane domain has been developed. This was carried out by tagging
a hydrophobic peptide to the large soluble maltose binding protein (MBP).
Purification of the peptide to high purity was accomplished through the
specificity of the MBP to an amylose affinity column. The final purification
steps of TEV digestion and organic extraction utilize the hydrophobic nature
of the peptide: its ability to precipitate once released from the large soluble

moiety and its separation into an organic phase.

The peptide became very unstable once solubilized in solutions
compatible for NMR or further HPLC purification buffers. In part, this may be
due to the nature of the peptide and its sequence. After working through this
protocol many times, the major limitation was successfully solubilizing the
peptide into new buffers. Including NMR compatible detergents, such as
DPC/fos-choline12, in the peptide sample when drying with liquid nitrogen
may help resuspending the peptide pellet®®97. The drying-resuspension cycle
in the presence of detergent should be repeated multiple times, so that in the
final aqueous solution the peptide is completely surrounded with detergent

micelles.

As explained in the results, use of a synthetic peptide had a double
edged intent. It offered an alternative source of pure peptide, but more

importantly, it was designed with a different delineation of the predicted
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membrane boundaries. The synthetic peptide was soluble in DMSO and
yielded interpretable NMR spectra. Secondary structure determination for
the peptide was unsuccessful due to the fact that it was a random coil in

DMSO solution.

Although this was not the initial anticipated result, it does fit with
several pieces of information known in the field of rhomboid protease
substrates. There is little concrete evidence in the literature about how
substrates interact with the proteases, and what defines the specificity in
terms of sequence and secondary structure. One hypothesis in the literature
suggests that the membrane environment defines the helical structure of the
transmembrane domain. Recent preliminary data suggest that rhomboid
substrates are meta-stable transmembrane helices, which require a
membrane to have structure®8. Furthermore, the substrate’s transmembrane
domain loses its helical propensity when it transitions from the lipid
environment to the active site of the rhomboid, which contains water. This
cleavage-site-specific unraveling is necessary for hydrolysis of the peptide
backbone, especially if it was a-helical in the membrane. This complicates
structural analysis, as in theory it is unfavorable to unravel a helix within the
membrane. The requirement for wunraveling suggests that residues
surrounding the cleavage site have a duality in their helical propensity, which

is dependent on the environment?89°,
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The only other rhomboid substrate with known structural
information is TatA (Twin arginine transport protein A), a native substrate of
rhomboid AarA from Providencia stuartii. The solution NMR structure of TatA
in Bacillus subtilis was determined in the detergent DPC. NMR analysis of this
70 amino acid single pass transmembrane domain indicated TatA has an L-
shaped helix; a helical transmembrane segment connected by a kink to an
amiphipathic helixt0. This is consistent with the hypothesis that rhomboid

substrates are helical in a membrane environment.

The PINK1 transmembrane domain results show a random coil, which
follows the hypothesis that substrate structure is governed by the
membrane. The NMR experiments were carried out in DMSO, a small polar
aprotic solvent, which is adequate for stabilizing membrane substrates.
DMSO is not a membrane mimetic environment however. It follows along
with the hypothesis that, in these conditions which do not resemble a lipid
environment, the peptide would be unstructured. The NMR structure of TatA,
which was found to be helical, was solved in detergent DPC which is more
suggestive of a membrane environment. Unfortunately, attempts to study
PINK1 TM domain in DPC and SDS did not yield spectra with well separated

peaks.

There is a counter perspective, which reasons that the
transmembrane domain of PINK1 is unstructured. Although there is only one

structure of a rhomboid protease substrate, comparisons between TatA and
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the TM domain of PINK1 may not be valid. TatA is a stable single pass
transmembrane with a second peripheral hydrophibic extension, and
therefore double the size of the PINK1 TM domain expressed. It is possible
that in order to form a helical structure PINK1’s TM requires a larger region
flanking the transmembrane domain to induce a helix on either side of the
cleavage site. There is another obvious difference in the behavior of both
proteins: whereas TatA is located in the membrane from its synthesis, PINK1
must be able to localize to two different membranes and also is found on
occasion in the cytosol. It could be that the weakly predicted transmembrane
domain is just enough to hold the protein in the membrane, and may not be a

true or metastable helix.

Although these results are still preliminary, we return to our original
hypothesis regarding the behavior of this protein for the future directions.
With the preliminary results presented, one of the options left to further
analyze the structure of the PINK1 TM domain within the methods presented
is to try shifting the membrane boundaries. Lengthening the protein on both
sides may add stability and possibly allow for secondary structure formation
on the ends of the peptide. A more difficult but comprehensive alternative
would be to use micelles or bicelles in NMR analysis. This would be ideal as it
would create a true membrane environment to observe the structure of the
peptide. Another approach could be to express a longer version without an
MBP tag and allow the TM domain to be solubilized from the lipid bilayer.
This procedure is used for the TatA substrate in our lab101,
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It may be more insightful to analyze the other components of our
hypothesis of how Parkinson’s disease mutations in the TM affect PINK1
behavior. If, in fact, the transmembrane domain is unstructured (unpublished
data); it may be that mutations in the domain do not alter its secondary
structure but affect its behavior in other ways. It could alter its ability to
localize, either preventing its interactions with TIM or TOM, or resulting in
aggregation of the protein. Alternatively, it may be that the PD mutations
prevent cleavage by PARL by altering its recognition, or prohibiting effective

cleavage kinetics.

The next phase of experiments to answer these questions will be an in
vitro cleavage assay. Our laboratory is equipped to study intramembrane
protease enzyme kinetics. We developed the kinetic assay based on fluoresce
resonance energy transfer (FRET) between CyPet (cyan fluorescent protein)
and YPet (yellow fluorescent protein) (also called donor and acceptor) with
the rhomboid substrate cloned between them (Unpublished data). Upon
cleavage of the substrate by the rhomboid protease two fluorophores are
separated, the energy transfer is disrupted and the full quantum yield of the
donor is restored. Enzyme activity is linearly related to the increase of
fluorescence. FRET assays are very accurate and sensitive, and, most
significantly allow measurement of steady-state kinetics of rhomboid
proteases. PINK1 transmembrane domain would be cloned into a FRET pair
and the activity of PARL against it would be measured. Once the cleavage
assay is optimized for the native TM domain, PD-associated mutations could
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be introduced and analyzed to see their effect on cleavage sensitivity. Other
questions regarding localization could be answered by observing full length
PINK1 behavior by high resolution confocal microscopy. If the PD mutations
in the transmembrane were introduced to the full length protein, it could be
observed to what mitochondrial membrane they localize to. It is only known
that the P95A mutation localizes to the IMM. Other mutations are only
observed to result in accumulation of full length PINK1, presumably meaning
that they are unable to be cleaved by PARL. This would answer whether the
accumulation of full length PINK1 is due to localization or interactions with

PARL.

The NMR analysis of the PINK1 transmembrane domain has been
insightful in determining the manner in which Parkinson disease mutations
affect the behavior of this protein. Although complete conclusions cannot be
drawn about the secondary structure of this protein’s domain, it appears that
it may be so dynamic that it is probable that mutations do not influence a
predictable structure. The future experiments outlining cleavage and
localization hope to be insightful to provide new perspective on PD

mutations and protein behavior.
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Chapter 4

Rapid Expression Screening of
Eukaryotic Membrane Protein in
Pichia Pastoris

*A version of this chapter was published in:

Brooks, C. L., Morrison, M. and Joanne Lemieux, M. (2013), Rapid expression
screening of eukaryotic membrane proteins in Pichia pastoris. Protein
Science, 22: 425-433.

tCory L. Brooks and Melissa Morrison contributed equally to this work.

Contributions:

All cloning, plate screening, liquid culture and cell lysis experiments were
carried out by Melissa Morrison. Purification of mPEMT was carried out by
Dr. Cory Brooks (University of Alberta). The paper was written by both Dr.

Cory Brooks and Melissa Morrison.
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4.1 Introduction

Membrane proteins play vital roles in a wide variety of cellular
processes, with an estimated 20-30% of prokaryotic and eukaryotic genomes
coding for membrane proteins?2. In addition to the important physiological
roles these proteins play in cellular biology, they also make an enormous
impact in the area of human health, with disease arising from abnormalities
in their function. Membrane proteins have thus become critical targets for
pharmaceutical development with an estimated 50% of all current drugs
being targeted to membrane proteins193. Despite the obvious importance of
these proteins for both biology and disease, relatively few X-ray crystals
structures have been determined. In particular, there is a clear deficiency in
the number of eukaryotic membrane protein structures available. There are
many challenges and bottlenecks associated with membrane protein
crystallography, and one of the greatest challenges is obtaining sufficient

quantities of the protein for structural studies104.

Recombinant membrane proteins are frequently poorly expressed, for
example examination of the expression of over a hundred membrane
proteins from Mycobacterium tuberculosis revealed that only 25% of the
proteins tested were overexpressed, and that only 1/3 of these were
properly inserted into the membranel0. In order to bypass the high degree
of failure associated with membrane protein overexpression, numerous
groups have taken the approach of screening a large number of homologues
in order to maximize the probability of obtaining sufficient protein for

85



structural studies!06-109, One recent tool developed to facilitate screening of
homologues for expression and stability, is addition of GFP to the C-terminus
of the target proteinll0. This technique has numerous advantages for
expression screening, as it allows direct measurement of membrane protein
expression by measuring in cell fluorescence; protein stability in detergents
can be assessed using fluorescent size exclusion chromatography (FSEC), and
correct protein localization using confocal microscopy!11.112, The technique
of using GFP fusions for expression screening was initially developed for use
in E. coli, but has since been adapted for use in eukaryotic expression
systems, like that of the yeast Saccharomyces cerevisiael13. The use of GFP
fusions for expression screening has greatly accelerated the process of target
selection for membrane protein structural biology and has already paid

dividends in terms of novel membrane protein structures114-116,

The in vitro study of eukaryotic membrane proteins has been
especially problematic, with the frequent requirement for a eukaryotic
heterologous host for overexpression, including Sf9 insect cells, HEK cells,
CHO cells, and yeasts such as Pichia pastoris and Saccharomyces cerevisiae.
The yeast expression system Pichia pastoris has been successfully used to
produce many eukaryotic membrane proteins for X-ray crystallography
studies including; G-protein coupled receptors’¢77, ion channels’879,
aquaporins8%8l and ABC transporters82. It is an attractive system for
membrane protein expression as it maintains many of the advantages
associated with prokaryotic protein expression, including inexpensive
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medium components; a simple drug based selection system (Zeocin), a
strong inducible promoter (AOX1), simple genetics, high cell density and
rapid growth yet has the complex folding machinery found in eukaryotic

systems.

In this chapter, a simple method to identify highly expressed
eukaryotic membrane proteins in P. pastoris using a fluorescent-based
induction plate assay is described. Human aquaporin 4 (AQP4) is known to
express to high levels in P. pastoris (~20 mg/L)8 and was thus used a
positive control to demonstrate the validity of the plate screening assay for
the identification of high expressing clones. The method was also applied to
identify high expressing clones of three homologues of the membrane
protein phosphatidylethanolamine N-methyltrasferase (PEMT). PEMT is
predicted to have four transmembrane helices and localizes to the ER (Figure
4.1). This enzyme plays an important role in the biosynthesis of
phosphotidylcholine and is involved in lipid homeostasis'1’. PEMT deficient
mice are deficient in diet-induced obesity and atherosclerosis suggesting
PEMT is a crucial target for structural studies to facilitate inhibitor

design118119,

Human AQP4 and the PEMT homologues from human, mouse and
yeast Saccharomyces cerevisiae were cloned as C-terminal GFP fusions and
making use of a simple fluorescent induction plate method, we demonstrate

that the measured fluorescence on the induction plate correlates with

87



protein expression, thus facilitating the rapid identification of high
expressing clones. A high expressing clone of mouse PEMT was further
targeted for large scale expression yielding ~5 mg/L of fusion protein after

purification.
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ER lumen

membrane

cytoplasm

Figure 4.1: Predicted membrane topology of the ER membrane
protein phosphatidyl ethanolamine-N-methyl transferase (PEMT).

Transmembrane helices were predicted using the TMHMM server.
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4.1.1 Phosphatidylethanolamine-N-methyltransferase (PEMT)
Phosphatidylethanolamine N-methyl transferase (PEMT) is a
membrane protein responsible for catalyzing the conversion of
phosphatidylethanolamine (PE) to phosphatidylcholine (PC). This enzyme
performs three transmethylations, transferring three methyl groups from S-
adenosylmethionine (AdoMet) to PESS. It is a 22.3 kDa protein localized to
the membranes of the endoplasmic reticulum (ER) and mitochondrial
associated membranes, which are a subfraction of the ER. Topological studies
suggest that it is composed of four transmembrane helices with both N-

terminus and C-terminus on the cytosolic side of the ER120 (Figure 4.1).

PEMT is responsible for generating 30% of total hepatic PC. The
remaining 70% is generated via the choline pathway and is dependent on
being derived from the diet!2l. When PEMT knockout mice are fed a choline-
deficient diet, they abnormally accumulate fats, resulting in conditions like
steatohepatitis also known as “fatty liver disease” and steatosis. This leads to
liver failure within three days due to a 50% decrease in hepatic PC, followed
by mouse death in 4-5 days!18. However, when PEMT double knockout mice
were fed a high fat diet, weight gain was prevented and oxygen consumption
increased, suggesting PEMT may provide protection from diet-induced

obesity and insulin resistancel22.

90



4.2 Results
4.2.1 Induction Plate-based Expression Screening of Human
Aquaporin 4 and PEMTs

Human AQP4 and PEMT homologues from mouse, human and yeast
(S. cerevisiae) were cloned as in-frame C-terminal GFP fusions to facilitate
expression screening. The constructs were preceded by a Kozak consensus
sequence (ACCATGG) and a FLAG tag epitope. The PEMT genes were linked
to GFP-His® by a tobacco etch virus (TEV) protease cut site, with a small
peptide linker (GGGS). Constructs were transformed into electrocompetent P.
pastoris GS115, and the selection for genomic integration of the constructs
was performed on YPDS plates containing the antibiotic Zeocin. Human AQP4
is known to have high expression in P. pastoris8® and was used as a proof of
principle that the method could identify a high expressing clone. For AQP4,
50 clones of the transformation were chosen along with two untransformed
GS115 negative controls and plated onto BMMY to induce protein expression
directly on plates. For the PEMT homologues, 48 clones were plated, along
with two negative GS115 controls and two high expressing AQP4 clones as
positive controls. Plates, imaged under blue light (Figure 4.2), revealed a
distribution of fluorescence related to protein expression, ranging from low
to high. Colony fluorescence was quantified using Mean Gray Values (MGV)
(Figure 4.3). Given that several clones gave background expression (Figures
4.2, 4.3), the presence of genomic integration of the constructs was

confirmed for each of the clones using a colony PCR.
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Figure 4.2: Induction plate expression screening. Yeast transformed with
plasmids encoding (A) AQP4; (B) human PEMT; (C) mouse PEMT; (D) yeast
PEMT (OPI3), were spotted onto BMMY plates and incubated for 24 h at 30
°C. P. pastoris GS115 was spotted onto position 1 and 2 as a negative control.
High expressing clones of AQP4 (clones 25, 42) were included as positive
controls in positions 3 and 4 on plates B-D. Plates were imaged under blue

light using an ImageQuant LAS 4000 with a 1/8th of a second exposure.
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Figure 4.3: Quantification of plate screening by mean gray value (MGV).
(A) AQP4; (B) human PEMT; (C) mouse PEMT; (D) yeast PEMT (OPI3). Mean
gray value was determined using Image]. Colored bars represent clones
chosen for further characterization. Blue bars represent low expressing

clones, green bars represent medium expressing clones, red bars represent

high expressing clones.
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4.2.2 Correlation Between Assessment of Expression on Plates in
Liquid Culture

To evaluate the reproducibility of the level of protein expression
observed on plates with that in liquid culture, two clones each of weak
expressers, medium expressers and high expressers (Figure 4.3) cultured in
liquid medium. The fluorescence was measured 24 h post-induction with
methanol (Figure 4.4), and small-scale lysis of the cultures was carried out
for visualization of the total fusion protein through in-gel fluorescence

(Figure 4.5).

Both liquid culture fluorescence and total protein analysis show a
clear distribution of low, medium and highly expressing clones (Figure 4.2-
4.4). This distribution correlates well with the MGV measurements of the
initial induction plate colonies, validating this method as a rapid means to

test initial expression of GFP tagged membrane proteins in Pichia.
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Figure 4.5: In gel fluorescence of PEMT lysates showing variable protein
expression in different clones. (A) AQP4; (B) human PEMT; (C) mouse
PEMT; (D) yeast PEMT (OPI3). Equal amounts of protein were loaded;

dihydroxy acetone kinase (DHK) was used as a loading control (bottom).
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4.2.3 Expression and Purification of mouse PEMT (mPEMT)

To demonstrate whether a clone identified by the plate screening
method can be used to purify milligram quantities of a eukaryotic membrane
protein, clone 48 of mPEMT was selected for large-scale purification. The
fusion protein was purified using Ni2* affinity chromatography (Figure 4.6A).
The fusion protein was cleaved, using TEV protease and further purified
using FLAG tag resin (Figure 4.6B). The final protein purified mPEMT was
~90% pure, the final yield of mPEMT-GFP fusion protein was approximately
5 mg/L of culture, and the yield of purified mPEMT after removal of the GFP
tag was 2 mg/L of culture. The final purified protein eluted as a single
monodisperse peak from gel filtration chromatography (Figure 4.7), an
indication that the protein was not aggregated and is suitable for future

crystallization trials.
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Figure 4.6: Purification of mPEMT. (A) Ni2* affinity chromatography of
mPEMT-GFP fusion protein, protein was eluted in a step imidazole gradient.
(B) M2 FLAG resin affinity chromatography of mPEMT after TEV cleavage of

the fusion protein. Protein eluted in pH 3.5 glycine buffer.
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Figure 4.7: Size exclusion chromatography of purified mPEMT. Injected
onto a Superdex 200 16 x 160 column equilibrated in 20 mM Tris pH 8.0,
0.15M NaCl, 5% glycerol, 0.15% FC-12. The protein eluted as a single
monodisperse peak with minimal aggregation. Elutions for standard proteins
are marked by arrows. A) Thyroglobulin 50.7 mL (MW, 670 kDa; Stokes
radius 85 A); B) y-globulin 56.8 mL (MW 158 kDa; Stokes radius 52.9 A); C)
Ovalbumin 66.8 mL (MW 44 kDa; Stokes radius 30.5 A); D) myoglobin 93.4

mL (MW 17 kDa, Stokes radius 20.7 A).

99



4.3 Discussion
4.3.1 Protein Induction on a Plate is Indicative of Overall Expression
Levels

For induction plate screening to be used for large-scale expression
screening, it is important that the fluorescent measurements taken from the
plate correlate well with protein expression in liquid culture. For both the
control AQP4 and the PEMT homologues there is good correlation with the
low, medium, and highly expressing colonies in both liquid culture
fluorescence and the intensity of the PEMT-GFP fusion protein band on SDS-
PAGE (Figure 4.4 and 4.5). Interestingly, mouse PEMT deviates slightly from
this observed correlation, with the medium expressers chosen giving
relatively high expression in liquid culture (Clones 22 and 30, Figure 4.4B).
This trend indicates that the plate screen is most effective at distinguishing
between very high and very poor expressers, while the medium expressions
could give inconsistent results in liquid culture growth. Thus, the screen is of
greatest utility for rapidly identifying the highest expressing clones, while
care must be taken in cases where highly variable expression on the plate is

not observed.

Colony blot based screening procedures have been used successfully
to find high expressing bacterial membrane proteins in E. coli®0, as well as
soluble protein expression in E. coli®® permitting high throughput expression

screening in bacteria. Despite the utility of such methods for protein
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expression screening, this is the first time such a method has been applied to

expression screening of eukaryotic membrane proteins in a eukaryotic host.

4.3.2 Variable Protein Expression in Pichia pastoris

The typical strategy when expressing proteins in P. pastoris is to
choose several clones (typically 5-10) to screen for expression, owing to
variable expression of clones in P. pastoris. Examination of levels of
expression measured on a plate for the control AQP4 and the three
homologues of PEMT (Figure 4.3) indicates a wide variety of expression,
ranging from essentially background expression to highly expressing clones
(Figure 4.3). An examination of the distribution of expression of the three
PEMT homologues shows that only a small fraction of the clones express to
relatively high levels, while a handful of clones (5-10 per plate) give
essentially no protein expression (Figure 4.3). Thus using conventional liquid
culture based screening approaches it may be necessary to screen 50-100
clones to find the best expressing clone, or if insufficient clones are chosen
for screening, no high-expressing clone may be found. Given this highly
variable protein expression observed in the Pichia clones, the induction plate
based screening method is a highly efficient way of screening a very large

number of clones for expression.

Interestingly, all of the clones tested for expression had successful
genomic integration of the expression cassette (Figure 4.8), thus differences

in protein expression must be the result of other factors. During the
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integration of the expression cassette into the Pichia genome there exists the
possibility of multi-copy integration that occurs at a rate of 1-10%. It has
been suggested that a general strategy to increase protein expression in
Pichia is to increase the gene dosagel?3, although the effects of increasing
gene dosage does not increase protein yields. There has been only a single
systematic study examining the effect of gene dose in membrane protein
expression, where the effect of increasing gene dose increased the expression
recombinant aquaporins!24. In addition to the possible expression variation
owing to multi-copy genomic integration of different clones, it has also been
suggested that differences in the unfolded protein response (UPR) may
contribute to increased protein expression in both P. pastoris and S.

cerevisiael?>,

4.3.3 Induction plate screening permits rapid assessment of
expression

A critical variable for success in membrane protein structural biology
is the generation of sufficient protein for structural studies®3. Numerous
strategies have been suggested to maximize the possibility of obtaining
highly expressing clones. For example screening of homologues for high level
expression and crystallization has been successful in many examples!26.
Given the variable protein expression between clones, homologue screening
in Pichia would become a very laborious process, requiring perhaps
hundreds of individual clones to be screened for expression. In addition to
homologue screening, other approaches including truncations, codon
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optimization, co-expression with chaperones, and gene dosage could all be
assessed in a rapid and efficient manner using the method established here.
Given that AQP4, a protein known to express to high levels in P. pastoris and
the very different class of PEMT protein exhibit identical trends in the plate
screening assay it could be generally applied for the identification of high
expressing membrane proteins of a variety of types. Furthermore the
correlation between plate fluorescence, liquid culture fluorescence and
protein expression suggests that the plate screen can be used without further
testing in liquid culture to identify potential clones for high-level expression.
We have used this simple screen to identify express and purify to milligram
quantities a PEMT homologue. Rapid plate based expression screening has
the potential to simplify and accelerate the search for high expressing

eukaryotic membrane proteins.
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Figure 4.8: PCR screen to ensure genomic integration of expression
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and 2 are negative controls (untransformed GS115).
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Chapter 5

Overexpression of Human PARL
in Pichia Pastoris
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5.1 Introduction
5.1.1 Presenilin-Associated Rhomboid-Like protein (PARL)

PARL is a mitochondrial member of the rhomboid family of
intramembrane proteases!?’”. Rhomboids cleave membrane anchored
substrates through hydrolysis of the peptide backbone in a transmembrane

spanning domain?9.128

PARL was discovered in a yeast two hybrid screen and presumed to
be a protease associated with the presenilin protein complex involved in
aBPP plaque formation in Alzheimer’s disease. Based on sequence homology
PARL was classified as a member of the rhomboid family of proteases?® with
the name PARL given from its discovery. However, it was later found not to
be involved in the presenilin complex, but instead plays a role in

mitochondrial dynamics®°.

PARL possesses the characteristic rhomboid protease topology,
consisting of a six transmembrane helical core, however PARL (and other
mitochondrial rhomboids) has an additional N-terminal transmembrane
helix that is referred to as a “1+6” structures!2®. The protein is 379 amino
acids long with its core six TM segments spanning from residues 178-353.
It contains the prototypic rhomboid catalytic dyad consisting of residues

S277 and H335 on TM helix 4 and 6 respectively130.131,
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5.1.2 N-terminal Cleavage and Regulation of PARL

PARL localizes to the inner mitochondrial membrane with a
membrane orientation of the N-terminus in the matrix and the C-terminus in
the inner membrane space (IMS). The N-terminus of the protein is
proteolytically regulated, with several cleavage events (Figure 5.1) 99131-133,
The first cleavage event is the proximal a-cleavage, which generates MAMP
(mature mitochondrial PARL). This constitutively happens between residues
G52 and F53 and is associated with the removal of the mitochondrial
targeting sequence (MTS), presumably mediated by the matrix
metallopeptidase MPP (mitochondrial processing protein)133. The second
cleavage event is the distal B-cleavage which occurs between residues S77
and A78, forming PACT (PARL C-terminal fragment)!32. This event is not

constitutive and is thought to be self-regulating?9.133,

This hypothesis comes from several pieces of data, first, that
catalytically inactive S277G PARL did not undergo B-cleavage unless wild
type PARL was introduced in vivo®°. Secondly, mutations in the (-cleavage
residues 76-79, RSAL, to glutamate abolished 3-cleavage while PARL was still
active. Finally, deletion of region 84-87 resulted in constitutive (-cleavage
(unpublished results from the Pellegrini group). The region of the protein
containing this site, often called the P domain (residues 40-100), are
invariant with conservation among mammals and vertebrates. Four of the
known five mammalian PARLs 128 show 58/62 residues completely
invariable??. The [3-cleavage releases a 25 amino acid fragment into the
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matrix which acts as a bioactive peptide which is presumed to affect
transcription that is nuclear-targeted through the mitochondrial retrograde
signaling pathway in vivo®%133, Phosphorylation dependent regulation may
also enable this B-cleavage of PARL?°. This is due to evidence that the
additive effect of multiple phosphorylation events at sites S65, S69 and S70
all abolish B-cleavage!32. A third cleavage site, classified as y-cleavage which
generates PARL-rhomboid domain (PROD) was identified!31. This cleavage
event happens between residues 155-159. This was observed in HeLa cells
and HEK293 cells, and is predicted to disrupt the 1+6 PARL topology,
converting the protein to a 6 TM core structure characteristic of rhomboid
proteases. It was found that a-cleaved PACT can be directly cleaved into both
B-cleaved MAMP and y-cleaved PROD, respectively. Further, 3-cleaved MAMP

was found not to be prerequisite to forming PROD131,

Based on analysis of a structural model of PARL derived from the
rhomboid GlpG structures, PARL is speculated to have a third catalytic
residue, D319 on TM helix 5, which may exist in the plane of the catalytic
dyad. Removal of PARL’s additional +1 helix may result in a rotation of helix
5 to turn the D319 away from the catalytic dyad, thereby destabilizing the
active site and negatively regulating its activity31. This is a new hypothesis in
the field which warrants a three dimensional structure of PARL for its

conformation.
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The proteolytic regulation of PARL may have important consequences
in the onset of Parkinson’s disease. The observation of a mutation at the (3-
cleavage site (S77N) has been presumed to play a role in Parkinson’s
diseasel34. This has been disputed as there has only been one patient
detected to have the S77N PARL mutation out of 230 screened in late-onset
PD patients, with one additional carrier found in 2,353 late-onset patients of
various ethnicities130135 The evidence is of such low frequency that it is
doubtful that PARL would be responsible for a PARK form of PD, although as
will be discussed PARL plays in indirect role in PD by mediated the activity of

the protein PINK1 130,
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Figure 5.1: Cleavage events in the PARL rhomboid protease. Cleavage of
PARL generates 3 forms of the enzyme through a-cleavage, 3-cleavage and y-
cleavage. a-cleavage is responsible for removal of the mitochondrial
targeting sequence. 3-cleavage is suspected to release a 25 amino acid
bioactive peptide. y-cleavage removes the additional helix of PARL, returning
the protein to an original rhomboid domain?3!. Adapted from Jeyaraju, D. V.,
McBride, H. M., Hill, R. B, and Pellegrini, L. (2011) Structural and mechanistic
basis of Parl activity and regulation. Cell Death and Differentiation 18, 1531-

1539.
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5.1.3 PARL'’s Involvement in Governing Mitochondrial Dynamics

PARL appears to be important in the regulation of mitochondrial
dynamics and morphology; however the extent of this role is largely
unexplored. Heterozygous parl*/- mice have no distinguishing phenotype
which suggests that the protein’s compensates through  functional
complementation®®. However, ablation of PARL in mice has detrimental
effects on growth and lifespan, and PARL knockout mice die from cachexia
due to multiple system atrophy (MSA)136. Cellular analyses of PARL
knockdown in mouse embryonic fibroblast (MEF) cells were observed to
increase apoptosis. This was linked to PARL’s downstream ability to
modulate cytochrome c release, where its release into the cytosol triggers
apoptosis13®. [t can be further speculated that PARL mediated proteolysis of
the transmembrane domain of PINK1 releases a PTEN kinase domain in the
IMS>5. The PTEN kinase phosphorylates TRAP1, a protein which prevents
cytochrome c release>657.137 (Chapter 1). PARL and OPA1 were also placed in
the same anti-apoptotic pathway due to their ability to mediate apoptosis13®.
PARL is one of the proteases that releases membrane bound fusion protein
OPA1 as a soluble protein into the mitochondrial IMS, which acts to stabilize

cristae and impede cytochrome c release?9.136.138,

PARL also mediates cleavage of high temperature regulated A2
(HtrA2), a mitochondrial serine protease also known as Omil99134, An
interaction between Hax1 and HtrA2 was mediated by PARL, suggesting that
Hax1 (a member of the B-cell lymphoma 2 (Bcl-1) family), associates with
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PARL on the IMM, creating an interface where inactive pre-protein HtrA2 can

be cleaved by PARL into an active peptidase!3°.

5.1.4 PARL Catalyzes the Cleavage of PINK1

Arguably the most highly analyzed substrate of PARL is PINK1. PINK1
is a PARK6 protein, whose compromised proteolytic processing is strongly
linked to the onset of Parkinson’s disease* (Table 1.1). In a landmark study of
the interaction of PARL and PINK1, PINK1 was found to be cleaved by PARL
between A103 and F104 to form a 53 kDa N-terminal truncated form of
PINK1. This was verified by mutagenesis where F104 substitutions in PINK1
(F104A, F104D) abrogated cleavage, while proper targeting to the IMM was
maintained>®. The transmembrane segment of PINK1 (containing the PARL
cleavage site) is highly conserved in mammals and some vertebrates*?
(Figure 5.2). Initially, PARL was identified as the primary protease
responsible for generating the PINK1 cleavage product of 53 kDa. Using
siRNA to knock down the mitochondrial proteases Afg3L2, ClpP, Omal,
HtrA2/0Omi, Paraplegin, Ymel and PARL, it was observed that PARL had the
greatest effect on PINK1 behavior and cleavage34. However, later studies
have observed that knockdown of PARL allows for “compensating”
degradation of PINK1 by other proteases. Without PARL, other cleavage
events result in aberrant cleavage of PINK1 and do not release the 53 kDa

product>9.140,
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Bos taurus GLAERLQ-- -=-RQFVVRARGGAGPCGRAVFLAFGLGLGLIEEKQAEGRRAASACEEIQAIF 135
Mus musculus GLAARLQ-- -=-ROFMVRARGGAGPCGRAVFLAFGLGLGLIEEKQAEGRRAASACQEIQAIF 132
Moinodelphis domestica GLAARLQ-—~======~ RQLVLRARGAGAPCGRAVFLAFGLGLGLIEEKQAEGQRAVSACRDIQEIF 132
Salmo salar GLAAQLQSGGFRRFGGSGS PRNRAGGSGSPRNRAVFLAFGLGVGLIEQQLDDDRRSAATCQEIQAVE 122
Danio rerio GLAAQLOSGAFRRVIGGGSARNRAIGGGSARNRAVFLAFGVGLGLIEQEQEEDRTSAALCQEIQAVF 122
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Membrane bound hydrogenase YVASAAMLOAVFLPFGLGLGPLAGFLLYLLK 262
NADH-quinone oxidoreductase AAQVVSYEIAMGFALVGVMIASGSVNLSQ 191

Figure 5.2: Alignment of PINK1 orthologue’s transmembrane domains
and Parkinson’s disease missense mutations. Yellow regions represent
predicted transmembrane domains determined using TopPred. The
underlined region marks the transmembrane predicted by prediction
program, HMMTOP. Dashes represent gaps in sequence. The colors represent
the following: green - polar residue; red - hydrophobic residue; magenta -
basic residue; blue - acidic residue. Parkinson’s associated mutations are
marked by red arrows. Green arrows mark the positions of missense
mutations with potential association to Parkinson’s disease#2. Taken from
Sim, C. H., Gabriel, K., Mills, R. D., Culvenor, ]. G, and Cheng, H. (2012)
Analysis of the regulatory and catalytic domains of PTEN-induced kinase-1

(PINK1). Human mutation 33, 1408-1422.
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5.1.5 Objective

PARL is a unique member of the rhomboid protease family. With its
topology of a 1+6 transmembrane bundle, N-terminal regulatory cleavage
events, and important putative roles in mitochondrial dynamics and PD, a
high-resolution crystal structure of PARL would be highly informative to
further understand its interaction with substrate, its complex and unusal
proteolytic regulation and its distinctive membrane topology. Heterologous
expression and purification of PARL is critical for the development of in vitro
assays of substrate proteolysis and to further understand the regulation of
the protein by N-terminal self-cleavage. In addition to in vitro analyses,
structural studies warrant the development of a heterologous

overexpression and purification system for the protein.

The following chapter will explore the overexpression and
purification of full length human PARL in Pichia pastoris facilitated with an N-
terminal green fluorescent protein fusion. The development of this method
was facilitated by techniques developed in Chapter 4, particularly the rapid
expression screening of eukaryotic membrane proteins using an inducing

colony blot plate screening assay.
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5.2 Results
5.2.1 Expression and Purification of human PARL-GFP.

The human PARL cDNA was cloned into Pichia pastoris. As described
in Chapter 4, a GFP tag was incorporated to help to identify in vivo conditions
for overexpression. In vivo fluorescence was observed by transferring
transformed P. pastoris colonies onto plates containing methanol, in order to
induce expression of recombinant PARL. High expressing clones were

identified, using fluorescence under blue light (Figure 5.3).

The GFP tag also permitted rapid identification of optimal expression
conditions, simply by monitoring fluorescence in the cell during growth
(Table 5.1). Maximal overexpression of PARL was obtained following 72 h of
induction. Confocal microscopy confirmed the localization of PARL to the
mitochondrial membrane (images not taken; visualized). Dense cell pellets
were collected and lysed and membranes were isolated by
ultracentrifugation. The membranes were washed with a high salt buffer and
re-isolated, a step which helped to remove a contaminant protein alcohol
dehydrogenase. The protein was also overexpressed in Pichia to process the
methanol as a carbon source. Since purification was also on a Ni-NTA
column, high salt washes have also been used to eliminate proteins with a
propensity to bind and interfere with the His-tag binding!41. Ni-NTA agarose
purification resulted in ~3 mg/ 5 L of PARL-GFP. Two to three bands were

observed which may represent PARL self-cleavage (Figure 5.4).
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Figure 5.3: Plate Screening Assay of Human PARL-GFP. PARL-GFP
colonies were plated onto a methanol containing plate to induce expression.
Two negative controls of untransformed GS115 were included in colony
positions 1 and 2. Colony 14 was selected for the culture growth as an

overexpressing colony.

116



Relative Fluorescence Units

PARL Liquid 24 h post | 48 h post | 72 h post
Culture Flask # induction | induction | induction

1 3717 7611 22341

2 8657 12903 16917

3 14928 39202 43929

4 14496 29668 45629

5 4507 28873 28105

Table 5.1: Relative fluorescence of PARL-GFP liquid cultures. 5 mL of
liquid culture was centrifuged and resuspended in 200 pL of buffer for each
flask. Resuspended cells were placed in a multiwell plate and measured for

relative fluorescence units in a fluorimeter with gain set to 843.
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Figure 5.4: Purification of human PARL-GFP. PARL-GFP was purified on a
NiNTA agarose column in 50 mM KPO4, 10% glycerol, 0.3 M NaCl, 10 mM
BME, 1 mM PMSF, 0.2% foscholinel2 and eluted with an 1 M imidazole
gradient. 7.5 pL of protein was loaded per well. A) In-gel fluorescence of 14%
acrylamide SDS-PAGE gel. B) Coomassie stained 14% SDS-PAGE gel. Arrows

represent human PARL-GFP
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5.2.2 Detergent Optimization of PARL-GFP

A key parameter in the purification of membrane proteins is the
choice of detergents914l. Optimization of membrane protein solubility in
detergents can be a laborious and time consuming endeavor, however in this
case detergent optimization experiments were facilitated by the presence of
the fluorescent tag GFP. Homogenized PARL-GFP membranes were
solubilized in seven different detergents: DM, DDM, NG, LDAO, Triton X-100,
C12Es, and FC-12. The selection of detergents was to determine which class of
detergent was most preferable for the protein. OG represents glucosides,
DDM and DM are maltosides, FC12 is a lipid-like detergent, LDAO is
zwitterionic, and Ci2Eg and Triton X-100 are polyoxyethylenes (Anatrace).
Solubility was assessed from three perspectives: an SDS-PAGE gel combined
with in gel fluorescence for assessment of irreversible protein aggregation
and proteolysis. Secondly, relative fluorescence units were measured before
and after solubilization in order to obtain a quantitative measure of
solubilization (Table 5.2) and finally, promising detergents from the first two
means were selected for fluorescence size exclusion chromatography (FSEC)
to determine the monodispersity of the protein in detergent (Figure 5.6, 5.7,
5.8) 112, PARL-GFP fusion was found at the correct molecular weight of ~76
kDa with some proteolysis and free GFP. Based on the percent solubilization
(Table 5.2) and the homogeneity of the protein in an SDS-PAGE gel (Figure
5.4) it was concluded that LDAO and foscholine-12 were the most efficient

detergents for the solubilization of PARL. The commonly used detergent
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DDM was also selected for analysis in FSEC due to its successful history in

solubilizing membrane proteins and its compatibility for crystallization142.

Analytical FSEC was carried out on PARL-GFP in 0.1% foscholine-12.
The FSEC revealed PARL to be 40% homogenous, suggesting that PARL-GFP
may not be best solubilized in foscholine-12. Detergent exchange FSEC was
done from FC12 to detergents DDM and LDAO. The protein aggregated in
LDAQO, as seen by the large fluorescent peak coming off the column at its void

volume, and DDM was only slightly better with about 70% aggregated.
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Figure 5.5: In-gel Fluorescence of PARL-GFP Solubility Test. PARL-GFP
membranes were homogenized and solubilized in different detergents (NG:
neopentyl glycol, DM: n-decyl-B-D-maltopyranoside, DDM: n-dodecyl-§3-D-
maltopyranoside, Ci2Es: dodecyl octaethylene glycol ether, LDAO:

lauryldimethylamine-N-Oxide, Tx-100: Triton X-100, FC12: foscholine-12) .

14% acrylamide SDS-PAGE gels were loaded alternating homogenized
fractions (H) and solubilized fractions (S). 7.5 pL of each sample were loaded
with SDS loading dye. Gel was imaged under blue light in the ImageQuant

Imager. Arrows represent human PARL-GFP.
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Relati Water/ T

elative X-

Fluorescence Blank NG DM DDM | C12Ea LDAO 100 FC12

Homogenized 9576 9398 9636 8405 9570 7449 6896 8614
Solubilized 117 1112 169 4718 4780 7944 4973 7297

% Solubilized 1.2 11.8 1.8 56.1 49.9 106.6 72.1 84.7

Table 5.2: Solubility of PARL-GFP in Various Detergents. Samples of

PARL-GFP were analyzed for solubility in several detergents. Aliquots of each

detergent sample were taken once homogenized and solubilized. Relative

fluorescence was measured in a fluorimeter to assess the percent solubility

in the following detergents. (NG: neopentyl glycol, DM: n-decyl-B-D-

maltopyranoside,

DDM:

n-dodecyl-f3-D-maltopyranoside,

C12Es:

dodecyl

octaethylene glycol ether, LDAO: lauryldimethylamine-N-Oxide, Tx-100:

Triton X-100, FC12: foscholine-12).
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Figure 5.6: Fluorescence Size Exclusion Chromatography of PARL-GFP
in foscholine-12. Analytical fluorescent size exclusion chromatography was
used to analyze the optimal detergent solubilization. Filter-centrifuged crude
membranes (100 pL) solubilized PARL-GFP was loaded on a Superdex 200
10x300 in 50 mM KPO4, 5% glycerol, 0.1 M NaCl, 10 mM BME, 0.1%
foscholine12. Void volume was 8.32 mL. Fractions were collected every 300
pL. Relative fluorescence was measured separately in a fluorimeter. A)
Thyroglobulin 50.7 mL (MW, 670 kDa; Stokes radius 85 A); B) y-globulin 56.8
mL (MW 158 kDa; Stokes radius 52.9 A); C) Ovalbumin 66.8 mL (MW 44 kDa;
Stokes radius 30.5 A); D) myoglobin 93.4 mL (MW 17 kDa, Stokes radius 20.7

o

A).
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FSEC of PARL-GFP in Foscholine-12 Exchanged
into n-Dodecyl B-D-Maltopyranoside
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Figure 5.7: Fluorescence Size Exclusion Chromatography of PARL-GFP
in foscholine-12 exchanged into n-dodecyl [-D-maltopyranoside.
Analytical fluorescent size exclusion chromatography was used to analyze
the optimal detergent solubilization. Filter-centrifuged crude membranes
(100 pL) of PARL-GFP solubilized in 0.1% foscholinel2 was loaded on a
Superdex 200 10x300 in 50 mM KPOg4, 5% glycerol, 0.1 M NaCl, 10 mM BME,
0.1% n-Dodecyl 3-D-Maltopyranoside. Void volume was 8.32 mL. Fractions
were collected every 300 uL. Relative fluorescence was measured separately
in a fluorimeter. A) Thyroglobulin 50.7 mL (MW, 670 kDa; Stokes radius 85
A); B) y-globulin 56.8 mL (MW 158 kDa; Stokes radius 52.9 A); C) Ovalbumin
66.8 mL (MW 44 kDa; Stokes radius 30.5 A); D) myoglobin 93.4 mL (MW 17

kDa, Stokes radius 20.7 A).
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FSEC of Parl-GFP in Foscholine-12 Exchanged

into Lauryldimethylamine-N-Oxide
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Figure 5.8: Fluorescence Size Exclusion Chromatography of PARL-GFP
in foscholine-12 exchanged into lauryldimethylamine-N-oxide.
Analytical fluorescent size exclusion chromatography was used to analyze
the optimal detergent solubilization. Filter-centrifuged crude membranes
(100 pL) of PARL-GFP solubilized in 0.1% foscholinel2 were loaded on a
Superdex 200 10x300 in 50 mM KPOg4, 5% glycerol, 0.1 M NaCl, 10 mM BME,
0.1% lauryldimethylamine-N-oxide. Void volume was 8.32 mL. Fractions
were collected every 300 L. Relative fluorescence was measured separately
in a fluorimeter. A) Thyroglobulin 50.7 mL (MW, 670 kDa; Stokes radius 85
A); B) y-globulin 56.8 mL (MW 158 kDa; Stokes radius 52.9 A); C) Ovalbumin
66.8 mL (MW 44 kDa; Stokes radius 30.5 A); D) myoglobin 93.4 mL (MW 17

kDa, Stokes radius 20.7 A).
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5.3 Discussion

This chapter represents the first reported overexpression and
purification of human PARL that represents a significant step in further
understanding this important rhomboid protease. This protein is an
interesting target for in vitro characterization and structural analysis by x-
ray crystallography. The fact that we were able to obtain a few milligrams of
PARL fusion protein is an achievement unreported in the literature.
However, there is much optimization needed to carry out full purification of

this protein.

The expression of PARL-GFP in culture is modest in comparison to
that of mouse PEMT, as can be seen by the lower relative fluorescence in
culture (Chapter 4). Fluorescence of PARL-GFP in Table 5.1 reached a
maximum of ~45,000 R.F.U in comparison to those seen with the PEMT’s
(Chapter 4) which would reach greater than 60,000 R.F.U. within 24 h of
induction. This was also seen by only mildly dark colonies in the plate
screening assay of PARL-GFP by comparison (Figure 4.2 vs Figure 5.3). There
was an 85% efficiency of solubilization for PARL into fos-cholinel2 (Table
5.2), but the success of this was diminished when the protein was shown to

be ~60% aggregated with FSEC on a gel filtration column.

However, the largest difficulty faced so far in the purification of this
protein was purification on a nickel column, where the expressed protein

failed to bind efficiently to the resin. This may be due to the fact that a large

126



fraction of the protein was not well solubilized. Affinity purification has been
documented to be a common problem when overexpressing membrane
proteins in yeast, as presented in a thorough analysis of membrane protein
overexpressing in Saccharomyces cerevisiael1l. After overcoming many
hurdles presented by lysis of the thick cell wall and countering the rich
protease environment of yeast, affinity purification was often the most
difficult’41. Affinity tags binding to IMAC and IgG-sepharose which often
bound extremely effectively when attached to soluble protein, resulted in
very poor binding with a membrane protein. The reason for this may be due
to excess detergent interference or protein aggregation. The ability of
detergents to affect the oligomerization state of proteins may also interfere

with affinity purification141,

As seen in the purification gels, approximately 3 mg were purified
from 5 L of liquid culture. In comparison to mPEMT (Chapter 4), 6 L of
protein yielded 30 mg of clean fusion protein. In working with other proteins
in Pichia pastoris expression system with the construct outlined in Chapter 4,
some of the greatest difficulties came from the TEV digestion, protein
exchange into a new detergent for compatible digestion and losses with

binding the nickel column as already discussed.

At this stage, further attempts to complete the purification of PARL
require larger culture preparations or optimization of the genetic construct.

The cultures of P. pastoris to express PARL took 6-7 days to grow, so in order
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to carry out large preparations, considerable growing time of the culture
would be required. Another option not explored was the use of a fermenter

to grow high density cultures in a lower volume of medium143144,

Optimization of the expression construct will prove useful for future
stages of purification. First, adding or exchanging of the 8X histadine tag for a
flag tag would be worth investigating. A flag tag was used in addition to the
His tag in mouse PEMT, which allowed better binding, as well as enabling
removal of the GFP from the His-tagged TEV. It also may be worthwhile to
examine removing the TEV site for another protease site, such as thrombin
or HRV 3C protease. Large amounts of TEV were required for mPEMT
purification at a 1:1 ratio, and the removal of TEV after proteolysis was very
difficult and resulted in large losses of protein due to excessive gel filtration
runs. This emphasizes the need to optimize which protease will be most
successful in cleaving the PARL-GFP construct in detergent!4l. It is also an
option to remove the MTS and allow the protein to reach the plasma
membrane as opposed to the mitochondrial membrane. On a further note, it
has been suggested that detergent concentrations must also be optimized to
be at a minimal critical micellar concentration (CMC) as by their observation,

detergent can counter successful cleavagel#1.

The beginning steps characterizing a way to overexpress heterologous
mitochondrial membrane protein PARL has been explored. There is much

more work required to completely purify this protein, such as optimizing the
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expression vector or reworking the purification conditions. However, with
membrane proteins being so difficult to overexpress, this represents exciting
first step towards large scale purification. Most exciting this amount of
protein will be useful to examine in vitro expression of PINK1 by PARL, a step
that has not yet been carried out. Large scale expression will be a

prerequisite for structural studies including both 2D and 3D crystallography.
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Chapter 6

Conclusions
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Conclusions

This thesis set out to study two interacting proteins: the
intramembrane protease PARL and the transmembrane domain of the
dynamic mitochondrial protein PINK1. Membrane proteins and membrane
domains are very difficult to study; significant amounts of protein must be
produced and purified, and stabilizing them outside their lipid environment
is difficult. The expression and purification of PARL fused to a green
fluorescent protein outlined in Chapter 5 was part of an optimization and
screening protocol for rapid determination of high expressing clones in
Pichia pastoris in Chapter 4. These chapters outline the difficulties of
overexpressing membrane proteins and the tedious optimization involved in
their expression. The use of green fluorescent protein was shown to be a
powerful tool in rapidly identifying high expressing colonies in a plate
screening assay, as well used to assess protein in liquid culture, detergent

optimization and purification.

The expression, purification, and solution NMR spectra of
mitochondrial kinase PINK1’s single pass transmembrane domain was
outlined in Chapter 3. The purpose was to determine the secondary structure
of the PINK1 transmembrane domain in order to assess how it changes when
Parkinson’s disease missense mutations occur. A strategy to obtain milligram
quantities of the membrane domain was outlined, where the transmembrane
domain of PINK1 was fused to maltose binding protein. Although the purified

transmembrane domain was not used for NMR studies, a synthetic peptide
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did lead to analysis of the TM domain. It was determined to have no helical
structure and was classified as a random coil. This is in following with a
hypothesis in the field that substrates of rhomboid intramembrane proteases
are metastable helixes that have structures dependent on the presence of a
membrane. Unfortunately, if the transmembrane domain is unstructured,
further analysis of the effect of mutations on the secondary structure may not

be warranted.

The next goal of these projects converges on a cleavage assay of the
PINK1 TM domain by the protein PARL. This assay would be used to assess if
Parkinson’s disease mutations in that domain affect its ability to be cleavage
by PARL. This in vitro cleavage assay has been optimized in our lab for
steady-state kinetic analysis of rhomboid proteases. The PINK1 TM domain
will be cloned into a FRET pair where cleavage of the TM disrupts energy
transfer. In order for this experiment to move forward, the optimization of

the purification of PARL would need improvement.

To further analyze the effect of Parkinson’s mutations in the
transmembrane domain of PINK1 is to study localization of the protein under
confocal microscopy. This would be facilitated through collaboration with Dr.
Nicolas Touret (University of Alberta). We would hope to analyze if the
localization of PINK1 to the IMM is impeded by the presence of mutations in
its transmembrane domain. Together these studies work to dissecting the

molecular mechanism of the PARK6 phenotype of Parkinson’s disease.
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