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Abstract

Mutations in DJ-1 (PARK7) gene cause recessive, early-onset Parkinson'’s disease. DJ-1 is a
neuroprotective oncogene that translocates from the cytoplasm to mitochondria under
cellular stress conditions. The neuroprotective role of DJ-1 against reactive oxygen species
has been extensively studied but its normal, physiological function is not fully understood. 14-
3-3beta is a conserved protein of the 14-3-3 family of chaperones that are implicated in
regulation of metabolism in part through regulation of subcellular localisation of their targets.
We found that 14-3-3beta interacts with DJ-1 in a phosphorylation-dependent manner.
Furthermore, 14-3-3beta inhibits the translocation of DJ-1 to mitochondria under normal cell
physiological conditions. The knockdown of 14-3-3beta leads to increased mitochondrial
membrane potential, likely through the enhanced mitochondrial translocation of DJ-1. 14-3-
3beta knockdown cells show increased proliferation rates under normoxia and hypoxia and
are more sensitive to chemical inhibition of mitochondrial ATP production compared to
control cell lines. These results suggest that the interaction between DJ-1 and 14-3-3beta
plays a role in cellular metabolic balance by influencing the cellular preference for glycolysis
or oxidative phosphorylation as the two main modes of ATP production. We also postulate
that the neuronal metabolic balance, regulated by the interaction between DJ-1 and 14-3-

3beta, is required for cellular adaptation to environmental stress or synaptic activity.
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1.1 Mitochondria and metabolism

Since their discovery by Robert Altmann in 1890 (Ernster and Schatz, 1981) mitochondria
have attracted the interest of numerous scientists due to their fascinating biology. The
bacterial origin of mitochondria and their unique genetics has made them invaluable tools for
unravelling eukaryotic evolution. The popular picture of mitochondria as the powerhouses of
the cell reflects their key function in energy metabolism but the function of these organelles is
not limited to adenosine triphosphate (ATP) production. Mitochondria are important hubs that

integrate amino acid, lipid, and redox metabolism with energy production.

In the 1970s evidence for a role of mitochondria in calcium (Ca®") buffering (Lehninger, 1974;
Nicholls, 1978) and reactive oxygen generation (Cadenas et al., 1977; Dionisi et al., 1975)
accumulated. Finally, the discovery of the role of mitochondria in programmed cell death in
the 1990s (Green and Reed, 1998; Liu et al., 1996; Richter, 1993; Susin et al., 1999)
resulted in a shift of the research focus away from energy metabolism. This ultimately led to
the identification of mitochondrial dysfunction in various pathological conditions, including
cancer (Wallace, 2012), neurodegeneration (Lin and Beal, 2006), diabetes (Giacco and

Brownlee, 2010), ischemic injury (Yu et al., 2002) and inflammation (Zhou et al., 2011).

We have accumulated extensive knowledge regarding the importance of mitochondria in
energy and substrate metabolism, cell death, as well as ion and redox regulation of the cell.
The integrative nature of mitochondria provides an ideal system for the regulation of cell
physiology. Recent evidence suggests that different mitochondrial functions share molecular
entities. For example, several proteins traditionally implicated in the regulation of
mitochondrial cell death have now been linked to mitochondrial energy metabolism and vice
versa (Alavian et al., 2014; Alavian et al., 2011; Gimenez-Cassina and Danial, 2015; Gross,
2016; Kruiswijk et al., 2015). Furthermore, alteration of mitochondrial function may play a
major role during cellular adaptation under physiological (e.g. development; (Chan, 2006;

Hom et al., 2011) and pathological (e.g. cancer; (Wallace, 2012) conditions.
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Future challenges include the determination of the regulatory mechanisms that govern
mitochondrial metabolism and cell death and how these are integrated into cellular signalling
events. Manipulation of these regulatory mechanisms may offer new therapeutic avenues for

disorders with mitochondrial malfunction.

1.1.1 Mitochondrial Physiology

Mitochondria are cellular organelles containing an outer (OMM) and inner (IMM)
mitochondrial membrane that together enclose the intermembrane space (IMS) (Mannella,
2006) (Figure 1.1). The inner mitochondrial membrane contains numerous invaginations
leading to a net increase of membrane surface. Enclosed by the IMM is the mitochondrial
matrix. The IMM invaginations give rise to physically constraint structures called cristae
(Cogliati, Enriquez et al. 2016). Each of the mitochondrial compartments is functionally

specialised and plays a vital role in organelle integrity.

i) The outer mitochondrial membrane

The OMM is a lipid bilayer composed mainly of phosphatidylserine,
phosphatidylethanolamine, and phosphatidylinositol (de Kroon et al., 1997). The OMM is
considered permeable to most metabolites due to protein channels of the voltage-dependent
anion channel (VDAC) family, which allow passive diffusion of molecules up to 6 kDa
(Gellerich et al., 2000). Weak substrate specificity and gating of the channels is mainly
dependent on membrane voltage and conformational changes of the protein (Villinger et al.,
2010). The opening of VDACSs is further regulated by ions, small molecules, pro-apoptotic B-
cell lymphoma 2 (Bcl-2) proteins (Huang et al., 2013; Shi et al., 2003) and hexokinase |
(Azoulay-Zohar et al., 2004). Due to this regulation and its importance in substrate exchange
between cytosol and mitochondria VDAC plays an important role in mitochondrial

metabolism and cell death (Lemasters and Holmuhamedov, 2006).
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Figure 1.1 — Mitochondrial compartmentalisation. Mitochondria are double membrane-bound
organelles that are characterised by typical inner membrane invaginations called cristae. Each
mitochondrial compartment is functionally different and contains a specialised set of proteins.
Some of the main functions and components are indicated. For more information see text. OMM —
outer mitochondrial membrane, (p)IMS — (peripheral) inner membrane space, TCA — tricarboxylic
acid cycle, AcCoA — acetyl-Coenzyme A, TOM - translocase of the outer mitochondrial membrane
complex, SAM — sorting and assembly machinery, TIM — translocase of the inner mitochondrial
membrane, PAM — presequence translocase-associated import motor, MICOS — mitochondrial
inner membrane and cristae organising centre, VDAC — voltage-dependent anion channel, ANT —

adenine nucleotid translocator, Slc25 — solute carrier 25 family, ETC — electron transfer chain.

In contrast to metabolites VDAC is impermeable to proteins. This is an important feature as
the release of IMS proteins, such as cytochrome C and apoptosis-inducing factor (AlF) into
the cytosol facilitates the initiation of programmed cell death (Tait and Green, 2010). For the
protein transport across the OMM a multi-protein complex called translocase of the outer
mitochondrial membrane (TOM) is specialised in protein recognition and translocation into or
across the OMM (Chacinska et al., 2009). The TOM complex works in close association with
the sorting and assembly machinery (SAM) and the translocase of the inner mitochondrial
membrane (TIM) complex, which are located at the OMM and IMM, respectively (Chacinska

et al., 2009).
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In addition to metabolite and protein transport components, the OMM contains other
attachment factors such as anchor proteins for mitochondrial trafficking along the
cytoskeleton (Schwarz, 2013; Sheng, 2014) and tethering factors to other membranous
compartments of the cell (e.g. the endoplasmic reticulum (ER); (de Brito and Scorrano,
2008). Finally, association of fission and fusion proteins to the OMM are crucial for
mitochondrial dynamics (Chen and Chan, 2009), a process linked to mitochondrial integrity

and longevity.

Other protein components that are found in or associate with the OMM include acyl-CoA
synthetase and carnitine acyl transferase | (both involved in fatty acid transport across the
OMM) (Eaton et al., 1996), regulatory proteins of the Bcl-2 family (Gimenez-Cassina and
Danial, 2015; Shi et al.,, 2003), as well as enzymes involved in cell metabolism, namely

hexokinase (Danial et al., 2003; Majewski et al., 2004).

Taken together, the mitochondrial outer membrane acts as diffusion barrier for metabolites
and mitochondrial IMS proteins. It creates a microenvironment that favours mitochondrial
metabolite import (Gellerich et al., 2000), which can alter the kinetics of mitochondrial
enzymes. Furthermore, the OMM is implicated in the regulation of mitochondrial activity and

dynamics (Liesa and Shirihai, 2013), as well as trafficking and localisation (Sheng, 2014).

ii) The intermembrane space and cristae

The IMS is defined as the lumen between the outer and inner membrane and has been
classically considered one single compartment. This view was given up due to our
understanding of the structural and functional specialisation of the cristae (Pfanner et al.,
2014). Therefore, the intermembrane space can be subdivided into the peripheral
intermembrane space (pIMS), where both OMM and IMM (inner boundary membrane) are in

close proximity, and the intracristae space (ICS) (Herrmann and Riemer, 2010).
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The cristae shape and volume can vary significantly between different cells or during
metabolic adaptation. Cristae are physically separated from the pIMS and the inner boundary
membrane by a protein complex called MICOS (Pfanner et al., 2014). This multi-subunit
complex resides in the IMM and in mammals involves the proteins Mic10/Minos1,
Mic19/CHCHD3, Mic25/CHCHDG6, Mic26/Apo0, Mic27/ApoO-like, and Mic60/IMMT/mitofilin.
The complex may be tethered to the OMM via binding to Sam50, Metaxin (Mtx)1, Mtx2 and
DnaJdC11 (Zick et al., 2009). Interestingly, the proteins enriched in cristae differ from those in
the pIMS. Cytochrome C (cyt C), an integral part of the electron transport chain (ETC), is
mainly found in cristae (Scorrano et al., 2002), whereas proteins of the protein import
machinery localise to membranes surrounding the peripheral intermembrane space (Zick et
al., 2009). In line with cytC enrichment in the ICS, proteins involved in aerobic energy
production are abundantly expressed in the cristae membrane and at least one of these
complexes, the F{Fo ATP-Synthase plays an active role in shaping the cristae (Rabl et al.,

2009).

Despite the relative permeability of the OMM, the intermembrane space differs from the
cytosol in its small molecule composition. In particular, the pH is 0.2 to 0.7 units above the
cytosolic pH. This was proposed to be of importance for the kinetics of the ATP producing
enzyme F4Fo ATP-Synthase (Cogliati et al., 2016; Herrmann and Riemer, 2010), which uses
the flow of H* from the IMS into the matrix for the production of ATP from ADP and organic
phosphate (P;), a biophysical mechanism known as mitochondrial coupling. In addition, the
IMS is a more oxidative environment than the cytosol or the mitochondrial matrix as
measured by the ratio of oxidised over reduced glutathione (GSH)(Hu et al., 2008). The main
release sites of reactive oxygen species (ROS) are complex | and complex Ill of the ETC,
which are mainly found in the cristae membrane. It was proposed that the differences in
oxidative capacity of the IMS may be due to differential localisation of GSH and possibly
other anti-oxidative molecules (Herrmann and Riemer, 2010). The oxidative environment of

the IMS plays a crucial role in protein import and folding and contains specialised enzymes
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that catalyse the formation of disulfide bonds (Riemer et al., 2009). Furthermore, the
generation of ROS, particularly the membrane-permeable H,O,, plays an important role as
signalling molecule controlling metabolism and apoptosis at the level of mitochondria,

cytosol, plasma membrane and the nucleus (Murphy, 2009).

Alongside the importance of IMS in protein import and redox regulation it plays a role in
metal homeostasis (mainly iron, copper and zinc) and the regulation of lipid import or
turnover. The IMS contains specific metal binding proteins of the family of metallothioneins
(Ye et al., 2001). Metallothioneins are characteristic of a high cysteine (Cys) content and
were shown to bind and possibly sequester metal and heavy metal ions (Coyle et al., 2002).
Furthermore, several transport and assembly factors of the IMS are proposed to bind metal
ions via twin-cysteine motifs (Herrmann and Riemer, 2010). These factors are essential for
the targeting and correct assembly of proteins involved in electron transfer and energy
production. For example, Cox17 is responsible for the transport of copper to the Cus and Cug
sites of cytochrome oxidase (Horng et al., 2004). A tight control of metal availability is

therefore important for the correct functioning of mitochondria (Herrmann and Riemer, 2010).

The role of the IMS in mitochondrial lipid regulation is not well understood. IMS proteins of
the Ups family were found to regulate the content of phospholipids in the inner membrane,
specifically phosphatidylserine and cardiolipin, in yeast (Tamura et al., 2009). Importantly,
the lipid content between inner and outer membrane is not identical, arguing for a
compartment-specific lipid transport or conversion system (Herrmann and Riemer, 2010).
More research is required to understand the regulation of phospholipid content in the

mitochondrial membranes.

iii) The inner mitochondrial membrane and matrix
The inner membrane and the matrix are the core of the mitochondrion. They contain the

majority of mitochondrial-targeted proteins as well as the mitochondrial DNA and translation
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Figure 1.2 — Transport of selected mitochondrial metabolites across the IMM. The IMM is a
tightly sealed membrane. Transporters of the Slc25 family of solute carriers regulate the import of
most mitochondrial metabolites. Many transport pathways are linked with each other. Some
metabolite, such as pyruvate, P; and Mg-ATP depend on the mitochondrial membrane potential for
their import. Other metabolites are transported along a concentration gradient between matrix and
IMS/cytosol. Glutamine is known to be imported into mitochondria but the molecular component of
the mitochondrial glutamine transporter has not been identified yet. IMM — inner mitochondrial

membrane, IMS — intermembrane space, TCA — tricarboxylic acid cycle.

machinery, which are all crucial for mitochondrial energy production and metabolic

conversion of amino acids and nucleotide precursors.

In sharp contrast to the OMM the inner membrane is a tightly sealed lipid bilayer of special
lipid composition and very rich in proteins. To pass this membrane, most molecules are
transported through specialised carriers. The majority of substrate carriers belong to the
solute carrier-25 (SIc25) family. These monomeric transporters are almost exclusively
expressed in the inner mitochondrial membrane and consist of 6 transmembrane a-helices.
The characteristic of Slc25 family members is the tripartite sequence: three tandemly

repeated sequences each containing two hydrophobic regions that make up the

29



1 Introduction — Mitochondria and metabolism

transmembrane segments. This sequence homology allowed the identification of 53 genes of
the SlIc25 family, all encoded in the nucleus (Gutierrez-Aguilar and Baines, 2013).

The majority of metabolites crossing the IMM are substrates for mitochondrial energy
metabolism, a process that can be divided into the tricarboxylic acid (TCA) cycle (also known
as citric acid or Krebs cycle), B-oxidation, and oxidative phosphorylation (OXPHOS). All
proteins that participate in these three pathways are found in the matrix and/or at the IMM.
The TCA cycle converts the energy derived from carbohydrates and proteins into the
reducing equivalents NADH and FADH,, whereas [3-oxidation produces reducing equivalents

through the breakdown of fatty acids (Berg et al., 2015).

The electrons bound to NADH and FADH; are then transferred onto molecular oxygen (O) in
a stepwise manner by the electron transport chain (ETC). The ETC is the first part of
OXPHOS and couples the energy of exothermic redox reactions to the translocation of
protons from the matrix into the IMS. This produces an electrochemical gradient (ApH)
across the IMM. Finally, ApH is dissipated by the last component of the OXPHOS, the F1Fo
ATP Synthase (hereafter referred to as ATP Synthase). The enzyme couples the kinetic
energy obtained from the backflow of protons into the matrix (via membrane bound Fy) to the

production of ATP from ADP and inorganic phosphate (P;) (at F4 site) (Berg et al., 2015).

iv) Parameters for the assessment of mitochondrial integrity

The mitochondrial membrane potential (Ayn) is the key to mitochondrial function. It results
mainly from ApH across the IMM, although other ion gradients can contribute to the potential.
Therefore, both ApH and Ay, determine the proton motive force (PMF) (Dzbek and
Korzeniewski, 2008). From a physical point of view it is the PMF that drives the physical work
necessary for the enzymatic reaction of ATP Synthase. However, the direct measurement of
PMF is difficult due to its complex nature. In praxis determination of ApH and more
commonly Ay, is the biological determinant used for assessment of mitochondrial function.
Because of the practical relevance | will focus this section on the mitochondrial membrane

potential.
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The importance of Ay, is not limited to mitochondrial ATP production. The energy stored in
the Ay, is used for carrier-driven nutrient import across the IMM (Palmieri, 2004).
Furthermore, enzymes of the electron transport chain and the ATP Synthase are voltage-
sensitive and Ay, has an impact on their activities (Huttemann et al., 2008). Finally,
processes that drive mitochondrial fission and fusion, biogenesis, degradation and transport
are Ay, dependent (Chen and Chan, 2009). Taken together, the mitochondrial membrane

potential is used to drive and regulate most, if not all mitochondrial processes.

For most cells, the optimal Ay, is maintained between -120 mV and -160 mV (Gerencser et
al., 2012). This range is crucial for mitochondrial function but the evaluation of Ay, alone has
limitations. On the technical side, the Ay, is often measured using potentiometric dyes that
can only yield relative information. Secondly, at least in theory the Ay, could be maintained
by virtue of a chemical equilibrium without net flux of protons across the membrane and
therefore independent of ATP production. Albeit unlikely in normal cells, this scenario
becomes more realistic in some cancer cells. During tumourigenesis many cancer cells are
believed to undergo a metabolic shift, which includes production of the majority of ATP by
glycolysis at the expense of OXPHOS activity. This process has been known as the Warburg
effect (Cairns et al., 2011). It is now recognised, however, that cancer cells maintain their
mitochondria even in the absence of OXPHOS activity because these cells rely on
mitochondrial enzymes for amino acid, nucleotide and fatty acid production (Ahn and Metallo,
2015). Since non-functional mitochondria are usually degraded, cancer cells have evolved
various strategies to circumvent the degradation, including at the level of OXPHOS activity

(Chandra and Singh, 2011; Sharp et al., 1992; Wallace, 2012).

To fully understand mitochondrial function, a number of additional parameters beside Ay,
have to be considered. To assess mitochondrial respiration, oxygen consumption

measurements can be undertaken either in single cell experiments (Gleichmann et al., 2009;
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Osbourn et al., 2005) or in cell culture (Wagner et al., 2011) and on isolated mitochondria
(Lanza and Nair, 2009). Certain conditions can cause oxygen consumption and proton
pumping independent of ATP production, a mechanism known as uncoupling. This can be
assessed indirectly by measuring mitochondrial ATP production (Fujikawa and Yoshida,
2010) or directly through the electrophysiological assessment of IMM ion permeability
(Sacchetti et al., 2013). Metabolite flux can be tested using radiolabelled substrates coupled
to mass spectrometry analysis of downstream metabolites containing incorporated radiolabel
(Metallo et al., 2012; Wise et al., 2011). Due to the flow equilibrium present in all metabolic
processes, only the combined assessment of several mitochondrial parameters can provide

the information necessary to understand the mitochondrial function within a specific setting.

1.1.2 Mitochondrial phospholipids

Phospholipids (PL) are the building blocks of biological membranes and fulfii numerous
different functions beside their mere structural role. There are a large number of different PLs
that exhibit unique physical and functional properties (Dowhan, 1997). Furthermore, every
biological membrane has a special function and therefore contains a particular PL
composition (Vance and Tasseva, 2013). Phospholipids are composed of a triacylglycerol
that contains acyl chains in the sn1 and sn2 position linked via an ester bond, as well as a
hydrophilic head group in the sn3 position, linked via a phosphodiester bond. The acyl chains
can be saturated or unsaturated. Acyl chain length and saturation are the main determinants
of membrane thickness and fluidity. The identity of the hydrophilic head group determines the
surface charge of a membrane and can influence membrane shape (Dowhan, 1997). PL
head groups often have other functional properties including protein binding and signalling
(Posor et al.,, 2015; Vance and Tasseva, 2013). In addition to phospholipids, different
cholesterols can be a main component of some biological membranes. They have a more
rigid hydrophobic backbone and a very small hydroxygroup as the hydrophilic component.

Cholesterol plays an important role in membrane fluidity and curvature (Grouleff et al., 2015).
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i) Composition of the mitochondrial membranes

The main components of mitochondrial membranes are the phospholipids
phosphatidylcholine (PC) and phosphatidylethanolamine (PE). Together they represent up to
80% of total mitochondrial PL. In addition, mitochondria of brain, heart, spleen, adrenal
cortex and kidney contain up to 5-30% PC and PE plasmalogens (Horvath and Daum, 2013).
Plasmalogens contain an ether bond in the sn1 position making them more rigid and
lipophilic than conventional phospholipids. They can form membrane microdomains, and are
involved in protein interaction as well as membrane fusion events (Braverman and Moser,

2012).

Cardiolipin (CL) is a lipid that can only be found in mitochondria, where it is synthesised in
the inner leaflet of the IMM. Under physiological conditions, CL remains in the inner
membrane compartment, where it plays an important role in protein-lipid interaction. For
example, CL is required for peripheral binding of cytochrome C to the IMM (Ott et al., 2007).
Although only present in traces at the OMM, accumulation of CL in the OMM is a marker for
induction of apoptosis and is required for Caspase 8 recruitment and pro-apoptotic Bid
cleavage at the OMM (Kantari and Walczak, 2011). Truncated Bid facilitates mitochondrial
outer membrane permeabilisation in co-operation with Bax (Kuwana et al., 2002), a pre-
requisite for the mitochondrial pathway of apoptosis. Other mitochondrial phospholipids are
phosphatidylinositol (Pl), phosphatidylserine (PS), and cholesterols. Pl is a sparse
phospholipid with signalling activity (Posor et al., 2015). In mitochondria it is enriched in the
OMM, compared to IMM. PS is highly abundant in biological membranes, but present in
relatively low amounts in mitochondria compared to plasma membrane (Horvath and Daum,
2013; Osman et al., 2011). Cholesterols are present in mitochondria in varying amounts,
depending on the cell type and organism. Levels of cholesterol in mitochondria are usually
lower than in other cellular membranes. Sphingolipids are generally absent from

mitochondria (Horvath and Daum, 2013; Osman et al., 2011).
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i) Lipid synthesis in mitochondria

The majority of membrane components are synthesised in the ER. However, mitochondria
can produce a subset of phospholipids autonomously. Phosphatidic acid (PA), is an
intermediate substrate that can be synthesised from glycerol-3-phosphate by addition of one
acyl chain by glycerophosphate acyltransferase at the OMM. Addition of another acyl chain
leads to formation of diacyl glycerol (DAG), the precursor of all PLs and of CL. At the IMS
site of the IMM, addition of ethanolamine from CDP-ethanolamine to DAG is the synthetic
pathway for mitochondrially produced PE. Similarly, the addition of glycerol to CDP-DAG
results in formation of phophatidylglycerol at the IMM. At the matrix site of the IMM CL
synthase catalyses the addition of DAG to phosphorylated PG to form cardiolipin. The
characteristic 18:1 acyl chains of CL are added during a final acyl exchange reaction. CL
synthase is inhibited by lysophospholipids and activated by the divalent cations, PE and CL.
CL levels are changing with developmental stage and metabolic conditions and are regarded
as a marker for the development of mitochondrial membranes (Horvath and Daum, 2013;

Osman et al., 2011).

i) Lipid import into mitochondria

Other lipids, such as PC, PS and Pl have to be imported into mitochondria. A specialised
membrane compartment of the ER, known as the mitochondria-associated membranes
(MAM) is enriched in lipid biosynthetic enzymes and is physically tethered to the
mitochondrial outer membrane. EM analysis reveals an electron-rich connection of 9-16 nm
between smooth ER and mitochondria, suggestive of a proteinaceous bridge (Vance, 2014).
In mammalian cells, Mitofusin2 (Mfn2) on mitochondria and ER participates in ER-tethering
and knockdown of Mfn2 increases the distance of mitochondria to ER (de Brito and
Scorrano, 2008). A role for cholesterol in negative regulation of ER to mitochondria distance
has been described as well (Fujimoto et al., 2012). Recently a complex mediating the binding
of MAM to mitochondria was identified in yeast. The complex was termed ERMES (ER-
mitochondria encounter structure) and consists of the mitochondrial distribution and

morphology proteins Mdm10, Mdm12, Mdm34, as well as the ER protein Mmm1. Disruption
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of the ERMES complex in yeast leads to impaired mitochondria-ER tethering and impaired
mitochondrial PL synthesis (Osman et al., 2011). Importantly, the ERMES components are
not conserved in mammalian cells and an essential function for ERMES in mitochondria to
ER tethering has therefore been challenged. Rather, a role for ERMES in regulation of

mitochondrial morphology has been suggested (Vance, 2014).

A function in phospholipid production and transfer to mitochondria has been proposed for
MAM due to the accumulation of phospholipid biosynthetic proteins. Furthermore, increased
mitochondria to ER distance caused by depletion of Mfn2 correlates with decreased PS
import into mitochondria alongside lowered mitochondrial calcium (Ca**,,) concentration. PE
import into mitochondria may be mediated by a direct membrane interaction between MAM
and mitochondria whereas mitochondrial import of PC and cholesterol may be attributed to
StAR (steroidogenic acute regulatory) protein-dependent transfer between membranes.
Taken together, the exact mechanisms of PL transfer from ER to mitochondria require further

investigation (Horvath and Daum, 2013; Vance, 2014).

1.1.3 Protein import mechanisms

A majority of mitochondrial proteins are encoded in the nucleus and need to be imported into
the mitochondrion. Mitochondria have developed unique import mechanisms that function
independently of the endoplasmic reticulum (ER) and Golgi apparatus. Most mitochondrial
proteins are translated on ribosomes in the cytoplasm and are targeted to mitochondria post-
translationally. Cytosolic chaperones of the heat-shock family, such as Hsp70, Hsp90 and
several members of the J-domain containing Hsp40 family bind to mitochondrial precursors
to prevent misfolding and aid translocation to the outer mitochondrial membrane (Bhangoo et

al., 2007; Young et al., 2003).

With a few exceptions all mitochondrial proteins have to pass through the translocator of the

outer mitochondrial membrane (TOM) complex. The TOM complex consists of the receptor
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subunits Tom20 and Tom70, the central receptor Tom22, the pore forming subunit Tom40,
the auxiliary Tom5 as well as Tom6 and Tom7 that facilitate association and dissociation,

respectively (Dudek et al., 2013).

After the TOM-mediated import various anchor and targeting signals define the final
destination of each mitochondrial protein. OMM proteins with (-barrel conformation are
recognised by intermembrane chaperones Tim9 and Tim10. The Tim9/Tim10 complex
guides its substrates to the IMS site of the sorting and assembly machinery (SAM), which is
integrated into the outer membrane. The SAM complex then inserts and releases B-barrel

proteins into the OMM (Dudek et al., 2013).

The sorting of IMS proteins is mainly driven by the disulfide relay system, which depends on
cysteine residues embedded into amphipathic a-helices of the target protein. The oxidative
environment of the IMS together with the redox enzyme Miad40 aid the formation of
intramolecular disulfide bonds in the target proteins thereby facilitating protein folding. This

mechanism traps the now folded proteins in the IMS (Becker et al., 2012).

Finally, IMM and matrix targeted proteins are imported by the translocase of the inner
mitochondrial membrane (TIM) complex. Two different TIM complexes, namely TIM22 and
TIM23, are being distinguished depending on the presence of Tim22 or Tim23 as the central
pore of the complex, respectively. Matrix and IMM proteins with a classical mitochondrial pre-
sequence are directly recognised by the TIM23 complex, inserted into the membrane and
either released laterally into the IMM or translocated completely into the matrix by means of
the presequence translocase-associated import motor complex (PAM) (Chacinska et al.,
2009). Alternatively, IMM proteins with an internal targeting sequence, such as those of the
Slc25 family of transporters, are guided to the TIM22 complex by the Tim9/Tim10 chaperone
complex, followed by insertion and lateral release into the membrane (Becker et al., 2012;

Dudek et al., 2013). Importantly, TIM-dependent protein import is driven by the attraction of

36



1 Introduction — Mitochondria and metabolism

the positively charged targeting sequences to the negative matrix and hence depends on an
intact mitochondrial electrochemical gradient (Becker et al., 2012; Kovermann et al., 2002;

van der Laan et al., 2007).

1.1.4 Mitochondrial genome and evolution

i) Mitochondrial genes

In contrast to all other mammalian organelles, mitochondria contain a separate set of genes
that are encoded in the mitochondrial genome. This genome is located on a single plasmid
that contains a total of 38 genes. These include 14 protein-coding sequences, 2 rRNA genes
and 22 tRNA genes (Gray, 1989). Most of the protein-coding genes are part of the electron-
transport chain and all complexes, with the exception of complex Il (Succinate
dehydrogenase), contain at least one mitochondrial-encoded protein. An exception among
the mitochondria encoded genes is the newly discovered peptide humanin, which can be
translated either in the matrix or in the cytoplasm. Humanin has pleiotropic functions both
inside mitochondria as well as in other compartments of the cell, which generally seem to be
cytoprotective (Lee et al., 2013). An interesting feature of the mitochondrial DNA is the
presence of various copies of the mitochondrial plasmid within the mitochondrial nucleoid.
Due to mutations within single plasmids and subsequent proliferation of the different variants

mitochondria can adapt a so-called heteroplasmic state (Solignac et al., 1987).

ii) Mitochondrial inheritance

Mitochondria cannot form de novo within an amitochondrial cell. During cell division
mitochondria need to segregate equally into both daughter cells, but very little is known
about the mechanism of mitochondrial redistribution. In the dividing vyeast
Schizosaccharomyces pombe mitochondria are first pushed to either cell pole during
chromosome division. In a second step mitochondria redistribute equally across the cell
before cell division occurs. The later step coincides with microtubule formation and co-

localisation with mitochondria, suggesting that it is driven at least in part by the cytoskeleton.
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Through these two sequential processes mitochondria segregate in a cell volume dependent
manner, which may be important for the metabolic fithess of each daughter cell (Jajoo et al.,

2016). Whether a similar mechanism plays a role in mammalian mitosis is unclear.

An even more fascinating process occurs during fertilisation. Most organisms, including
mammals, display uniparental inheritance of mitochondria and mtDNA is usually derived from
the maternal germ cell. The processes by which paternal mitochondria are eliminated seem
to be diverse and can differ even among closely related species. Consequently, several
hypotheses exist for exclusion of paternal inheritance, including physical segregation of
mitochondria and nuclei in the sperm cell followed by exclusion of the mitochondrial
compartment during fertilisation, as well as breakdown of paternal mitochondria via

ubiquitination, lysosmal and proteasomal degradation, and autophagy (Sato and Sato, 2013).

During meiosis maternal mitochondria are known to regain a homoplasmic state. This
phenomenon, also known as the mitochondrial bottleneck process is thought to prevent the
transmission of deleterious mtDNA mutations to the offspring. There is active debate on how
exactly the bottleneck process is achieved mechanistically. Different hypothesis include the
unequal partitioning of different mtDNA variants before cell division, the segregation of
different mitochondrial plasmids into homoplasmic nucleoids or mitochondria prior to cell
division, or the replication of a specific subset of mtDNA during oocyte maturation (Stewart

and Chinnery, 2015).

1.1.5 Mitochondrial Metabolism

Mitochondria harbour a complex network of metabolic pathways that are linked with each
other in uni-, bidirectional and circular fashion. The main energy producing processes are
briefy mentioned in chapter 1.1.1, however the metabolic function of some of these
pathways, especially the TCA cycle goes beyond a sole energetic purpose. Many cellular

components are produced in mitochondria and released into the cytosol, including amino
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acids and their precursors, as well as pyrimidine, fatty acid and cholesterol precursors. Co-
factors such as heme, Fe-S clusters and glutathione (GSH) critically depend on mitochondria
for their biogenesis. Most of these biosynthetic processes require the orchestrated action of
cytosolic and mitochondrial enzymes. The description of mitochondria as metabolic hub
therefore truly reflects their central role in numerous fundamental metabolic processes

(Agathocleous and Harris, 2013; Dolle et al., 2013; Guda et al., 2007).

i) TCA cycle

The TCA cycle is one of the first described metabolic pathways and was proposed by Hans
Krebs in 1937 (Krebs and Johnson, 1980). The cycle converts acetate into CO,, H* and
electrons (e’) through a series of isomerisation and redox reactions (Figure 1.3). The highly
reactive electrons are stored in form of reduced pyridine or flavin nucleotides, also known as
reducing equivalents NADH or FADH, (derived from NAD" or FAD, respectively). The initial
step of the TCA cycle is the transfer of acetyl from acetyl-CoA onto oxaloacetate by citrate
synthase (CS). The resulting citrate undergoes an isomerisation to isocitrate catalysed by
aconitase. This reaction is reversible and is mediated via the hydrated intermediate cis-
aconitate. lIsocitrate undergoes an irreversible oxidative decarboxylation by isocitrate
dehydrogenase (IDH) that transfers the electrons onto NAD* and releases one CO,. The
resulting a-ketoglutarate (also 2-oxoglutarate) is further oxidatively decarboxylated into
succinyl-CoA. This irreversible reaction is catalysed by a-ketoglutarate dehydrogenase
(aKGDH), which uses CoA as additional substrate and releases CO, and NADH. Succinyl-
CoA synthetase (also succinyl-CoA ligase or thiokinase) reversibly generates succinate
thereby releasing CoA. The exothermic nature of this reaction is used to generate one ATP
or GTP molecule from ADP/GDP and P;. The next step is the oxidation of succinate to
fumarate generating FADH,. This reaction is performed by the IMM protein complex

succinate dehydrogenase, also known as complex Il of the electron transport chain.
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Figure 1.3 — TCA cycle and related metabolic networks. The TCA cycle serves as central

metabolic hub for carbohydrate oxidation, amino acid metabolism, nitrogen secretion, fatty acid

metabolism, and redox regulation of the cell. DH — dehydrogenase; CoA — acetyl coenzyme A
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Fumarate is then reversibly hydrated into malate by fumarase. During the ultimate step of the
TCA cycle malate is oxidised into oxaloacetate by the enzyme malate dehydrogenase
(MDH). MDH generates NADH and replenishes the pool of oxaloacetate for acetyl

assimilation (Kornberg, 2000; Krebs and Johnson, 1980; Nunes-Nesi et al., 2013).

ii) Regulation of the TCA cycle

The TCA cycle is regulated at various levels, including substrate activation, product
inhibition, allosteric, post-tanscriptional, transcriptional, and redox regulation (Berg et al.,
2015). The first regulatory step is the entry of substrates at the level of pyruvate conversion
into acetyl-CoA. This reaction is irreversibly catalysed by the pyruvate dehydrogenate
complex (PDC). PDC consists of three enzymes, namely pyruvate dehydrogenase (PDH),
dihydrolipoyl acetyltransferase and dihydrolipoyl dehydrogenase. The complex is mainly
regulated at the PDH level. The regulatory mechanisms include activation through pyruvate
and the co-factor thiamine pyrophosphate and product inhibition by NADH and acetyl-CoA
(Williamson and Cooper, 1980). Furthermore, PDH is regulated at the post-translational level
by inhibitory PDH kinases and activating phospho-PDH phosphatases (Patel et al., 2014). It
was observed that the PDC activity is enhanced upon rising cytosolic Ca®* levels, which is

due to enhanced binding of PDH phosphatase 1 to the complex.

High levels of pyruvate conversion into acetyl-CoA stimulate the activity of citrate synthase.
CS activity is further determined by the availability of oxaloacetate, which is produced by
malate DH. Substrate channelling from malate DH to CS has been proposed to increase the
generation of citrate and hence substrate flux through the TCA cycle. CS activity is further
positively regulated by ADP, competitively inhibited by its product citrate and negatively
regulated by the downstream TCA cycle products NADH and succinyl-CoA (Williamson and
Cooper, 1980). The inhibition by succinyl-CoA provides a feedback regulation at the entry of
the TCA cycle, thereby avoiding the accumulation of TCA cycle intermediates in
mitochondria. In plants, additional Cys residues in CS seem to confer a redox-sensitivity of

the enzyme under oxidative conditions (Nunes-Nesi et al., 2013).
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Aconitase performs one of the reversible steps in the TCA cycle and plays therefore a minor
role for TCA regulation under physiological conditions. However, the protein contains an iron-
sulphur (Fe-S) cluster, which is highly sensitive to the mitochondrial redox state (Bulteau et
al., 2005) and deletion of mitochondrial anti-oxidant molecule MnSOD/SOD2 results in
aconitase dysfunction (Strain et al., 1998). Furthermore, activation of PKCB, in diabetic
cardiomyocytes results in phosphorylation of aconitase. This modification favours the reverse

reaction from isocitrate to cis-aconitate thereby slowing TCA cycle flux (Lin et al., 2009).

Isocitrate dehydrogenase exists in three isoforms, which are differentially targeted to either
cytosol or mitochondria. IDH3 is the mitochondrial isoform that participates in the TCA cycle.
It forms a heterotetramer (a,By) and requires NAD" as co-factor. The other isoforms can be
found in either cytosol (IDH1) or mitochondria (IDH2) and are specific for NADP®. IDH3 is
mainly regulated by substrate availability (isocitrate and NAD"). The activation of IDH3 by
isocitrate together with the feedback inhibition of CS by citrate are thought to cause an
orchestrated flux through the first three steps of the TCA cycle (Williamson and Cooper,
1980). IDH3 can also be activated by ADP (Gabriel and Plaut, 1984), which may result in
enhanced TCA cycle flux during cellular activity. The IDH products a-ketoglutarat and NADH

exert a negative feedback on enzyme activity (Williamson and Cooper, 1980).

The redox reaction of a-ketoglutarate dehydrogenase (KGDH) is irreversible and is regulated
via product inhibition by NADH and succinyl-CoA. The substrate a-ketoglutarate may
regulate enzyme kinetics. Furthermore, purified KGDH is inhibited by a high ATP/ADP ratio,
providing a regulatory link between energy production and activity. In turn, Ca* levels in the
range of 1 yM have been shown to activate KGDH by limiting the inhibitory effects of NADH
and ATP (Williamson and Cooper, 1980). This renders the enzyme insensitive to high NADH

and ATP levels at physiological calcium concentrations of the mitochondrial matrix.
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The reaction of succinyl-CoA synthetase is reversible and thus mainly dependent on the
availability of each of the reactants. The heterodimeric enzyme consists of one a and one 3
subunit. The latter determines the sensitivity to either ADP or GDP. The ADP-dependent
form has a higher Michaelis constant (K.) for succinate (favouring the forward reaction
towards succinate) compared to the GDP-dependent form and is preferentially expressed in
muscle and brain. It was proposed that the ADP-dependent enzyme is linked to higher TCA
flux and OXPHOS activity in energy demanding cells. In contrast the GDP-dependent form
provides succinyl-CoA for heme synthesis in liver or ketone body activation in extra-hepatic
tissue during experimentally induced diabetes (see section v of this chapter)(Johnson et al.,
1998). Succinyl-CoA synthetase is activated by P; in substrate depleted mitochondria
(Phillips et al., 2009) and inhibited by metabolites of the porphyrin synthesis pathway (Wider

and Tigier, 1970).

Succinate dehydrogenase (SDH) is a four-subunit complex in the IMM and as part of the
ETC can donate electrons directly to ubiquinone. The catalytic components A and B in the
matrix are bound to the IMM via the membrane bound subunits C and D. SDH is the only
component of the ETC that does not pump protons across the IMM and contains solely
nuclear encoded subunits. The succinate binding site of SDH is competitively inhibited by
oxaloacetate. Furthermore, the enzyme is negatively regulated by phosphorylation and

acetylation of the catalytic subunits (Rutter et al., 2010).

Fumarase catalyses the reversible hydratation from fumarate to malate. Fumarase regulation
plays a minor role for the TCA cycle activity although an inhibitory effect of ATP and NAD+
for the reverse reaction (malate dehydratation) has been shown in parasitic helminths (Payne

et al., 1979).

Malate dehydrogenase (MDH) is a homodimer, which oxidises malate to oxaloacetate, the

ultimate step in the TCA cycle. This reaction is probably facilitated by a complex formation
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between fumarase, MDH and CS resulting in substrate channelling. This mechanism is
important because the oxidation of malate to oxaloacetate is thermodynamically
unfavourable and substrate channelling could provide the necessary driving force towards
oxaloacetate production. Furthermore, MDH is allosterically inhibited by oxaloacetate, which

competes with the positive effectors malate and citrate (Minarik et al., 2002).

In addition to intrinsic regulation by its substrates, the TCA cycle is highly sensitive to
external stimuli, such as intracellular calcium, usually associated with cellular activity, and the
redox state of the cell. Mitochondrial calcium enhances the activity of pyruvate
dehydrogenase, isocitrate dehydrogenase and a-ketoglutarate dehydrogenase (Denton,
2009). Furthermore, Ca** can directly enhance the activity of the ATP Synthase by Ca*-
dependent binding of S100A1 to the Fy complex (Boerries et al., 2007). Entry of calcium into
the mitochondria occurs during cellular activity, such as muscle contraction or neuronal
transmission. Hence, this mechanism warrants the concerted regulation of cytosolic energy
consuming processes and mitochondrial ATP production. An indirect regulation of the TCA
cycle is based on the effect of Ca** on mitochondrial substrate carriers. Both, the
Aspartate/glutamate carrier 1 (AGC1/Aralar) and the ATP-Mg/P; transporters (APC/SCaMC)
reveal faster transport kinetics in presence of enhanced Ca?* concentrations (Llorente-Folch
et al., 2015). Since Ca®" binding to both transporters occurs in the IMS, this mechanism
depends on cytosolic calcium alterations and is independent of matrix uptake by the
mitochondrial calcium uniporter (MCU). Aralar participates in the transport of cytosolic NADH
to mitochondria for oxidation via ETC and is important for maintaining the cytosolic NAD"
pool, an important co-factor for glycolysis. A role for APCs in mitochondrial Ca®* buffering
was proposed (Traba et al.,, 2012) although the mechanism of this effect is incompletely

understood.

Redox regulation of cellular processes is gaining interest because a disturbed redox balance

was found in many human disorders. Redox regulation is mediated through direct protein
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modification at cysteine residues, the side chain of which contains the large, electron-rich
sulphur. Cysteine residues can undergo S-oxidation (sulfenylation, sulfinylation),
S-glutathionylation and S-nitrosylation (Mailloux et al., 2014). Different enzymes of the TCA
cycle display redox sensitive cysteine modifications. Aconitase, NADP-dependent IDH,
KGDH and PDH can be reversibly or irreversibly inhibited by oxidation. Interestingly,
S-glutathionylation can play a dual role by inhibiting the activity but also preventing further
oxidation to an irreversibly oxidised sulfonic acid species (Applegate et al., 2008; Hurd et al.,
2008). Inhibition of the carnitine/acyl-carnitine carrier by glutathionylation indirectly inhibits
the TCA cycle through decreased acetyl-CoA delivery from fatty acid degradation (Mailloux
et al., 2014). Succinate DH is differentially regulated by oxidation compared to the other TCA
enzymes. Active SDH is intrinsically glutathionylated and this modification is removed during
cardiac ischemia/reperfusion injury. Deglutathionylation results in decreased activity of the
enzyme with a concomitant burst in SDH-dependent superoxide (O;’) release (Chen et al.,
2007). Redox modification not only depends on the global redox state of the cell but also on
local production of oxidants and the distribution of anti-oxidants within the cell. In this context,
redox signalling is an active and dynamic process that occurs during oxidative stress as well
as during normal cellular activity regulating a variety of cellular functions (Hu et al., 2008;

Mailloux et al., 2014).

Many of the mitochondrial functions depend on the mitochondrial membrane potential. Most
of the TCA cycle enzymes do not have a membrane component and hence do not directly
experience changes in AW,. However, the TCA cycle depends on constant supply of
nutrients through either pyruvate or glutamine import into mitochondria. Interestingly, many of
the mitochondrial transporters use the proton gradient of the IMM to drive import of nutrients
into the matrix. For example, the mitochondrial pyruvate carrier (MPC) catalyses the co-
transport of pyruvate with H* into the matrix (Vanderperre et al., 2015). Furthermore, early
studies on glutamine uptake have shown an increased import into energised isolated

mitochondria, which is likely to stimulate TCA cycle activity (Kovacevic, 1977). However, the
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direct investigation of the transport mechanism of the mitochondrial glutamine transporter is
hindered by a lack of knowledge on the molecular components of this carrier (Pochini et al.,

2014).

iii) B-oxidation

In peripheral tissue fatty acids (FA) are a major source of energy, especially during
prolonged starvation. Heart and muscle cells use fatty acids directly for energy production,
whereas the liver produces FA-derived ketone bodies that provide an alternative source of
energy for the brain. Fatty acids can be taken up by most cells via plasma membrane
transporters and are activated by acyl-CoA synthetases in the cytosol. The resulting acyl-
CoA can be used for energy production as well as anabolic processes (Bartlett and Eaton,

2004).
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Figure 1.4 — B-oxidation of fatty acids. B-oxidation is the cyclic process of fatty acid breakdown,
which is mainly accomplished in mitochondria. For very large chain fatty acids the first cycles are
preferentially catalysed in peroxysomes. The shortened acyl chains are subsequently transferred to

mitochondrial for final oxidation.
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In mammalian cells FAs are metabolised in either the peroxisomes or the mitochondria. For
mitochondrial import acyl chains are transferred onto carnitine by the carnitine
palmitoyltransferase 1 at the outer mitochondrial membrane. This process is coupled to the
translocation of the acyl moiety from the cytosol to the IMS. The carnitine acylcarnitine
translocase (SIc25A20) catalyses the anti-port of acylcarnitine into the matrix in exchange of
one carnitine. The IMM protein carnitine palmitoyltransferase 2 transfers the acyl chain from
acylcarnitine back onto CoA resulting in acyl-CoA, which is the substrate for p-oxidation in

the mitochondrial matrix (Houten et al., 2016).

The subsequent degradation of acyl-CoA occurs in a cyclic process that removes 2-carbon
moieties per cycle from the acyl backbone in a stepwise fashion (Figure 1.4). In the first step
the acyl-CoA is dehydrogenated by acyl-CoA dehydrogenase oxidising the C2 and C3 of the
backbone, which produces trans-2-enoyl-CoA. The enzyme transfers the electrons onto the
co-factor FAD, which is subsequently reduced by the dimeric electron transfer flavoprotein
ETFa/B. This flavoprotein subsequently feeds the electrons into the ubiquinone pool of the
ETC via ETF dehydrogenase. The family of acyl-CoA dehydrogenase comprises various
proteins with different substrate specificities for acyl chain length, saturation and branching.
After this initial oxidation the trans-2-enoyl-CoA is hydrated by Enoyl-CoA hydratase at the
C3 position resulting in 3-hydroxyacyl-CoA. This molecule is further oxidised by NAD®-
dependent 3-hydroxyacyl-CoA dehydrogenase forming a 3-ketoacyl-CoA. In the final step the
C1 and C2 are cleaved and the remaining acyl chain is transferred onto a new CoA. The
reaction is performed by 3-ketoacyl-CoA thiolases. The acyl chain that is now shortened by
two carbons can under a further round of oxidation. The last three steps are catalised by the
octameric IMM protein mitochondrial trifunctional protein (MTP), which consists of 4 alpha
and 4 beta subunits (HADHA and HADHB) and is specialised for long-chain acyl-CoA and to
a lesser extend for medium-chain acyl-CoA. The degradation of medium- and short-chain
acyl-CoA is catalysed by a subset of matrix enzymes namely crotonase (short-chain enoyl-

CoA hydratase), SCHAD (short-chain 3-hydroxyacyl-CoA dehydrogenase) and MCKAT
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(medium-chain 3-ketoacyl-CoA thiolase) (Houten et al., 2016). For the degradation of a
variety of unsaturated FAs a set of enzymes has evolved that can convert acyl chains with
atypical enoyl positions into the conventional trans-2-enoyl-CoA that can re-enter p-oxidation.
These enzymes are 2,4-dienoyl-CoA reductase (DECR), A3,5-A2,4-dienoyl-CoA isomerase,

and A3,A2-enoyl-CoA isomerase (ECI) (Houten et al., 2016).

iv) Electron transport chain and oxidative phosphorylation

Both, TCA and B-oxidation result in an accumulation of reducing equivalents in the form of
NADH and FADH,. These molecules serve as storage for the free energy derived from the
oxidation of substrates. In order to generate ATP from substrate oxidation, the reducing
equivalents feed electrons into the electron transport chain (ETC), which in turn produces a
proton (H*) gradient across the inner mitochondrial membrane. This depletion of protons in
the matrix drives an H* backflow through the FiFo ATP synthase (complex V). The ATP
synthase physically couples the H" translocation to the production of ATP from ADP and P;
via a rotating mechanism. This mechanism was first proposed in 1961 by Peter Mitchell as
the chemiosmotic model (Mitchell, 1961) and is now commonly referred to as oxidative

phosphorylation (OXPHOS).

The ETC consists of four complexes, which all reside in the inner mitochondrial membrane.
The NADH-Coenzyme Q (CoQ) reductase (complex |) and the succinate-CoQ reductase
(complex 1) are the major entry points for electrons derived from NADH and FADH,,
respectively. Both shuttle electrons onto the lipophilic electron carrier Coenzyme Q, also
known as ubiquinone, which resides in the IMM. Ubiquinol-cytochrome ¢ reductase (complex
IIl) transfers the electrons from ubiginone to cytochrome c. The latter is an iron-sulfur cluster
containing hydrophilic IMS protein that is physically tethered to the outer leaflet of the IMM.
Finally, the cytochrome c oxidase (complex IV) receives the electrons from cytochrome ¢ and
reduces molecular oxygen in a stepwise fashion. Complexes I, lll and IV are linked to proton
pumping activity and asymmetrical protonation and deprotonation in the matrix and IMS,

respectively, which together produce the proton gradient across the IMM.
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The conversion of energy into ATP is facilitated by the F{Fo ATP synthase, which consists of
an enzymatic peripheral F; and a proton-conducting membrane-bound Fo component. Fg is
comprised of a ring of 8 to 12 c-subunits and the associated a-subunit containing a proton
hemi-channel. The a-subunit allows for entry of a proton into the membrane. The proton is
then believed to bind to the c-subunit and drive the rotation of the c-ring. After one full
rotation the proton exits the membrane via a second hemi-channel within the a-subunit
resulting in the influx of protons from the IMS into the matrix (Walker, 2013). Further Fo
components are the subunits b, d, e, f, g, A6L, and F6 in mammalian mitochondria. The F;
component protrudes into the matrix and consists of the 3 enzymatic p-subunits that form a
ring with 3 alternating a-subunits and the central stalk subunits y, ® and €. The central stalk is
an asymmetric trimer that is bound to the rotating c-ring. Alternate binding of the long vy
subunit to three binding sites within the a-B-hexamer causes the conformational change that
drives the enzymatic activity of Fy. A lateral stalk connects F; to the membrane bound
components and keeps it stationary relative to Fo. The lateral stalk consists of the
oligomycin-sensitive protein OSCP as well as the Fo components b, d and Fs (Baker et al.,
2012; Walker, 2013). The F{Fo ATP synthase has been shown to form dimers and this is
thought to be important for the shaping of cristae (Strauss et al., 2008). The Fo subunits e
and g extend at the distal end from the c-a axis and ablation of either subunit abrogates ATP

synthase dimer formation (Arselin et al., 2004; Baker et al., 2012).

v) Ketone body metabolism

Under conditions of sufficient nutrient supply cells preferentially utilise glucose-derived
acetyl-CoA as substrate for OXPHQOS. Fatty acids are mainly spared from OXPHOS and
instead stored in adipose tissue. However, when blood glucose levels are low, such as
during fasting, the release of the hormone glucagon leads to mobilisation of alternative
energy sources, mainly fatty acids from adipose tissue. The liver plays a central role in the
regulation of whole body nutrient homeostasis. During times of limited blood glucose with the

concomitant hormonal changes during fasting the liver produces glucose from glycogen and
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other carbon sources, including oxaloacetate and glucogenic amino acids. This results in a
decrease of the TCA cycle activity and an accumulation of fatty acid-derived acetyl-CoA. In
order to maintain a pool of free CoA for further metabolic reactions liver mitochondria
produce a subset of enzymes that catalyse the condensation of two acetyl-CoA into ketone
bodies (Morris, 2005) (Figure 1.5). These enzymes include acetoacetyl-CoA thiolase (ACAT),
HMG-CoA synthase, HMG-CoA lyase and B-hydroxybutyrate dehydrogenase (BHB-DH). The
products of this pathway acetoacetate (ACAC) and B-hydroxybutyrate (BHB) together with
acetone, the spontaneous degradation product of acetoacetate, are jointly referred to as
ketone bodies. In contrast to fatty acids, ketone bodies can cross the blood brain barrier and
are used by neurons as an alternative energy substrate (Morris, 2005; Paoli et al., 2015). In
non-liver mitochondria, BHB is taken up into mitochondria and oxidised by BHB-DH. The
resulting ACAC is converted into acetoacetyl-CoA by the enzyme succinyl-CoA:3-ketoacid
CoA transferase (SCOT) and further lysed into two acetyl-CoA by acetoacetyl-CoA thiolase

(ACAT) (Paoli et al., 2015).

ketone body metabolism
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Figure 1.5 — Ketone body metabolism. Ketone bodies are produced in liver during starvation.
They are secreted and transported to extra-hepatic tissue, including the brain via the blood.
Subsequently, ketone bodies are converted back to acetyl-CoA to be used for mitochondrial energy
production. DH — dehydrogenase, ACAT — acetoacetyl-CoA thiolase, CoA — Coenzyme A, HMG -
B-hydroxy-p-methylglutaryl, BHB — B-hydroxybutyrate,
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vi) Amino acid and pyrimidine synthesis in mitochondria

As mentioned above, the TCA cycle is an important supplier of precursors for amino acid
(AA) synthesis (Figure 1.3). Glutamate and downstream amino acids glutamine, proline and
arginine are derived from a-ketoglutarate. Oxaloacetate in turn is the precursor for asparate
and the downstream amino acids asparagine, methionine, threonine, lysine and isoleucine.
All other AAs are produced from the glycolytic metabolites 3-phosphoglycerate,
phosphoenolpyruvate and pyruvate. The only exception to this is the synthesis of histidine,
which requires ribose-5-phosphate from the pentose phosphate pathway. It is important to
mention, however, that the human body cannot produce all proteinogenic amino acids in
sufficient amounts and therefore has to take up nutrition-derived essential amino acids,
including isoleucine, lysine, methionine and threonine. Furthermore, many of the enzymes
necessary for glutamate and aspartate synthesis can also be found in the cytoplasm and can

substitute for mitochondrial AA synthesis under certain circumstances (Berg et al., 2015).

Despite the importance of mitochondrial metabolism, certain cells can survive without
functional ETC and OXPHOS induced by the depletion of mitochondrial DNA (p° cells).
Respiration is not only required for energy production but also maintains the TCA cycle
through oxidation of NADH. Concomitantly, p° cells show severely impaired TCA cycle
activity. However, when supplemented with pyrimidine and high amounts of pyruvate, p° cells
are able to survive and proliferate (King and Attardi, 1989). De novo pyrimidine synthesis
requires the reduction of dihydroorotate to orotate, a reaction catalysed by dihydroorotate
dehydrogenase, which transfers the released electrons directly into the ETC. A compromised
ETC therefore inhibits the production of pyrimidine nucleotides, which explains the
auxotrophy of p° cells for pyrimidine substitution (Gregoire et al., 1984). However, the
requirement for supplementation with high levels of pyruvate has long been a mystery, since
p? cell are highly glycolytic and produce excessive amounts of pyruvate. Two groups recently
reported that the requirement of p° cells for pyruvate could be overcome by supplementation
with high amounts of aspartate (Birsoy et al., 2015; Sullivan et al., 2015). Aspartate is
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required for protein and adenosine nucleotide production. The de novo synthesis of aspartate
depends on a reductive transamination from oxaloacetate with oa-ketoglutarate as the
electron acceptor (Figure 1.3, malate/aspartate shuttle). The resulting glutamate in converted
back to a-ketoglutarate by glutamate dehydrogenase, which requires NAD" as the electron
acceptor. Sullivan therefore concluded that in p° cells pyruvate serves as the final electron
acceptor, which is reduced by lactate dehydrogenase to maintain an oxidised pool of NAD"

for reductive anabolic reactions, especially the synthesis of aspartate.

vii) Urea cycle

In mammals the urea cycle is the sole pathway for nitrogen clearance in form of urea and is
mainly performed in hepatic tissue. Genetic mutations have been found for all enzymes of
the urea cycle and the subsequent metabolic diseases, collectively termed the urea cycle
disorders, are caused by mild to severe dysfunction of the cycle (Ah Mew et al., 1993). The
result is a toxic accumulation of nitrogen in form of NHs; or NH," in the blood, which is
diagnosed as hyperammonemia. Hyperammonemia can cause severe neurologic
dysfunction leading to coma and death if not treated adequately. The urea cycle is initiated
by the synthesis of carbamoyl phosphate from NH; and HCOj3 and subsequent ligation to
ornithine, which gives raise to citrulline in the mitochondrial matrix (Figure 1.3). The enzymes
required for this synthesis are carbamoyl phosphate synthetase 1 and ornithine
transcarbamylase (see Figure 1.3). The resulting citrulline is then exported into the cytosol by
the ornithine-citrulline carrier of the inner mitochondrial matrix. Citrulline is ligated to
aspartate by argininosuccinate synthetase to give raise to argininosuccinate. This is lysed in
the penultimate step by argininosuccinate lyase to form the amino acid arginine and the TCA
cycle intermediate fumarate. Finally, arginine is hydrolysed by arginase 1 releasing two

nitrogen atoms in the form of non-toxic urea (CH4N,QO) and replenishing the pool of ornithine.

viii) NADH-shuttle
NAD" is the main electron acceptor for most catabolic reactions, including the reductive

synthesis of 1,3-bisphosphoglycerate from glyceraldehyde 3-phosphate during glycolysis in
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the cytosol. In contrast, the main NADH consuming process is OXPHOS in the mitochondrial
matrix. Two mechanisms have evolved to transfer the electrons to their final acceptors in the
mitochondrial matrix. The first one is the malate/aspartate shuttle, which uses NADH and
oxaloacetate in the cytosol to produce malate by cytosolic malate dehydrogenase. The
malate/a-ketoglutarate antiporter transfers malate into the mitochondrial matrix and exports
a-ketoglutarate to the cytosol. The latter is converted into cytosolic oxaloacetate during the
transamination reaction of aspartate to glutamate. Finally, the mitochondrial
aspartate/glutamate carrier exchanges the more reduced glutamate from the cytosol with
oxidised aspartate from mitochondria. Inside the mitochondria, the reverse reactions of those
fixing NADH in the cytosol lead to the release of the latter in the matrix and to the recycling of
the shuttle components (Berg et al., 2015).

A second system is composed of the cytosolic and mitochondrial glycerol 3-phosphate (G3P)
dehydrogenases. The mitochondrial counterpart is found in the IMM, where it oxidises G3P
to dihydroxyacetone phosphate. The electrons are first transferred onto the prosthetic group
FAD and subsequently fed into the ETC via ubiquinone. The product of this reaction,
dihydroxyacetone phosphate is then reduced by the cytosolic G3P dehydrogenase using

cytosolic electrons from NADH (Berg et al., 2015).

1.1.6 Other mitochondrial functions

i) Mitochondria as calcium buffering organelles

Intracellular calcium is a versatile regulator of numerous cellular functions, including cell
proliferation, neurotransmitter release, muscle contraction, immune response, fertilisation,
and apoptosis. Under resting conditions cells maintain a very low cytosolic calcium (Ca*)
level through the export of Ca®" via plasma membrane transporters, such as the Ca®*-
ATPase or the Na*/Ca®* exchanger (Guerini et al., 2005). In addition, Ca**. clearance can
occur through uptake into the ER and the mitochondrial matrix. Both organelles can store

large amounts of Ca** and can potently regulate the calcium response of the cell. There is
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intimate crosstalk between ER and mitochondrial Ca®* transients, which is mediated via a
specialised ER compartment referred to as the mitochondrial associated membranes (MAM)

(Raturi and Simmen, 2013).

Due to its numerous targets inside the cell Ca®*; levels are highly regulated both temporally
and spatially. The uptake of Ca®" in the ER is mediated by sarcoplasmic/endoplasmic
reticulum Ca** ATPases (SERCA). This pump rapidly sequesters Ca*; into the lumen of the
ER, which is driven by ATP hydrolysis and serves as a global Ca®* sink (Eisner et al., 2013).
Mitochondrial Ca®* (Ca®*,,) uptake is somewhat more complex. The ion has to cross two
membrane compartments and both, slow and fast uptake kinetics have been observed
(Santo-Domingo and Demaurex, 2010). The uptake is driven by the mitochondrial membrane
potential. Ca®* crosses the outer membrane via VDAC, a large, unspecific channel that is
abundantly expressed in the OMM. However, during fast Ca?*,, uptake VDAC expression
levels can be a limiting factor (Rizzuto et al., 2012). A specific Ca®* channel in the IMM has
only recently been characterised on the molecular level and is known as the mitochondrial
Ca”* uniporter (MCU)(Baughman et al., 2011). The isolated MCU has a rather low affinity for
Ca®" and uptake of large quantities seems dependent on the close proximity of the MCU to
Ca® channels at the ER or plasma membrane (Montero et al., 2000; Rizzuto et al., 1993).
Mitochondria also release Ca®** back into the cytosol probably via Na*/Ca*- and H*/Ca®*-
exchanger. In addition, transient opening of the mitochondrial permeability transition pore
(mPTP), a large, unspecific channel in the IMM can rapidly release mitochondrial Ca** at the

expense of the AW, (Jonas et al., 1999).

Mitochondrial Ca?* uptake results in buffering of high local Ca**. levels, while re-release
enables a redistribution and a slow and longer lasting increase of total Ca*. (Rizzuto et al.,
2012). This seems of particular importance during synaptic short term plasticity, where
repetitive action potential-triggered Ca** influx results in enhanced synaptic Ca®* levels

thereby facilitating synaptic neurotransmitter release. In pancreatic acinar cells, mitochondria
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accumulate between the apical, secretory pole and the basolateral, nucleus-containing pole.
This results in compartmentalisation of high Ca*'. concentrations that are necessary for
vesicle secretion on the apical side. Sequestration of Ca®*; by the mitochondrial belt acts as
a firewall that prevents unwanted transcriptional changes triggered by Ca®*. in the

basolateral side (Rizzuto et al., 2012).

ii) ROS and Redox homeostasis

Most cellular compartments, including the cytosol and the mitochondrial matrix are reducing
environments. This is crucial for cell viability because uncontrolled oxidative reactions can
alter the molecular composition of proteins, lipids and nucleotides. To maintain the reductive
potential the cell produces anti-oxidant molecules, such as glutathione (GSH) and
thioredoxin (TRX). These molecules can accept electrons from oxidised proteins thereby
regenerating their reduced state. In a second step, oxidised glutathione (GSSG) and oxidised
TRX are re-generated by GSH reductase and TRX reductase, respectively, with NADPH as
electron donor (Holmstrom and Finkel, 2014; Trachootham et al., 2008).

The redox potential of the cell is challenged by reactive oxygen species (ROS). ROS arise
through single electron transfer onto molecular oxygen, thereby creating the radical
superoxide ‘O,". ‘O is highly reactive and needs to be degraded quickly. This is done by the
protein superoxide dismutase (SOD), which converts two molecules ‘O, to
hydrogenperoxide (H,O,) and molecular oxygen O,. Subsequently, H,O, can be degraded to
H,O by either catalase, GSH or TRX (Brookes et al., 2004; Trachootham et al., 2008). In
contrast to superoxide H,O, can cross biological membranes either by diffusion or through
specialised aquaporins, the peroxiporins (Sies, 2014). Interestingly, H,O, has cell-signalling
properties and is a potent regulator of cytokine and growth factor signalling thereby
regulating diverse processes such as cell metabolism, immune response, cell proliferation
and differentiation, and apoptosis (Marinho et al., 2014; Rhee, 2006; Sies, 2014).

ROS generation can be driven by a family of enzymes termed NADPH oxidases (Nox)
(Brown and Griendling, 2009). The first member of this family, Nox2 was implicated in the

oxidative burst of neutrophils as part of the innate immune response. However, we now know
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of at least 7 differentially expressed mammalian isoforms with specialised functions in growth
factor and Ca”* signalling, as well as oxygen sensing (Brown and Griendling, 2009).

The second main site of ROS production is located within mitochondria. The transport of
highly reactive electrons through the numerous redox reactions in the mitochondrial matrix
and the ETC is imperfect and the premature reaction of electrons with O, can occur at
various stages (Jastroch et al., 2010). The best characterised mitochondrial ROS producing
proteins are NADH oxidase (complex I) and Coenzyme Q:cytochrome C oxidoreductase
(complex Ill) of the ETC. Importantly, ROS production by these complexes positively
correlates with the electronegativity at each reactive redox centre and therefore is enhanced
by low availability of oxygen. On the other side, high oxygen levels increase the unspecific
reaction of O, with complex | and Ill, which will also result in enhanced ROS production.
Therefore, oxygen availability to mitochondria is regulated at various levels including lung
ventilation, capillary blood flow (through vasoconstriction/-dilation) and possibly via partial
uncoupling of respiration through bypassing of proton pumping complexes (Papa and
Skulachev, 1997). Mitochondrial ROS production is also likely enhanced during increased
mitochondrial respiration (Gorlach et al., 2015).

Oxidative damage has been observed in a number of physiological and pathological
conditions, including ageing, neurodegeneration and neuroinflammation (Balaban et al.,
2005; Dexter and Jenner, 2013; Reynolds et al., 2011). However, direct measurement of
ROS in vivo is technically challenging (Murphy, 2009). It is important to mention that most of
our knowledge on mitochondrial ROS production is derived from experiments on isolated
mitochondria. In these experiments mitochondria are exposed to artificial conditions often far
from their natural steady-state equilibrium (e.g. high substrate availability, ATP synthase
inhibition, atmospheric oxygen levels). Therefore mitochondrial ROS production under
natural conditions may be an order of magnitude below those observed in vitro (Murphy,

2009).
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The level of cellular ROS is not only dependent on the amount of production but also on its
clearance. As mentioned above, several cellular systems are dedicated to the degradation of
ROS. These antioxidants can be found ubiquitously throughout the cell. However, the redox
potential of different cellular compartments is not equal pointing to differential targeting of
antioxidants between compartments (Hu et al., 2008). Most antioxidants require NADPH as
final electron donor. There are different pathways for NADPH generation in the cytosol and
mitochondria. The main cytosolic route is the pentose phosphate pathway (PPP), which
diverts from glycolysis at the level of glucose-6-phosphate. The NADPH producing enzymes
are glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase. Another
important function of the PPP is ribose-5-phosphate production for nucleotide biosynthesis,
which requires the enzymes gluconolactonase and ribulose-5-phosphate isomerase.
Interestingly, due to a complex set of isomerisation and conversion reactions the carbons
that enter the PPP can be diverted back to the glycolytic pathway as fructose 6-phosphate
and glyceraldehyde 3-phosphate (Berg et al., 2015). Another mechanism to form cytosolic
NADPH is the transport of citrate from the mitochondrial matrix to the cytosol and
subsequent conversion and oxidation via cytosolic NADP-dependent IDH1. The resultant a-
ketoglutarate can be transferred back to mitochondria to replenish the pool of TCA cycle
intermediates (Metallo et al., 2012; Siebert et al., 1957). Mitochondrial NADPH levels can be
produced by mitochondrial NADP-dependent IDH2. Thereby electrons are diverted from the
energy-producing pathway to the anti-oxidant defence mechanisms. Interestingly, IDH2 can
also catalyse the reductive reaction from a-ketoglutarate to isocitrate to replenish the pool of
mitochondrial citrate. This was shown to be important for cancer cell proliferation in hypoxia.
Under these conditions the entry of pyruvate into the TCA cycle is inhibited due to high
NADH levels and the cells switch to glutamine degradation to produce citrate for further
anabolic reactions (Wise et al., 2011). Another enzyme that produces NADPH is
nicotinamide nucleotide transhydrogenase (NNT). This enzyme transfers electrons between
NADH and NADPH. However, NNT activity relies on the translocation of protons across the

IMM and is therefore AW.,-dependent (Sazanov and Jackson, 1994).
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Finally, NADPH-independent ways of redox regulation have been proposed. For example,
high levels of a-ketoglutarate were found to scavenge ROS through direct oxidation of this
TCA cycle intermediate. In this mechanism a-ketoglutarate reacts with H,O, to undergo a

non-enzymatic decarboxylation resulting in water and succinate (Fedotcheva et al., 2006).

iii) Mitochondria and cell death

Regulated cell death is an important function for the development and survival of multi-
cellular organisms. During development, tissue size and shape are controlled by cell
proliferation and programmed cell death, also called apoptosis (Jacobson et al., 1997).
Disrupted or infected cells are often eliminated through necrotic cell death to prevent further
damage to neighbouring cells (Vanden Berghe et al., 2014). There are many different
pathways that induce cell death and in fact most of them involve mitochondria at an early or
later stage (Green and Reed, 1998; Nikoletopoulou et al., 2013; Skulachev, 2006; Vanden
Berghe et al., 2014). | will therefore only briefly mention the main modes of cell death and

then focus on those aspects that involve mitochondria.

Apoptotic cell death can be initiated by extrinsic stimuli acting through plasma membrane
receptors, such as tumour necrosis factor (TNF) receptor (TNFR), Fas receptor and TNF-
related apoptosis-inducing ligand (TRAIL) receptor. Binding of ligands causes the association
of TNFR- or Fas-associated death domain containing protein (TRADD or FADD) with these
receptors. Subsequently, pro-caspases (e.g. pro-caspase 2, 8 and 10) are recruited to the
receptor bound death domain containing proteins leading to pro-caspase cleavage. The
activated caspases cleave downstream executioner caspases 3, 6 and 7, a process known
as the caspase cascade (Green and Kroemer, 1998; Tait and Green, 2010). Caspase
activation leads to protein degradation, DNA fragmentation and ultimately cell demise

(Thornberry and Lazebnik, 1998).

58



1 Introduction — Mitochondria and metabolism

The intrinsic pathway of apoptosis is often referred to as the mitochondrial pathway. It is
triggered for example by DNA damage and ER stress, and particularly in neurons by ROS or
Ca** overload, which causes activation of Bcl-2 homology 3 (BH3)-only proteins Bad, Bim
and PUMA. BH3-only proteins inhibit anti-apoptotic Bcl-2 family members thereby activating
the pro-apoptotic Bcl-2 proteins Bax and Bak. Bax and Bak can oligomerise in the OMM
permeabilising the membrane and releasing apoptotic IMS proteins, most importantly
cytochrome c¢ (cytC). Binding of cytosolic cytC to apoptotic protease-activating factor 1
(Apaf1) causes a conformational change and oligomerisation of seven Apafl monomers into
the active apoptosome complex. Activated Apaf1 binds to pro-caspase 9 via its caspase
recruitment domain (CARD). Proteolytic maturation of caspase 9 results in the caspase
cascade already mentioned above (Tait and Green, 2010). It is important to mention that
apoptotic cell death requires ATP from either glycolysis or mitochondrial respiration for the

final execution of death involving DNA fragmentation (Leist et al., 1997).

Interestingly, the initiator caspase 8 of the extrinsic pathway also cleaves pro-apoptotic Bid
and the resulting tBid (truncated Bid) can act in a similar way to Bad. By this means both
extrinsic and intrinsic pathways crosstalk at the level of OMM permeabilisation
(Nikoletopoulou et al., 2013). There are additional mechanisms that keep apoptosis under
control in case of accidental caspase activation. The X-linked inhibitor of apoptosis (XIAP)
protein binds to and inhibits active caspases. The release of SMAC/DIABLO and Omi/HtrA2
from the IMS into the cytosol inhibits XIAP activity and facilitates induction of apoptosis.
Other important IMS proteins are apoptosis inducing factor (AlIF) and endonuclease G, the
release and nuclear translocation of both can induce caspase-independent nuclear

condensation and DNA fragmentation (Tait and Green, 2010).

The classic necrosis is viewed as uncontrolled cell lysis through membrane rupture with
concomitant inflammation due to the release of inflammatory molecules from the cytosol.

This stands in sharp contrast to recent research, which has unravelled a complex regulatory
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network of necrotic cell death. Necrosis can be triggered by many different stimuli, similar to
apoptosis. Importantly, cross talk and feedback mechanisms exist both within the range of
necrotic pathways but also between necrosis and apoptosis (Vanden Berghe et al., 2014).
The term necroptosis has evolved to distinguish regulated necrosis from unregulated cell
death. The best-studied mediators of regulated necrosis are receptor-interacting protein
kinase (RIPK) 1 and RIPK3. Upon activation, the kinases form fibrillar heterooligomers (Li et
al., 2012) that phosphorylate mixed lineage kinase domain-like (MLKL) protein. MLKL can
form oligomers and disrupt membranes, thereby leading to the release of lysosomal
proteases into the cytosol and cytosolic pro-inflammatory components into the extracellular
space, which ultimately leads to necrotic cell death (Vanden Berghe et al., 2014).
Interestingly, RIPK1 and RIPK3 induction can occur downstream of TNF receptor, especially
when initiator caspase 8 is deleted or inhibited. In addition, low levels of ATP may lead to
preferential initiation of necrosis over apoptosis at the level of death receptor signal
transduction (Los et al., 2002). In this scenario, caspase-mediated inhibition versus ROS-
mediated activation of poly-(ADP ribose) (PAR) polymerase 1 (PARP1) was proposed as a
molecular switch between apoptosis and necrosis. PARP1 inhibits neuronal energy
metabolism through PAR-mediated inhibition of hexokinase, the initial enzyme of glucose

breakdown (Andrabi et al., 2014).

Although cell death can occur independently of mitochondria, this organelle is intimately
linked to various pathways of cellular demise. Its close relation to apoptosis has become
clear from the first paragraph. However, mitochondria can induce cell death independently of
pro-apoptotic Bcl-2 family members and OMM permeabilisation. Mitochondrial stress factors
such as high levels of ROS or mitochondrial Ca** can induce the opening of a large channel
that permeabilises the IMM for solutes, such as ions and small metabolites. This process is
known as the mitochondrial permeability transition (mPT) and is facilitated by the mPT pore
(mPTP) (Ichas and Mazat, 1998). Opening of the mPTP also uncouples electron transfer

from production of ATP. The transient opening of the mPTP was proposed to have
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physiological functions such as protection from mitochondrial ROS or Ca®* release from the
matrix (Jonas et al., 2015; Mnatsakanyan et al., 2016). However, prolonged opening of the
mPTP results in irreversible loss of Ay, and loss of mitochondrial integrity. Irreversible
mPTP opening has two detrimental consequences, which cause cell death independent of
each other. The first is the lack of production of ATP and other mitochondrial products
important for cell viability. The second is the release of IMS localised mediators of cell death
that have already been described above. The latter results from the mPTP induced swelling
of the mitochondrial matrix, which causes the rupture of the OMM due to the larger area of
IMM compared to OMM (Ichas and Mazat, 1998). Owing to these two consequences mPT
has been implicated in both apoptotic and necrotic types of cell death. The molecular identity
of the mPTP has been discovered recently as the c-subunit ring of the F1Fo-ATP Synthase
(Alavian et al., 2014). Interestingly, the ATP Synthase has previously been shown to exhibit a
proton leak that reduces the efficiency of the enzyme to produce ATP (Alavian et al., 2011;
Chen et al.,, 2011). These findings implicate a tight relation between cell death and the

metabolic state of a cell .

1.1.7 Mitochondrial dynamics, biogenesis, and degradation

Mitochondria form a highly dynamic ATP generating network within most cells of our body
(Chen and Chan, 2009). The generation and degradation of mitochondria are part of an
adaptive process to ensure metabolic homeostasis of the cell, as well as to replace
dysfunctional mitochondria (Liesa and Shirihai, 2013; Suen et al., 2008). The movement of
mitochondria provides a mechanism to fine-tune energy provision and calcium sequestration
in highly compartmentalised cells (Rizzuto et al., 2012), such as neurons (Chen and Chan,
2009). Finally, mitochondrial fission and fusion events are important for various functions
such as movement, some forms of apoptosis, as well as complementation or segregation of
mildly or severely impaired mitochondria, respectively (Chen and Chan, 2009; Liesa and

Shirihai, 2013; Suen et al., 2008).
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i) Mitochondrial biogenesis

Mitochondrial biogenesis is mainly controlled at the level of expression of mitochondrial
proteins. These are made up of both, nuclear and mitochondrially encoded genes, which are
transcribed upon binding of specific sets of transcription factors. Tfam and TFB2M induce
mitochondrial gene expression, whereas different transcription factors control the nuclear
expression of mitochondrial genes. Among those are the nuclear respiratory factor (Nrf) 1
and Nrf2, peroxisome proliferator-activated receptors (PPAR) a/Bly, estrogen-related
receptors (ERR) a/Bly, as well as YY1, MEF2, c-myc and CREB. However, the most
important factors for mitochondrial proliferation are the master regulators of the PPARy
coactivator-1 (PGC-1) family, consisting of PGC-1a/ and PGC-1 related coactivator (PRC)
(Jornayvaz and Shulman, 2010; Scarpulla et al., 2012). PGC-1qa, the best-characterised
member of the family directly activates Nrfs, PPARs and ERRs, thereby regulating synthesis
of most, if not all mitochondrial proteins. Importantly, PGC-1a also induces the expression of
Tfam and TFB2M via Nrf1 and Nrf2 providing an orchestrated expression of nuclear- and
mitochondrially-encoded proteins of the respiratory chain. The second important finding in
the field of mitochondrial biogenesis was that PGC-1a responds to a variety of metabolic
signals through transcriptional and post-transcriptional regulatory mechanisms. PGC-1a
transcription is upregulated by nutrient deprivation and exercise in a CREB-dependent
manner. Furthermore, the nutrient sensor mammalian target of rapamycin (mTOR) is likely to
positively regulate the interaction between YY1 and PGC-1aq, resulting in enhanced PGC-1a
expression in a feed forward manner. mTOR activation thereby facilitates both mitophagy
(degradation of non-functional mitochondria), as well as biogenesis of new mitochondria
(Wenz, 2011). On the post-translational level, energy depletion results in phosphorylation
and activation of PGC-1a by AMPK. Furthermore, the sirtuins Sirt1 and Sirt3 can facilitate
activation through deacetylation of PGC-1a as response to nutrient deprivation and oxidative

stress, respectively (Jornayvaz and Shulman, 2010; Scarpulla et al., 2012).
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ii) Degradation/mitophagy

The primary function of mitochondrial degradation is to exclude dysfunctional mitochondria
that would be harmful to the cell upon accumulation. Dysfunction in mitochondria is
characterised by low energetic output and high production of ROS, which enhances the
probability of mitochondria to undergo permeability transition. The process of mitochondrial
degradation was termed mitophagy because it relies on functional autophagosomes and
receptors on these double membrane vacuoles, which can recognise mitochondria that are
targeted for degradation (Kim et al., 2007). Several autophagosomal proteins are involved in
mitophagy of mammalian cells, including autophagy related protein (Atg) 7, unc51-like
kinase1 (ULK1) and p62/sequestosome-1, as well as the membrane-bound MAP1LC3

(microtubule associated protein 1 light chain 3) (Youle and Narendra, 2011).

The function of mitochondria is intimately linked to the mitochondrial membrane potential
AW, Loss of AW, has a variety of consequences including the accumulation of markers for
mitophagy on the OMM. In various cell types the accumulation of proteins containing an LC3-
interacting region (LIR), such as NIX/BNIP3L, BNIP3 and FUNDC1, at the OMM is induced
upon loss of AW,. Interestingly, these proteins also respond to hypoxia with enhanced
expression on the OMM. LIR-containing proteins induce the binding of mitochondria to
autophagosomal membranes, which leads to the engulfment of the organelle. Subsequent
fusion of the autophagosome with lysosomes leads to the hydrolytic degradation of proteins,
lipids and mitochondrial DNA (Melser et al., 2015; Youle and Narendra, 2011). A second
mechanism to remove damaged mitochondria relies on the PTEN-inducible putative kinase 1
(PINK1) and the E3 ubiquitin ligase parkin. In healthy mitochondria PINK1 is imported into
the matrix but has a relatively short half-life due to degradation through matrix proteases.
However, protein import relies on the mitochondrial membrane potential and when AW, is
low, PINK1 transport across OMM and IMM is diminished. This results in PINK1
accumulation at the OMM where it phosphorylates a number of proteins, such as Mfn1, Mfn2
and VDAC1 (Geisler et al., 2010; Narendra et al., 2010). PINK1 also recruits cytosolic Parkin
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to the OMM via phosphorylation. Parkin-mediated ubiquitination of OMM proteins, such as
VDAC and Mfn2 results in binding of sequestosome-1 and recruitment of MAP1LC3
containing membranes (Geisler et al., 2010; Narendra et al., 2008). Interestingly,
NIX/BNIP3L can also recruit Parkin to depolarised mitochondria thereby reinforcing the
mitopaghic process (Ding et al., 2010). Both, PINK1 and Parkin are recessive Parkinson’s
disease proteins and were suggested to play an important role during neuronal mitochondrial

quality control (Trempe and Fon, 2013; Youle and Narendra, 2011).

Recently, post-translational regulatory mechanisms of mitophagy proteins have been
identified. For example, phosphorylation of creatine kinase 2 (CK2) antagonises the activity
of FUNDCA1. This is reversed by the phosphatase activity of phosphoglycerate mutase 5
(PGAMS5) (Chen et al., 2014). PGAMS5 activity was also implicated in stabilisation of PINK1
and PGAMS5 knock out mice reveal a parkinsonian phenotype (Lu et al., 2014). Interestingly,
PGAMS5 can be inhibited by the anti-apoptotic Bcl-x. (Wu et al., 2014), which in addition to its
inhibitory effects on pro-apoptotic Bax and Bak also increases mitochondrial energy
production by enhancing ATP synthase efficiency (Alavian et al., 2011). This indicates an
inhibitory effect of mitochondrial metabolism on degradation at the level of a single

mitochondrion.

An interesting aspect of mitochondrial degradation was summarised recently by Lemasters,
who pointed out that different physiological conditions may trigger mechanistically and cell
biologically distinct types of mitophagy (Lemasters, 2014). He differentiated between 3 types
of mitophagy. Type 1 is a nutrient starvation-induced mitophagy, which depends on the
classic autophagy proteins Beclin-1 and class Il phosphatidyl inositol 3 kinase (PI3K)(Sinha
and Levine, 2008) and is accompanied by the engulfment of pre-autophagic structures and
mitochondrial fission. Type 2 is caused by mitochondrial damage and induced loss of AW,
which triggers the enclosure of whole mitochondria by LC3-positive membranes. This is

mechanistically independent of Beclin-1 and PI3K but requires PINK1 and Parkin activity.
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Finally, a newly characterised form of micro-autophagy was assigned as type 3 mitophagy or
micro-mitophagy. This is characterised by the budding of small mitochondrial vesicles
enriched in oxidised proteins and subsequent engulfment by multivesicular bodies. Type 3 is
independent of the mitochondrial fission machinery but requires PINK1 and Parkin
(Lemasters, 2014). Finally, the expression of ceramide on the OMM of mitochondria was
shown to directly bind autophagic MAP1LC3 thereby directing mitochondria for destruction

(Sentelle et al., 2012).

iii) Fission and fusion

Mitochondria are highly dynamic organelles that can form networks of different morphologies
depending on the tissue and metabolic state of the cell. This aspect of mitochondrial biology
depends on membrane fission and fusion processes. Mitochondrial fission serves primarily
two functions, which are the generation of new mitochondria and the segregation of
dysfunctional mitochondrial particles for subsequent degradation. Mitochondrial fusion in turn
is thought to complement partially damaged mitochondria with material from intact
mitochondria resulting in a constant exchange of proteins, lipids and DNA (Westermann,
2012; Youle and van der Bliek, 2012). Furthermore, extended mitochondrial networks
created through fusion may facilitate efficient distribution of energy throughout the cell

(Skulachev, 2001).

In mammals the core proteins for both fission and fusion constitute large GTPases of the
dynamin family. The cytosolic dynamin-related protein 1 (Drp1) can be recruited to
mitochondrial fission sites by each of the OMM adaptors Mid49, Mid51, Mff or Fis1. There is
evidence for a differential preference of each adaptor and/or different regulatory mechanism
depending on the cell type and fission-inducing stimulus (Loson et al., 2013). The
mechanism of membrane fission for Drp1 is thought to be very similar to its close family
member dynamin. Upon binding to constricted membranes dynamin forms rings of homo-
dimers around the surface of the lipid bilayer. The hydrolysis of GTP to GDP by the dynamin

GTPase domain causes a conformational change that leads to a constriction and twist of the
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Drp1 rings into spirals and subsequent membrane fission (Ferguson and De Camilli, 2012). It
is not clear to date whether fission of the IMM proceeds independently of OMM fission or is

caused simultaneously through the action of Drp1 at the OMM.

Mitochondrial fusion occurs individually at the outer and inner membrane. The fusion proteins
Mitofusin (Mfn) 1 and Mfn2 are OMM transmembrane proteins that can form homo- and
heterodimers. The dimer formation between Mfn proteins from opposing mitochondrial
membranes facilitates membrane tethering and subsequent fusion after a major
conformational change induced by GTP hydrolysis (Koshiba et al., 2004). The fusion of the
inner membrane is mainly catalysed by the dynamin-like GTPase family member optic
atrophy 1 (Opa1), which is localised at the IMM through a transmembrane domain. IMM
fusion only occurs in presence of the mitochondrial membrane potential and ATP.
Mitochondrial depolarisation results in stabilisation of the IMM protease Oma1/HtrA2, which
catalyses the proteolytic digestion of Opa1 thereby preventing the fusion of functional with
non-functional mitochondria (Belenguer and Pellegrini, 2013). The exact molecular
mechanism for IMM fusion is not yet clear but it appears that it requires both, a long
membrane-bound (Opa1l-l) and a smaller IMS soluble (Opa1-s) form (Belenguer and

Pellegrini, 2013).

iv) Transport

The transport of mitochondria is extremely important for the efficient supply of energy at
distal parts of highly active cells. Mitochondrial transport mechanisms have been studied
extensively in neurons. Both, mitochondrial biogenesis and degradation are constraint to the
neuronal cell body, hence synaptic mitochondria rely on active transport mechanisms to
reach their destination. As a result, disruption of mitochondrial transport impairs axonal
outgrowth, synaptic transmission, and ultimately neuronal viability (Sheng and Cai, 2012).
The regulated movement of mitochondria can occur along all types of cytoskeletal networks
with varying kinetics and usually in a bidirectional manner. Long-distance transport of

mitochondria in axons is facilitated by uniformly polarised microtubules that extend in
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anterograde direction towards the synapse. The anterograde motors kinesin-like proteins,
especially KIF5, KIF1B and KLP6, and the retrograde motor dynein have been shown to
attach to mitochondria via mitochondrial Rho-GTPase (Miro1) and VDAC1, respectively.
Other mitochondrial adaptors for KIF5 have been reported, including Syntabulin, FEZ1 and
RANBP2 (Sheng and Cai, 2012). In dendrites microtubules have mixed polarity and kinesin-
mediated anterograde transport can direct mitochondria either towards dendritic spines or
the soma. Association of mitochondria with actin filaments and the actin motor protein
myosin-XIX mediates short-range transport of mitochondria near synapses, as well as in

dendritic spines (Sheng and Cai, 2012).

The velocity and direction of mitochondrial movement is regulated by a variety of
mechanisms whereby the different cytoskeletal elements can synergise by passing on
mitochondria to one another or antagonise in a competitive manner (Sheng and Cai, 2012).
Interestingly, mitochondrial movement is highly sensitive to Ca®" and ADP levels. Elevated
Ca®* concentrations typically found in active synapses cause an arrest of mitochondria via
Miro, which contains two Ca* binding domains (Macaskill et al., 2009; Wang and Schwarz,
2009). The ADP-sensitive mechanism is less understood. It was shown, however that
mitochondria move rapidly in areas with high intracellular ATP concentration and slow down
in response to a rise in ADP. The latter could be triggered through synaptic activity, hypoxia,
or direct injection of ADP (Mironov, 2007). Other regulatory mechanisms depend on post-
translational modifications and include signalling via different pathways including neuronal
growth factor mediated activation of PI3K, serotonergic 5-HT1A receptor activation of Akt

kinase, and dopamine D2 receptor mediated inhibition of Akt kinase (Sheng and Cai, 2012).

Although neuronal mitochondria are highly mobile, a large fraction of these organelles
appears to be static. These so-called stationary or docked mitochondria are usually found
close to synapses where they provide a stable source of energy (Sheng and Cai, 2012).

Docking mechanisms include the attachment to microtubule anchor protein syntaphilin, the
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displacement of microtubule-associated motors by actin-based myosin or attachment to
neurofilaments via the neurofilament heavy chain (Sheng and Cai, 2012). The latter is
dependent on the AW,,, loss of which results in the release of mitochondria and transport to
the soma for the degradation by proteasomal and autophgosomal processes (Wagner et al.,

2003).

1.1.8 Role of mitochondria in neuronal metabolism

The neuronal metabolism is very special in many ways. Firstly, nutrient supply to the brain is
limited through the transport characteristics of the blood-brain barrier (BBB), which mainly
facilitates uptake of glucose into the brain. Secondly, the brain is among the most energy-
expensive organs of the human body consuming approximately 20% of glucose at rest while
accounting for only about 2% of the body weight (Gobel et al., 2013). In addition, the different
functional compartments of a neuron have very distinct energetic demands that need to be
regulated both locally and globally (Sheng and Cai, 2012). Finally, the most active cells of the
brain, the neurons are extremely sensitive to deprivation of oxygen or nutrients

(Mergenthaler et al., 2013).

i) Substrates for neuronal metabolism

The blood vessels of the brain are highly impermeable to the diffusion of molecules into and
out of the central nervous system, a property attributed to the formation of tight junctions
between brain endothelial cells. In addition, pericytes in the basement membrane and
astrocytic endfeet also regulate the permeability of brain capillaries. A small number of
hydrophobic molecules can cross the BBB but most substrates including those for energy
metabolism are actively transported across the neural endothelium. The uptake of glucose
occurs via glucose transporter 1 (GLUT1), which is highly expressed in brain endothelial cells
and on astrocytes. The majority of brain glucose is thought to diffuse freely in the
extracellular fluid. However, astrocytic glucose uptake and transport between astrocytic gap

junctions can facilitate the glucose distribution to distal areas of the brain. In contrast to
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astrocytes, neurons express the GLUT3 isoform of the glucose transporter. GLUT3 has a
higher rate of glucose uptake than GLUT1 and this is thought to prioritise glucose for

neuronal metabolism (Mergenthaler et al., 2013).

In addition to glucose monocarboxylates can also cross the BBB. The main species to be
mentioned are lactate and B-hydroxybutyrate (BHB). Pyruvate and acetoacetate can also
cross the BBB but their biological significance is much lower due to low blood concentrations.
The transport of monocarboxylates can occur in both a non-saturable, diffusion-based
mechanism (LaManna et al., 1993) and a saturable, transporter-mediated mechanism. The
latter is facilitated by the monocarboxylate transporters (MCT), which catalyse an antiport of
monocarboxylate with either monocarboxylate or a proton (Halestrap and Wilson, 2012).
Both transport mechanisms make a considerable contribution at physiological
monocarboxylate concentratios in the blood (LaManna et al., 1993). Neural metabolism can
produce and metabolise lactate and under resting conditions lactate is transported across the
BBB in a bidirectional manner (Knudsen et al., 1991). However, under conditions of
decreased plasma pH or increased plasma lactate levels, such as during physical activity,
the net import of lactate into the brain is enhanced, thereby triggering increase in neuronal
lactate oxidation (Dienel, 2012; Knudsen et al., 1991). Ketone bodies are another major
neuronal energy source mainly produced in the liver during fasting or metabolic acidosis.
Ketone bodies can substitute glucose when blood glucose levels are very low, such as
during starvation or diabetic ketoacidosis (Ruderman et al., 1974). Ketone bodies can be
taken up by cells and are converted into acetyl-CoA for breakdown via OXPHQOS. Finally,
glutamine, the most abundant amino acid in the blood, and can be taken up via the BBB
through scarcely characterised Na*-dependent transporters (Ennis et al., 1998). Glutamine
conversion to a-ketoglutarate can enhance the pool of TCA intermediates and serve as

precursor for further anabolic reactions that require TCA cycle activity.
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ii) Neurons generate most ATP via OXPHOS

Positron emission tomography (PET) and functional magnetic resonance imaging (fMRI)
have established techniques to assess in vivo glucose and oxygen consumption in the
human brain. Using the oxygen glucose index (ODI: moles O, consumed per mole of glucose
up-take; ODI of 6 represents complete combustion of glucose to CO, and H,O under the
assumption that all metabolised O, is used for glucose oxidation) PET experiments have
confirmed the notion that the brain metabolises the majority of glucose to CO, (Hyder et al.,
2016; Vaishnavi et al., 2010). In line with this, neurons exhibit a large number of
mitochondria distributed throughout their different compartments and inhibition of OXPHOS
or oxygen depletion renders neurons particularly sensitive to cell death (Mergenthaler et al.,
2013). Futhermore, mitochondrial dysfunction is known as one of the main culprits of
degeneration in neurodegenerative conditions, including Parkinson’s disease (PD) (Dexter
and Jenner, 2013; Schapira et al., 1989). Mitochondrial inhibitors, including 1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridin (MPTP), 6-hydroxydopamine (60HDA), and rotenone can
mimic PD both in animal models and in humans (Bove and Perier, 2012; Jackson-Lewis and
Przedborski, 2007; Langston et al., 1983).

In addition to the high numbers of neuronal mitochondria, neurons seem to have a very low
expression of the key glycolytic enzyme 6-phosphofructo-2-kinase (PFK), which catalyses
the rate limiting step in glycolysis. Accumulation of the PFK substrate glucose 6-phosphate
facilitates entry of carbohydrates into the pentose phosphate pathway for generation of
NADPH, which is crucial for the anti-oxidative response mechanisms of the cell. Diversion of
glucose into the glycolytic pathway by overexpression of PFK is detrimental to neuronal
survival, likely through the diminished cytosolic redox potential (Belanger et al., 2011;

Mergenthaler et al., 2013).

iii) Neuron-astrocyte interplay
Research in the last two decades revealed major functional implications of astrocytes in
various aspects of brain physiology. Astrocytes are intimately linked to neuronal metabolism

through the regulation of the blood brain barrier and nutrient supply, as well as through a
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dynamic exchange of metabolites, such as lactate (Ames, 2000; Sofroniew and Vinters,
2010). Two major hypotheses are currently being discussed of how astrocytic and neuronal
metabolism communicates. Both are based on the observation that production of lactate, the
anaerobic end product of glycolysis, is enhanced during brain activity in vivo, which is
accompanied by a decreased ODI (Ames, 2000; Dienel, 2012). This points towards an
important function of glycolysis during enhanced neuronal activity. Both hypotheses assume
the partial compartmentalisation of non-oxidative versus oxidative energy metabolism
between neurons and astrocytes and assume an active transport mechanism of lactate
between neurons and astrocytes. However, they hypothesise a different lactate origin and
are based on different experimental findings (Lundgaard et al., 2015; Pellerin and Magistretti,

1994; Simpson et al., 2007).

The astrocyte to neuron lactate shuttle (ANLS) hypothesis is based on the observation that
astrocytes under particular culture conditions enhance lactate production when stimulated
with the neurotransmitter glutamate, whereas neuronal glucose uptake in culture is inhibited
under these conditions. Neurons instead preferentially take up astrocyte-derived lactate as

energy substrate (Belanger et al., 2011; Pellerin and Magistretti, 1994).

The neuron to astrocyte lactate shuttle (NALS) hypothesis is based on the kinetics of
different glucose transporters. The neuronal isoform GLUT3 has a higher rate of glucose
transport than the astrocytic GLUT1, arguing for a preferential glucose uptake by neurons. In
addition, lactate uptake and clearance by astrocytes is faster compared to lactate export from
astrocytes or import into neurons. The hypothesis assumes that astrocytes primarily facilitate

lactate secretion during brain activity (Mergenthaler et al., 2013; Simpson et al., 2007).
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1.2 Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after
Alzheimer’s disease and is clinically characterised by unilateral onset of motor dysfunctions,
which slowly progresses to a bilateral syndrome. At later stages PD affects both voluntary
and autonomic motor functions. The prevalence of PD is 0.5% in people over the age of 65
and rises up to 4% at 85. Ageing remains the biggest risk factor for PD (Berg et al., 2015).
The median age for the onset of PD is 60, with an average duration of 15 years after
diagnosis. Current treatment options are aimed at ameliorating the symptoms but fail to slow

the degenerative process.

Despite the traditional classification of PD as a sporadic disorder, 5-10% of patients carry
familial mutations (Dexter and Jenner, 2013; Poewe et al., 2017). In addition, genome-wide
association studies have confirmed several PD genes and identified new PD susceptibility
loci that are associated with enhanced risk for disease development (Nalls et al., 2014). In
the early stages PD neurodegeneration is mostly limited to a subset of midbrain
dopaminergic neurons located in the substantia nigra pars compacta. The demise of these
cells causes lowered levels of dopamine in the striatum, a subcortical nucleus of the brain
that is involved in the co-ordination of movement among other functions. Although recent
research has broadened our understanding of the pathologic mechanisms, there is no
general agreement regarding the etiology of PD (Chan et al., 2010; Dexter and Jenner, 2013;

Lees et al., 2009; Poewe et al., 2017; Schapira, 2011).

1.2.1 Clinical diagnosis of PD

Parkinson’s disease is diagnosed based on the clinical assessment of a variety of symptoms.
Although being described originally as a movement disorder, non-motor symptoms are now
recognised as typical PD features, some of which may precede motor-based clinical

diagnosis. The Movement Disorder Society (MDS) has recently revised the diagnostic criteria
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for PD to include new diagnostic features and to refine the differential diagnosis between true

PD and other parkinsonian disorders (Postuma et al., 2015).

i) Motor symptoms

Parkinson’s disease is the most prevalent form among a number of related movement
disorders, which all show symptoms collectively referred to as Parkinsonism. The diagnosis
of Parkinsonism depends on the presence of the cardinal motor symptoms bradykinesia in
combination with resting tremor and/or rigidity. To differentiate PD from other parkinsonian
disorders the presence or absence of additional features has to be considered. The
diagnosis as true PD, however, needs to be confirmed by post-mortem neuropathologic

assessment of the affected brain areas (Postuma et al., 2015).

With the prodromal phase now being officially recognised, PD can be categorised into four
stages (Berg et al., 2015; Postuma et al., 2015). The diagnosis usually occurs in the early
stage, where the cardinal motor symptoms described above are the main symptoms. As the
disease progresses to the mid-stage patients suffer from motor complications induced by
long-term treatment with L-DOPA, the gold standard for PD treatment. This can result in
freezing (dyskinesia) and hypokinetic fluctuations (daily off-time). Progression to late-stage
PD is defined by the development of poorly L-DOPA responsive symptoms such as postural
instability, shuffling gait and swallowing disability (dysphagia) (Poewe et al., 2017). These
usually result in further complications, such as frequent falls and pneumonia, the latter often
being diagnosed as the cause of death (Lees et al., 2009). Additional secondary motor
symptoms can be present to a variable degree during the course of PD. These include
micrographia, hypomimia, and speech disorder (dysarthria) (Jankovic, 2008; Lees et al.,
2009). Importantly, the prevailing occurrence of mid- and late-stage motor symptoms at an
early stage of the disease, i.e. within the first 5 years, argues against the diagnosis of true

PD (Postuma et al., 2015).
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ii) Non-motor symptoms

Non-motor symptoms are frequently present in PD patients and may lead to a severe
decrease in the patient’s quality of life. In many cases, non-motor symptoms can precede
motor-based PD diagnosis by years. This recently led the MDS to recognise prodromal PD
as an official disease stage for the use in clinical research (Berg et al., 2015; Mahlknecht et

al., 2016).

Among the best-documented prodromal non-motor symptoms is rapid eye movement (REM)
sleep behaviour disorder and depression (Berg et al., 2015). The loss of smell (hyposmia),
daytime somnolence, constipation and anxiety are also often reported and have been
suggested as markers for prodromal PD (Poewe et al., 2017). Early- to mid-stage non-motor
symptoms are orthostatic hypotension, fatigue, mild cognitive impairment, as well as urinary
and erectile dysfunction (Berg et al., 2015; Poewe et al., 2017). As PD progresses to the
late-stage patients often suffer from psychotic symptoms (visual hallucinations) and
dementia. In general the non-motor symptoms increase with disease progression to a
variable degree depending on each patient (Jankovic, 2008; Poewe et al., 2017; Postuma et

al., 2015).

1.2.2 The motor circuits of the basal ganglia in PD

The basal ganglia is a subcortical area of the brain that is implicated in the initiation and co-
ordination of voluntary movement. The five nuclei of the basal ganglia that are involved in
motor control are the striatum, the internal and external globus pallidus (GPi/e), the
subthalamic nucleus (STN) and the substantia nigra (Figure 1.6 A) (Poewe et al., 2017). The
motor circuit is set off when the striatum becomes activated through the motor cortex. The
striatum projects medium spiny neurons, which are inhibitory GABAergic neurons, to the GPi
and GPe thereby initiating the direct and the indirect pathway, respectively (Figure 1.6 B).
Both pathways are antagonistic and together modulate the activity of the thalamus, which in

turn feeds back to the motor cortex. The role of the substantia nigra is to regulate both direct
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Figure 1.6 — The motor circuit of the basal ganglia. A) Schematic of a human coronal brain section. The
areas involved in motor control are encircled. Note that the subthalamic nucleus is superimposed onto this
section and is usually located further in the back. B) Close-up of the region encircled in A together with a
horizontal section of the mid brain with substantia nigra pars compacta. Upon stimulation of the striatum by
the motor cortex (green dotted line) both, the direct (continuous black line) and the indirect (dashed black line)
motor circuit of the basal ganglia become activated. Both pathways have antagonistic effects on the activity of
the globus pallidus internus, which conveys the output to the motor cortex via the thalamus (green continuous
lines). The release of dopamine from the substantia nigra pars compacta into the striatum (blue lines)
modulates the activity of both direct and indirect pathway resulting in a net increase of thalamic stimulation.
The subthalamic nucleus decreases the activity of the substantia nigra pars compacta (red line). Thick lines
represent those pathways that are over-activated in PD due to a lack of striatal dopamine. Images are

modified with permission from Servier Medical Art (http://www.servier.com/Powerpoint-image-bank).
and indirect pathways resulting in an overall enhanced thalamic activity. The SNpc projects

dopaminergic axons directly to the striatum. The release of dopamine affects both, activating

dopamine D1 receptors and inhibiting D2 receptors. These receptors are differentially
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expressed on neurons that target the direct pathway (D1) and indirect pathway (D2).
Importantly, dopamine is a regulatory neurotransmitter, the activity of which sets the

threshold for action potentials in the target neurons (Poewe et al., 2017).

The SNpc neurons are autonomic neurons that fire with regular frequency. The activity of the
SNpc is negatively regulated by the STN, which results in an intricate feedback loop between
activating and inhibiting circuits (DeLong and Wichmann, 2015; Galvan et al., 2015; Obeso et
al.,, 2008; Yamada et al., 2016). In PD the loss of dopamine in the striatum causes a
reduction in D2-mediated inhibition of the indirect pathway resulting in an over-activation of
the STN. The inhibitory projections of the STN further downregulate SNpc activity and
dopamine release in the striatum thereby disrupting the balance between direct and indirect

circuit (Figure 1.6 B).

1.1.3 Treatment of PD

i) Pharmacological treatment

The gold-standard for treatment of PD has changed very little since the discovery of
levodopa (L-DOPA) in the early 1960s (Barbeau, 1962; Cotzias et al., 1968), which remains
the most effective drug against the motor symptoms of PD. Within its biosynthetic pathway L-
DOPA is the direct precursor of dopamine (Hornykiewicz, 2002) and oral administration of L-
DOPA was shown to restore the striatal dopamine levels in PD patients (Lloyd et al., 1975).
A major drawback is the risk of L-dopa induced dyskinesia, which increases with dose and
duration of administration. Dopamine receptor agonists can prove favourable in early disease
stages and particularly in young-onset Parkinsonism. Other treatment strategies are aimed at
prolonging the half-life of dopamine either in the peripheral blood stream or in the central
nervous system. The two important examples are centrally active monoamine oxidase B
(MAOQO B) inhibitors and peripheral catechol-O-methyltransferase (COMT) blockers (Smith et

al., 2012). Other pharmacologic strategies for motor-symptoms include beta-blockers that
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may be used against L-dopa unresponsive tremor, and anticholinergic drugs, which are
probably the oldest treatment for PD but are less popular due to the severe adverse side
effects (Connolly and Lang, 2014). Modern PD treatments also include
pharmacotherapeutics against non-motor symptoms. However, their management remains
challenging due to diagnostic failure, as well as an intricate relationship between the side

effects of conventional PD drugs and non-motor symptoms (Smith et al., 2012).

ii) Invasive treatment
Invasive treatments are aimed at interfering with the neuronal network of the basal ganglia,
the main effected area of dopaminergic cell loss in PD. They require neurosurgery, which is

usually performed at an advanced stage of PD (Deuschl et al., 2006; Williams et al., 2010).

The invasive treatment used as part of the standard of care for PD is deep brain stimulation
(DBS) of specific nuclei of the basal ganglia, mainly the subthalamic nucleus (STN) and to a
lesser extent the internal segment of the globus pallidus. DBS is achieved by accurate
positioning of a neurostimulatory electrode within these subcortical brain structures (Smith et
al., 2012). The basis of therapeutic efficacy of DBS is the modulation of neuronal activity in
pathologically de-regulated neuronal circuits, such as the motor circuits of the basal ganglia
(Lozano and Lipsman, 2013). In order to achieve the appropriate modulation and avoid off-
target spreading of the current several parameters of the electrode have to be fine-tuned
including frequency, amplitude and pulse width. After correct electrode placement into the
STN or GPi, usually aided by stereotactic surgery, immediate amelioration of several PD
motor symptoms including tremor, rigidity, akinesia and drug-induced dystonia is often
observed resulting in improved quality of life when compared to pharmacologic therapy alone
(Lozano and Lipsman, 2013; Williams et al., 2010). Furthermore, DBS-induced improvement
of motor functions allows for a lowering of L-DOPA daily doses and has proven beneficial for
the development of L-DOPA induced dyskinesia as well as motor fluctuations (Deuschl et al.,
2006; Smith et al., 2012). Unfortunately, most patients develop L-DOPA-resistant motor and

non-motor symptoms with disease progression, which do not respond to DBS of the STN or
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GPi nor to current pharmacologic interventions. These symptoms include gait disability,
postural instability, speech disability and dysphagia, as well as the numerous non-motor
symptoms, for which other treatment options are urgently needed (Lozano and Lipsman,

2013).

1.2.4 Pathology

i) Neuropathology

Neuropathologically, PD is characterised by the loss of dopaminergic (DA) neurons in the
substantia nigra pars compacta (SNpc), which can be visualised by immunostaining with
antibodies against tyrosine hydroxylase. Another hallmark of the disorder, present in a
majority of cases, is the presence of eosinophilic Lewy bodies (LB) and Lewy neurites (LN) in
surviving neurons and other brain areas, which represent protein inclusions in the soma and
axons of neurons, respectively (Shulman et al., 2011). These aggregates stain positive for
ubiquitin and the core is made up of misfolded a-synuclein (Spillantini et al., 1998). Cytosolic
a-synuclein is an intrinsically disordered protein that can spontaneously form aggregation-
prone B-stranded sheets (Dikiy and Eliezer, 2012). Importantly, SNpc neuronal demise does
not strictly correlate with the presence of LB. For example, young-onset Parkinsonism
caused by a genetic mutation of Parkin is clinically very similar to PD and is caused by
neuronal loss in the SNpc but does not show a-synuclein pathology. In line with this, 20% of
post-mortem brain reveals LB accumulation in absence of clinically diagnosed PD (Shulman
et al., 2011). Nevertheless, the presence of non-physiological concentrations of a-synuclein
is toxic to cells and a mutation in a-synuclein (Park1) was the first evidence for a genetic

cause of PD in humans (Shulman et al., 2011).

Because of the prevailing existence of LB pathology in post-mortem PD brain the disease is
considered a synucleinopathy. The main effected area in PD is the SNpc but other areas

contain protein inclusions as well. After detailed characterisation of the post-mortem LB
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pathology, Braak and Braak suggested a neuropathological staging system that was
anticipated to correlate with clinical disease progression. They suggested a pattern of LB
pathology starting from the enteric and peripheral autonomic nervous system and olfactory
bulb in pre-clinical PD. The pathology is present in parts of the lower brain stem, in the SNpc
and limbic structures and finally involves increasingly rostral areas such as the neocortex
(Braak et al., 2003). However, for a significant humber of PD-derived brain samples the
Braak staging system does not apply (Jellinger, 2008). It was further suggested, that the
staging system for PD would benefit from revision due to the sampling during the original

study (Halliday et al., 2006).

ii) Molecular alterations — human studies

Despite the wealth of macroscopic evidence ascribed to parkinsonian neurodegeneration the
molecular origin of cell death remains a matter of debate. This is probably due to two main
problems: 1) the degenerative process goes along with a rather large number of alterations
that were mostly studied in and partially depend on the animal models used and 2) the lack
of successful translational strategies that could ameliorate PD-associated alterations and

could protect from or slowdown the neuronal decline in humans.

Due to the inaccessibility of neuronal material from humans, studies of cellular alterations in
patients are limited to post-mortem analysis and neuroimaging. Among the first observations
made in post-mortem brain of PD patients was the presence of Lewy bodies (Goedert et al.,
2013). The accumulation of protein-rich aggregates is not unique to PD. A number of other
neurodegenerative disorders, most importantly Alzheimer’s disease is characterised by such
structures, although the location and composition of the aggregates differ (Ross and Poirier,
2004). This observation opened a field of research focussing on the study of protein
aggregation properties as well as deregulation of protein degradation and homeostasis in

disease.
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Another major finding shaping PD research was the discovery of mitochondrial dysfunction,
which gained first attention after the discovery that MPP*, an inhibitor of complex | of the
ETC, resulted in a form of induced Parkinsonism (Langston et al., 1983). The identification of
complex | deficiency in post-mortem SNpc and patient-derived platelets and muscle cells
added further evidence for a mitochondrial implication in the pathogenesis of PD (Bindoff et
al., 1989; Parker et al., 1989; Schapira et al., 1989). Pharmacological inhibition of complex |
induces the production of reactive oxygen species (ROS). Subsequently, increased oxidative
damage of complex | in the form of protein carbonyls was found in post-mortem PD brain

when compared to healthy controls (Keeney et al., 2006).

Other post-mortem studies revealed a greater presence of activated microglia in the SNpc of
PD cases, which implies a role for these innate immune cells of the brain in higher
vulnerability of SNpc neurons and PD pathogenesis (McGeer et al., 1988). Various studies
also found differential expression of pro- and anti-apopotic proteins, cell signalling proteins
involved in apoptosis and inflammation, as well as proteasome subunits, among others

(Hartmann, 2004).

Neuroimaging is a relatively new, non-invasive tool that allows for the assessment of certain
parameters of the brain in living subjects. There are two main categories of neuroimaging,
which can be divided into structural and functional imaging (Politis, 2014). The former is used
to morphologically map different parts of the brain based on tissue-specific physical
properties. Functional brain imaging uses particular magnetic or isotopic properties of
molecules that fulfil specific functions within the brain. Such molecules include oxygen used
for functional MRI (fMRI) and engineered radiolabelled tracers (also called radioligands),
such as fludeoxyglucose (FDG). The latter are usually ligands for neuronal receptors or
enzymes and have an application in positron emission tomography (PET) imaging and

single-photon emission computer tomography (SPECT). Several radioligands are available
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that specifically target the dopaminergic system, such as ®F-dopa, ''C-MT, and '**I-FP-CIT

among others (Politis, 2014).

The use of dopaminergic tracers in humans revealed that neuronal deficiency precedes the
onset of motor symptoms by approximately 6 years in typical PD and more than a decade in
early-onset cases of the disease (Politis, 2014). The decline in dopamine activity is very rapid
in the early stages and slows at later stages of the disease. The dopamine dysfunction in the
putamen may be down to 45-70% of normal uptake at the time of diagnosis and decreases
further to 70-80% deficiency at later stages (Politis, 2014). Furthermore, the metabolic
activity of the neuronal network as analysed by uptake of FDG is altered early on in the
disease probably preceding the onset of motor symptoms (Tang et al., 2010). Consistent with
the notion that PD pathology is not limited to SNpc neurons, alterations of activity in other

neuronal populations have been observed with functional neuroimaging (Politis, 2014).

iii) Molecular alterations in animal models of PD

The major progress regarding molecular changes associated with PD has been achieved
through animal model and cell culture studies. Animal models can be divided into toxin-
induced and genetic models. Meanwhile much of the human pathology can be reproduced in
these systems there is currently no mouse model that combines all features of Parkinson’s

disease (Blesa and Przedborski, 2014; Shulman et al., 2011).

Toxin models of PD are based on mitochondrial drugs that inhibit complex | of the ETC (e.g.
MPTP/MPP", rotenone) and/or induction of toxicity through oxidative stress, such as with 6-
hydroxydopamine (60HDA). These toxins recapitulate the mitochondrial damage and
oxidative stress that has been associated with the demise of SNpc neurons (Blesa and

Przedborski, 2014).

A variety of genetic models of PD have been developed after the identification of genes that

cause Parkinsonism in either dominant or recessive forms. The most widely used genetic
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model is the overexpression of human mutant a-synuclein in mice, which recapitulates LB
pathology and mild synaptic decline but does not show loss of SNpc neurons. Other models
include transgenic mice with mutations in the gene for leucine rich repeat kinase 2 (LRRK2),
as well as mice deficient for PTEN-induced putative kinase 1 (PINK1), Parkin or DJ-1. These
models have been intensively characterised and resemble some characteristic changes,
such as mitochondrial deficiencies and varying degrees of neuronal defects. However, they
are usually not characteristic for severe SNpc neuron loss and rarely exhibit pronounced

motor deficits (Blesa and Przedborski, 2014).

One hypothesis for the incomplete modelling of PD in rodents is the presence of
compensatory mechanisms in the basal ganglia network. In such case the slow
neurodegeneration and late onset of PD may reflect the collapse of protective compensation.
This pathologic cascade would be unlikely to proceed in rodent models due to their short life

span (Dawson et al., 2010).

iv) Hypotheses of PD pathogenesis

Several hypotheses regarding the molecular disease mechanism of neuronal demise have
evolved, of which the a-synuclein hypothesis (Dauer and Przedborski, 2003), the
mitochondrial deficiency hypothesis (Schapira, 2008) and the bioenergetics hypothesis

(Surmeier and Schumacker, 2013) are among the best-characterised.

The a-synuclein hypothesis is based on the neurotoxicity of a-synuclein in cell culture and
animal models of PD. According to this model, disease is triggered by the accumulation and
aggregation of a-synuclein into fibrils and subsequently into Lewy bodies. This can be
caused by mutant a-synuclein, which has enhanced aggregation properties over the wildtype
protein. Alternatively, aggregation can be the result of a non-physiological rise in a-synuclein
concentration caused by a deficiency of the protein degradation machinery or a-synuclein
gene multiplication. The aggregated protein has toxic gain-of-function properties that cause

neuronal death. In addition, aggregated proteins act as a seed that can induce protein
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aggregation and toxic downstream events in neighbouring neurons. The major caveat of this
hypothesis is the lack of LB pathology in a subpopulation of parkinsonian patients (Lees et
al., 2009; Shulman et al., 2011). The solution for this discrepancy may be the finding that
oligomeric a-synuclein rather than LB are the more toxic a-synuclein species (Lansbury and
Lashuel, 2006; Winklhofer et al., 2008). The presence of oligomeric a-synuclein in non-LB

Parkinsonism remains to be proven.

According to the second hypothesis deficiency of complex | is the origin of the dopaminergic
demise. This hypothesis was raised after the discovery that application of the mitochondrial
complex | inhibitor MPP* was the cause of induced Parkinsonism (Langston et al., 1983).
This hypothesis was further strengthened by the finding that post-mortem substantia nigra,
as well as muscle cells and platelets from idiopathic PD patients frequently revealed complex
| deficiency at the levels of protein quantity and activity (Mizuno et al., 1989; Parker et al.,
1989; Schapira et al., 1989). However, complex | deficiency is not uniformly present in all PD
cases, which raises the possibility for it to be either a secondary effect or restricted to a

subgroup of PD patients (Dexter and Jenner, 2013; Gu et al., 1998; Mizuno et al., 1989).

Another concept regarding the pathogenesis of PD was introduced by Surmeier and his
colleagues and is based on the unique physiological properties of the SNpc neurons. These
cells are slow autonomic pacemakers with broad action potentials and have relatively high
intracellular Ca®* levels due to the activity of the L-type Ca®" channels. Poorly buffered
cytosolic calcium in SNpc neurons results in Ca** uptake by mitochondria, which increases
the mitochondrial activity. The Ca®*-induced mitochondrial activity is the source of increased
basal levels of ROS, which cause an age-dependent mitochondrial run-down, enhanced
mitophagy and subsequent energetic decline. This in turn causes synaptic degeneration and
ultimately cell death. Interestingly, the hypothesis is not restricted to SNpc neurons but
includes other neuronal populations involved in PD pathology, which have similar

physiological properties as the ones outlined above (Surmeier and Schumacker, 2013).
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Another study supported the key point of altered mitochondrial bioenergetics but argued
against the universal importance of L-type Ca®* channels (Pacelli et al., 2015). Elegant
neuroanatomy studies of the SNpc dopaminergic neurons found the formation of large and
dense axonal networks (Matsuda et al., 2009). This led to the hypothesis that the activity of
the associated large number of synapses imposes a risk for energetic failure, which causes
the vulnerability of these neurons to cell death (Pissadaki and Bolam, 2013). A subsequent
study revealed more axonal mitochondria specifically in SNpc dopaminergic neurons and a
positive correlation between the axonal arborisation and mitochondrial OXPHOS activity.
Furthermore, the study provided evidence that inhibition of axonal outgrowth could reduce

the vulnerability of SNpc neurons to mitochondrial insult (Pacelli et al., 2015).

Other lines of evidence argue for additional pathogenic factors, such as iron accumulation,
disruption of neurotrophic signalling, and inflammation (Dauer and Przedborski, 2003; Exner
et al., 2012; Schapira and Jenner, 2011; Shulman et al., 2011). Most of the alterations
observed in PD cannot be viewed as singular processes but are highly interrelated.
Therefore, it is equally possible that PD may be either a multi-factorial disorder initiated by
more than one trigger or an accumulation of pathologically distinct disorders with highly

overlapping motor symptoms (Dexter and Jenner, 2013; Shulman et al., 2011).

1.2.5 Genetics of Parkinsonism

The view of Parkinson’s disease being a sporadic disorder has changed dramatically since
the discovery of several genes that cause familial PD. The first gene that was associated
with autosomal dominant familial PD was found in the locus for a-synuclein/Park1
(Polymeropoulos et al., 1997). Subsequently, other familial mutations were linked to the
genes for leucine-rich repeat kinase 2 (LRRK2/Park8) (Zimprich et al., 2004), PTEN-induced
putative kinase 1 (PINK1) (Valente et al., 2004), Parkin (Kitada et al., 1998), F-box only

protein 7 (Fbxo7) (Di Fonzo et al., 2009; Shojaee et al., 2008), glucocerebrosidase (GBA)
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(Aharon-Peretz et al., 2004; Sidransky et al., 2009), and DJ-1 (Bonifati et al., 2003). In
addition, LRRK2, GBA and a-synuclein mutations have also been found in some sporadic
cases of PD. Pathogenic mutations in LRRK2 and GBA confer autosomal dominant PD,
whereas dysfunctional PINK1, Parkin, Fbxo7 and DJ-1 cause autosomal recessive
Parkinsonism usually associated with early-onset. The latest advances in PD genetics are
coming from genome-wide association studies (GWAS). GWAS are based on the genotyping
of single nucleotide polymorphisms (SNP) in large cohorts in order to identify correlations
between individual SNPs and the disease of interest (Pearson and Manolio, 2008). These
studies have confirmed risk alleles that were previously found to cause familial forms of PD,
most importantly a-synuclein, and uncovered a number of new alleles that are associated
with higher prevalence of PD (Nalls et al., 2014). | will focus here on the established PD
related proteins giving a brief overview of their function during neuronal physiology and their

role in pathogenesis.

i) a-synuclein

Several pathologic mutations as well as multiplications of the a-synuclein coding gene SNCA
cause autosomal dominant PD clinically very similar to idiopathic cases. The disorder
presents with typical LB pathology and the age-of-onset was proposed to correlate negatively

with gene dosage in patients with gene multiplications (Fuchs et al., 2007).

The 140 amino acid (aa) small protein a-synuclein belongs to the family of synucleins further
comprised of B- and y-synuclein. a-synuclein is characterised by an intrinsically disordered
secondary structure with a central, aggregation-prone non-amyloid f component (NAC)
domain that is thought to mediate Lewy body formation. The N-terminal part of the protein is
able to bind to membranes, which induces the formation of an amphipathic a-helix causing
partial insertion of the protein into lipid bilayers (Dikiy and Eliezer, 2012; Fusco et al., 2014).
a-synuclein is enriched in the presynapse, where it can associate with synaptic vesicle
membranes. In various synapses the presence or overexpression of a-synuclein decreases

the release of neurotranmitters, possibly by stabilising membrane curvature (Exner et al.,
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2012). In addition, a-synuclein was shown to promote the assembly of SNARE complexes,
an essential step prior to the fusion of synaptic vesicles with the presynaptic membrane

(Burre et al., 2010; Chandra et al., 2005).

The association of a-synuclein with membranes is not limited to synaptic vesicles. The
protein has a preference for negatively charged phospholipids. These are abundantly present
at the outer mitochondrial membrane (Davidson et al., 1998) and a-synuclein was found to
associate with mitochondria in neurons and other cells (Exner et al., 2012; Nakamura et al.,
2008). This association drives mitochondrial fragmentation independently of the
mitochondrial fission protein Drp1 and may cause mitochondrial dysfunction (Exner et al.,

2012).

In addition to mitochondrial and synaptic dysfunction a-synuclein overexpression or mutation
causes alterations of the proteasomal and lysosomal pathways of protein homeostasis
(Sulzer, 2010). Among the best-characterised properties of a-synuclein is its propensity to
form fibrils that aggregate to LB. a-synuclein fibrils and smaller oligomers can act as a seed
in neighbouring neurons where they induce the formation of new aggregates. This leads to
spreading of a-synuclein both in vitro and in vivo (Exner et al., 2012). The aggregation of a-
synuclein was reduced by the chaperone activity of another PD protein, DJ-1 and PD-
causing mutations of DJ-1 were shown to reduce the protective activity against a-synuclein
aggregation (Zondler et al., 2014). A family of proteins that is indirectly implicated in PD
pathology is the 14-3-3 family of chaperone-like factors. Among the numerous functions of
the 14-3-3 proteins is their effect on protein stability and sequestration of protein aggregates
(Xu et al.,, 2013). 14-3-3s can interact with and stabilise a-synuclein oligomers but are
sequestered by fibrillating a-synuclein B-sheets (Plotegher et al., 2014). 14-3-3 proteins have
a broad range of functions including regulation of metabolism and cell signalling (Berg et al.,
2003; Kleppe et al.,, 2011; Muslin et al., 1996; Shimada et al., 2013). Their sequestration

through a-synuclein fibrils may therefore affect numerous cellular activities.
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ii) LRRK2

Gene mutations in LRRK2 are a common genetic cause of familial PD and sometimes occur
in sporadic cases as well. Furthermore, LRRK2 variants with smaller effect sizes have been
established as risk factors. Pathogenic LRRK2 mutations cause an autosomal dominant form
of late-onset Parkinsonism usually with typical LB pathology. The disease mechanism has
been proposed to rely on a toxic gain-of-function mutation of LRRK2. The pathogenic
process, however, is not well understood nor is the role of LRRK2 in normal physiology

(Wallings et al., 2015).

LRRK2 is a large protein of 2257 aa that belongs to the ROCO family of proteins. It contains
various functionally distinct domains, including a ROC domain with GTPase activity, the C-
terminal to ROC (COR) domain, a kinase domain with homology to the receptor-interacting
Ser/Thr protein kinases (RIPK) and mixed lineage kinases (MLK). All three domains form the
central enzymatic core of LRRK2 and are flanked by different protein-protein interaction
domains, namely the WD40, leucine-rich repeat (LRR) and ankyrin domain (Cookson, 2010).
The functional form of LRRK2 is a dimer, which may be important for protein
autophosphorylation (Greggio et al., 2008). More than 20 residues mainly within the ROC
domain, as well as in the COR and kinase domain have been found to be auto-
phosphorylated. However, it is not well understood to what degree those different sites affect
protein activity (Wallings et al., 2015). Interestingly, all mendelian LRRK2 mutations lay
within the central core of the protein. ROC and COR mutants decrease GTPase activity
whereas kinase mutants increase the kinase activity. Both of the LRRK2-intrinsic enzymes
interact with each other either directly (Cookson, 2010; Wallings et al., 2015) or indirectly
through the GTPase activating protein ArfGAP1 (Stafa et al., 2012), possibly in an
antagonistic fashion. LRRK2 is modified by protein phosphatase 1A (PP1A), inhibitor of
nuclear kB (IkB) family kinases and casein kinase 1a, as well as by yet unidentified kinases
and phosphatases that affect residues distinct from the autophosphorylation sites (Wallings
et al., 2015).
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Kinase and GTPase activities as well as protein-protein interaction modules are very
common in cell signalling pathways. In addition, LRRK2 was found to interact with numerous
proteins that are implicated in a variety of signal transduction processes. As a result, LRRK2
was proposed to affect proliferation, inflammation, apoptosis, autophagy, protein expression
and trafficking, synaptogenesis and synaptic vesicle recycling (Wallings et al., 2015). In line
with an implication of mitochondria in PD pathogenesis, mutant LRRK2 led to impaired
mitochondrial function, including OXPHOS deficits, fragmentation, morphological defects and
impaired trafficking (Wallings et al., 2015). LRRK2 can associate with mitochondrial

membranes and mutant LRRK26%%

overexpression lowers mitochondrial membrane
potential possibly through binding to and phosphorylation of one of the major mitochondrial

anti-apoptotic proteins, Bcl-2 (Su et al., 2015).

Among the numerous interaction partners of LRRK2 are those of the 14-3-3 family of
phospho-Ser/Thr-binding proteins (Li et al., 2011). 14-3-3 proteins regulate a variety of
cellular functions through their effects on signalling molecules (see chapter 1.3). Four out of
the five most common familial mutations of LRRK2 showed reduced phosphorylation of
Ser”® and Ser®™® and concomitant reduction of 14-3-3 binding (Nichols et al., 2010). This
further correlated with redistribution of the mutant protein from diffuse cytosolic expression
pattern into punctate cluster. The 5™ most common familial mutation, G2019S was shown to
exhibit enhanced kinase activity but has otherwise a normal phosphorylation state and 14-3-
3-binding capacity. Overexpression of this mutant leads to kinase-dependent decrease of
neuronal outgrowth capacities in primary cultures. Interestingly, overexpression of 14-3-30
ameliorates this effect through reduction of LRRK2%%°'%° kinase activity (Lavalley et al.,

2016).
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iii) PINK1
Mutations in the gene for PINK1 cause autosomal recessive Parkinsonism with early disease
onset but otherwise indistinguishable from PD. Gene mutations are found in both familial and

sporadic cases (Bonifati et al., 2005).

PINK1 is a 581 aa-long kinase with a typical N-terminal mitochondrial targeting sequence. It
is imported via the TOM/TIM23 pathway and released laterally into the IMM with its kinase
domain facing the intermembrane space. Upon TIM import the mitochondrial targeting
sequence is cleaved by MPP (mitochondrial processing peptidase). In addition, the
transmembrane helix of PINK1 is sensitive to cleavage by presinilin-associated rhomboid-like
protein (PARL), which cuts PINK1 inside the membrane domain (Pickrell and Youle, 2015).
This allows for retro-translocation of the cleaved PINK1 into the cytosol, where it is degraded
by N-degron type 2 E3 ubiquitin ligases (Yamano and Youle, 2013). Alternatively, in
Drosophila melanogaster PINK1 levels were found to be sensitive to the matrix protease Lon.
Lon knock out selectively led to increased matrix levels of PINK1, which may reflect an

alternative translocation pathway for PINK1 (Thomas et al., 2014).

PINK1 translocation across the mitochondrial membranes is driven by the mitochondrial
membrane potential. Upon depolarisation of AW, PINK1 accumulates at the outer
mitochondrial membrane where it is inaccessible to degradation by mitochondrial proteases
(Narendra et al., 2010). This leads to the stabilisation and subsequent activation of PINK1
(Geisler et al., 2010; Vives-Bauza et al., 2010). A major substrate for PINK1 is ubiquitin.
Phosphorylated ubiquitin recruits Parkin, a cytosolic E3 ubiquitin ligase, to mitochondria and
activates its ubiquitin ligase activity (Kazlauskaite et al., 2014). PINK1-mediated
phosphorylation of the ubiquitin-like domain of Parkin further enhances Parkin activity
(Kondapalli et al., 2012). In addition, PINK1-phosphorylation of the outer membrane protein
Mitofusin2 (Mfn2) can recruit Parkin to mitochondria in absence of ubiquitinated proteins
(Chen and Dorn, 2013), which was suggested to trigger a feed forward loop of PINK1-Parkin
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activation. The ubiquitination of proteins by Parkin increases the substrate pool for PINK1,
resulting in an amplification of the degradation signal ultimately leading to the removal of
damaged mitochondria via mitophagy (Pickrell and Youle, 2015). Of note, ubiquitin
phosphorylation by PINK1 is sufficient to induce mitophagy in a Parkin-independent manner
(Lazarou et al., 2015) but Parkin seems to facilitates the process of mitochondrial

degradation.

Other substrates for PINK1 include the trafficking adaptor Miro1 at the OMM, the
mitochondrial IMM protease HtrA2 and the mitochondrial chaperone TNF receptor
associated protein 1 TRAP1/Hsp75. PINK1 phosphorylation of HtrA2 and Hsp75 was
suggested to increase the resistance to mitochondrial stress (Plun-Favreau et al., 2007;
Pridgeon et al., 2007). These findings argue for a role of PINK1 upstream of mitophagy
(Voigt et al., 2016), which was recently reinforced by two independent publications. Both
groups identified an activating effect of PINK1 on complex | of the ETC through interaction

with the subunit NdufA10 (Morais et al., 2014; Pogson et al., 2014).

iv) Parkin

Mutations in the gene locus for Parkin are the most frequent cause of autosomal-recessive
early-onset Parkinsonism. Parkin-induced Parkinsonism is clinically very similar to PD
although non-motor symptoms are usually absent (Shulman et al., 2011). Mutant Parkin-
carriers do not develop LB pathology, which is an interesting observation regarding the

development of etiologic hypotheses.

Parkin is a 465 aa protein of a small E3 ubiquitin ligase family termed the ring-between-ring
(RBR) family. Parkin consists of 3 zinc-binding RING (really interesting new gene) domains
assigned RINGO, RING1, and RING2, and a zinc-binding in between RING (IBR) domain
between RING1 and RING2 (Pickrell and Youle, 2015). Parkin binds ubiquitin covalently via
the RING2 domain after associating to an E2 ubiquitin-conjugating enzyme via RING1. In

non-activating conditions, Parkin is autoinhibited through the occlusion of the ubiquitin
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binding site by RINGO and the E2 binding site by an a-helix from a linker region between IBR

and RING2 (Pickrell and Youle, 2015; Riley et al., 2013; Trempe et al., 2013).

The RBR domains harbour many cysteine residues, which renders Parkin sensitive to
oxidative inactivation (Wong et al., 2007) and oxidative modification of Parkin may have
pathologic relevance for sporadic PD (LaVoie et al., 2005). Parkin further contains an N-
terminal ubiquitin like domain, which plays an important role in enzyme activation through
phosphorylation by PINK1 at Ser®® (Kondapalli et al., 2012). In addition, phosphorylation of
ubiquitin by PINK1 is involved in Parkin activation and accumulation at the outer

mitochondrial membrane (Kazlauskaite et al., 2014).

Parkin regulates mitochondrial dynamics in a PINK1-dependent manner via interaction and
degradation of the mitochondrial fusion proteins Mfn1 and Opa1, the mitochondrial fission
protein Drp1 (Gegg et al., 2010; Yu et al., 2011), as well as the mobility adaptor protein Miro1
(Wang et al., 2011). Furthermore, Parkin regulates mitochondrial biogenesis through
degradation of parkin interacting substrate (PARIS), a repressor of PGC1a transcriptional
activity (Shin et al., 2011). All of these Parkin substrates are key factors for the different

aspects of mitochondrial dynamics.

Other ubiquitination substrates for Parkin have been described including Septin5, Parkin-
associated endothelin receptor-like receptor (Pael-R) (Dawson and Dawson, 2010) heat
shock protein 70 (Moore et al., 2008), Bax (Johnson et al., 2012), the tyrosine phosphatase
STEPg1 (Kurup et al., 2015), and the a-synuclein interaction partner synphilin (Chung et al.,
2001). Parkin was also proposed to play a role in clearance of both a-synuclein (Shimura et
al., 2001) and misfolded DJ-1 (Olzmann et al., 2007). Interestingly, Parkin may have
ubiquitin-independent functions, such as a role in DNA binding and repression of p53

transcription (da Costa et al., 2009).
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Parkin seems to be regulated by various cell signalling pathways at the transcriptional level.
The tumour suppressor p53 transcriptionally activates Parkin expression and Parkin
deficiency mediated by p53 knockdown was associated with a metabolic shift from
mitochondrial OXPHOS to aerobic glycolysis, a hallmark for most cancer cells known as the
Warburg effect (Zhang et al., 2011). In contrast, cytosolic p53 could directly interact with
Parkin and inhibit Parkin-mediated mitophagy, which was associated with cardiac
dysfunction in mice (Hoshino et al., 2013). Both examples showcase the importance of
Parkin, as well as a balanced mitochondrial activity and dynamics for correct function of the
cell. In addition to p53, the transcription factor ATF4, mediating the unfolded protein
response activates Parkin expression, whereas the transcription factors N-myc and c-Jun
downregulate Parkin levels (Bouman et al., 2011; West et al., 2004). Parkin activity is further
negatively regulated through phosphorylation and binding of 14-3-3n (Sato et al., 2006). The
same study also demonstrated that wildtype but not mutant a-synuclein could bind to 14-3-3n

and sequester it from Parkin, thereby enhancing Parkin activity.

v) DJ-1

Homozygous gene disruption of the Park7 locus coding for the protein DJ-1 causes early
onset Parkinsonism with clinical features similar to those observed in Pink1 and Parkin
mutant carriers. DJ-1 mutations are the least common cause of familial PD (Ibanez et al.,

2003).

DJ-1 is a 189 aa small protein with homology to bacterial chaperones of the DnaJd family. It
has a broad cell protective role and was implicated in numerous pathways from
transcriptional regulation to direct regulation of enzyme activity (Trempe and Fon, 2013).

More detail on the structure and function of DJ-1 is provided in chapter 1.4.

vi) Other genes
A number of other genes have been implicated in the development of hereditary PD,

including F-box only protein 7 (Fbxo7) (Di Fonzo et al., 2009), glucocerebrosidase (GBA)
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(Aharon-Peretz et al., 2004; Sidransky et al., 2009) and the lysosomal ATPase ATP13A2
(Park et al., 2015), or were proposed as risk factors in sporadic PD, such as GBA, the
genomic region spanning the three genes for Cyclin-G-associated kinase (GAK), the
endosomal/lysomomal potassium channel TREM75, and the diacylglycerol kinase theta
(DGKQ), as well as the MHC class Il histocompatibility antigen HLA-DQB1 (Nalls et al.,
2014). The role of most of these genes in pathogenesis has received little or no attention.
Fbxo7 and both, GBA and ATP13A2 are implicated in protein degradation and lysosomal
function, respectively. Fbxo7 interacts with Parkin to facilitate mitophagy (Burchell et al.,
2013). GBA is a lysosomal protein, the activity of which is inversely related to a-synuclein
levels (Schapira, 2015) and ATP13A2 is important for lysosomal function and the
degradation of autophagosomes (Bento et al., 2016; Park et al., 2015). Thus, the function of
these three proteins strengthens a role for protein homeostasis and quality control in the

pathogenic process of PD.
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1.3 14-3-3B and its implication in Parkinson’s disease

The family of 14-3-3 proteins consists of 7 isoforms in humans with structural and functional
homology (Berg et al., 2003a; Fu et al., 2000). The range of pathways that employ 14-3-3
proteins covers nearly all aspects of normal cellular activity, including proliferation (DeYoung
et al., 2008; Gardino and Yaffe, 2011; Pozuelo Rubio et al., 2004), metabolic regulation
(Kleppe et al., 2011; Pozuelo Rubio et al., 2004; Pozuelo Rubio et al., 2003; Weerasekara et
al., 2014), excitability and secretion (Beguin et al., 2006; Berg et al., 2003a; Li et al., 2006),
as well as regulated cell death (Gardino and Yaffe, 2011; Jang et al., 2009; Zha et al., 1996).
14-3-3 proteins have phospho-serine (pSer) and phospho-threonine (pThr) binding activity
and have therefore been studied intensively in kinase- and phosphatase-dependent cell
signalling pathways (Kosaki et al., 1998; Pozuelo-Rubio, 2011; Ramakrishnan et al., 2015;
Rezabkova et al., 2011; Sato et al., 2002; Zha et al., 1996). The different isoforms of 14-3-3
are partially redundant while isoform-specific functions have also been reported (Pozuelo-
Rubio, 2011; Sato et al., 2006; Schoenwaelder et al., 2016; Shumway et al., 2003;
Sluchanko et al., 2012; Toyo-oka et al., 2003; Yano et al., 2006). Given their high expression
levels in the brain and their broad spectrum of activities, it is not surprising that proteins of
the 14-3-3 family have been implicated in various neurological disorders, including
Parkinson’s disease (Dzamko et al., 2010; Lavalley et al., 2016; Nichols et al., 2010;

Ostrerova et al., 1999; Slone et al., 2015; Yacoubian et al., 2010).

1.3.1 Structure and function of the family of 14-3-3 proteins

i) Structural determinants of 14-3-3 binding modes

14-3-3 proteins form a conserved family among eukaryotes and mammalian paralogs often
share nearly identical primary protein sequences. In human the family comprises seven
isoforms: beta/alpha (B/a), gamma (y), zeta/delta (¢/0), sigma (o), epsilon (¢), eta (n), and

theta/tau (8/1). The human isoforms share 80% similarity along the whole protein sequence
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and have highly conserved functional regions (Figure 1.7) (Berg et al., 2003a; Fu et al.,

2000).

14-3-3s are relatively small (app. 240 aa) acidic proteins with an antiparallel a-helical
secondary structure. Although enhanced chaperone-activity of monomeric 14-3-3C has been
described (Sluchanko et al.,, 2012), 14-3-3s are thought to act primarily as homo- or
heterodimers with other 14-3-3 proteins (Fu et al., 2000; Johnson et al., 2010; Rezabkova et
al., 2011; Sluchanko and Gusev, 2012; Tzivion et al., 2001; Yaffe et al., 1997; Yang et al.,
2006). The crystal structure of dimeric 14-3-3 adopts a cup-like shape (Figure 1.8, PDB
accession number 2¢63) (Yang et al., 2006) with a highly conserved inner surface formed by
helices 3, 5, 7, and 9, as well as a more variable outer surface (Obsil and Obsilova, 2011).
Dimer formation crucially depends on a salt bridge between Arg'® and GIu®® of the two
opposing 14-3-3 entities. The ability to form homodimers may further depend on the
presence of Asp?’ and Lys®. The latter is replaced by a methionine in the 14-3-3¢ isoform,
which is the only isoform known to favour heterodimer formation, probably due to an
incompatibility of the homodimer interface. Instead Glu®? of 14-3-3¢ preferentially participates
in a hydrogen bond with Lys® of other 14-3-3 molecules, which may provide the necessary

stabilising effect for dimer formation (Yang et al., 2006).

The most important property of 14-3-3 proteins is the ability to bind phosphorylated serine or
threonine (pSer/Thr) containing proteins. The interaction occurs in a highly conserved
binding cleft, which coordinates the phosphorylated side chain at (residues relative to
isoform) Lys®!, Arg®® and Arg®? on a-helix 3, as well as Arg'?® and Tyr'*° on a-helix 5 (Yaffe et
al., 1997). Furthermore, Asp'?’, Asn'"® and Asn®?’, as well as a hydrophobic patch made up
of Leu'”, Leu?" and l1le?®® are involved in stabilising the backbone surrounding pSer/pThr
(Yang et al., 2006). Importantly, the interaction relies mainly on the phosphorylated residue
and the conformation of the backbone (Yaffe et al., 1997; Yang et al., 2006), which explains

the large number of substrates that were found to interact with 14-3-3 proteins.
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14-3-3 protein beta/alpha [H. sapiens]

A B

14-3-3 sigma

14-3-3 protein beta/alpha [M. musculus]

14-3-3 protein beta/alpha-A [D. rerio]
14-3-3 theta
14-3-3zeta, isoform A [D. melanogaster]
14-3-3 beta/alpha 14-3-3-like protein 2 [C. elegans]

14-3-3 protein-like protein [L. donovani]

14-3-3 zeta/delta
14-3-3 eta
{14-3-3 gamma

14-3-3 epsilon

14-3-3 protein, putative [P. falciparum 3D7]

14-3-3 family protien BMH3 [S. cerevisae S288c]

14-3-3-like protein D [G. max]

o

type A von Willebrand factor domain-containing protein [D. discoideum AX4]

C 20 23 51 58 62

14-3-3 beta/alpha 1 MtMDKSELVQKAKLAEQAERYDDMAAAMKAVTEQGHELSNEERNLLSVAYKNVVGARRSSWRVISSIEQKT--ERNEKKQ 78
14-3-3 zeta/delta 1 --MDRNELVQKAKLAEQAERYDDMAACMKSVTEQGAELSNEERNLLSVAYKNVVGARRSSWRVVSSIEQKT--EGAEKKQ 76
14-3-3 theta/tau 1 --MERTELIQKAKLAEQAERYDDMATCMKAVTEQGAELSNEERNLLSVAYKNVVGGRRSAWRVISSIEQKT--DTSDKKL 76
14-3-3 gamma 1 M-VDREQLVQKARLAEQAERYDDMAAAMKNVTELNEPLSNEERNLLSVAYKNVVGARRSSWRVISSIEQKTSADGNEKKI 79
14-3-3 eta 1 M-GDREQLLORARLAEQAERYDDMASAMKAVTELNEPLSNEDRNLLSVAYKNVVGARRSSWRVISSIEQKTMADGNEKKL 79
14-3-3 sigma 1 M--ERASLIQKAKLAEQAERYEDMAAFMKGAVEKGEELSCEERNLLSVAYKNVVGGQRAAWRVLSSIEQKSNEEGSEEKG 78
14-3-3 epsilon 1 M—DDREDIé\gYQAgklI_.AEQAERYDEMVESMKKVAGM.DVELTVEERNLLSVAYKNVIGARRASWRIISSIEQKEENKGGEDKL 79

126 129/130

79 QMGKEYREKIEAELQDICNDVLELLDKYLIPNA--TQPESKVFYLKMKG&YFRYLSEVASGDNKQTTVSNSQQAYQEAFE 156
77 OMAREYREKIETELRDICNDVLSLLEKFLIPNA--SQAESKVFYLKMKGDYYRYLAEVAAGDDKKGIVDQSQQAYQEAFE 154
77 QLIKDYREKVESELRSICTTVLELLDKYLIANA--TNPESKVFYLKMKGDYFRYLAEVACGDDRKQTIDNSQGAYQEAFD 154
80 EMVRAYREKIEKELEAVCQDVLSLLDNYLIKNCSeTQYESKVFYLKMKGDYYRYLAEVATGEKRATVVESSEKAYSEAHE 159
80 EKVKAYREKIEKELETVCNDVLSLLDKFLIKNCNAFQYESKVFYLKMKGDYYRYLAEVASGEKKNSVVEASEAAYKEAFE 159
79 PEVREYREKVETELQGVCDTVLGLLDSHLIKEAG--DAESRVFYLKMKGDYYRYLAEVATGDDKKRIIDSARSAYQEAMD 156
80 KMIREYRQMVETELKLICCDILDVLDKHLIPAAN--TGESKVFYYKMKGDYHRYLAEFATGNDRKEAAENSLVAYKAASD 157
174/175 218/219 226
157 ISKKEMQPTHPIRLGLALNFSVFYYEILNSPEKACSLAKTAFDEAIAELDTLNEESYKDSTLIMQLLRDNLTLWTSENQG 236
155 ISKKEMQPTHPIRLGLALNFSVFYYEILNSPEKACSLAKTAFDEAIAELDTLSEESYKDSTLIMQLLRDNLTLWTSDTQG 234
155 ISKKEMQPTHPIRLGLALNFSVFYYEILNNPELACTLAKTAFDEAIAELDTLNEDSYKDSTLIMQLLRDNLTLWTSDSAG 234
160 ISKEEMQPTHPIRLGLALNYSVFYYEIQNAPEQACHLAKTAFDDAIAELDTLNEDSYKDSTLIMQLLRDNLTLWTSDQOD 239

160 ISKEQMQPTHPIRLGLALNFSVFYYEIQNAPEQACLLAKQAFDDAIAELDTLNEDSYKDSTLIMQLLRDNLTLWTSDQQD 239
157 ISKREMPPTNPIRLGLALNFSVFHYEIANSPEEAISLAKTTFDEAMADLHTLSEDSYKDSTLIMQLLRDNLTLWTADNAG 236
158 IAMTELPPTHPIRLGLALNFSVFYYEILNSPDRACRLAKAAFDDAIAELDTLSEESYKDSTLIMQLLRDNLTLWTSDMQG 237

237 DEGDAG-EG-EN--—--- 246

235 DEAEAG-EGGEN------ 245 . .

235 EECDAA-EGAEN-—-mnv 245 | dimer interface

240 poo--Grew— - 247 phospho-serine binding
240 EEA--G-EG-N-----—- 246

237 EEG--G-EAPQEpgs--- 248 | substrate binding

238 DGEEQNkEALQDvedeng 255

Figure 1.7 — 14-3-3 sequence homology. A,B Phylogenetic tree of human 14-3-3 isoforms (A) and paralogs
of 14-3-3f in model organisms (B). C Alignment of the amino acid sequence of all human 14-3-3 isoforms with
identical residues in red and conserved substitutions in blue. The arrows highlight selected functional

residues. The numbering relates to the position in human 14-3-3.
To date three distinct phospho-binding motifs were identified as 14-3-3 targets. Mode 1 and 2
are usually situated in internal, often unstructured regions. The consensus sequences are

depicted below starting from the N-terminus (Ar = aromatic, b = basic, X = any amino acid)

(Fu et al., 2000; Yaffe et al., 1997).
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Mode 1: R - S/Ar - b/Ar- pS/T - L/E/A/M -P

Mode 2: R-X- Ar - b - pS/T - L/E/A/M -P

The proline in the +2 position breaks the helix and is important to accommodate the
substrate along the binding cleft. The third mode of 14-3-3 binding was identified later and
involves the substrate C-terminus (Coblitz et al., 2006; Wurtele et al., 2003). The minimal

consensus sequence is:
Mode 3: pS/T - Xi-» - COOH

A

S—q]

Y - 90 o)

Figure 1.8 — Structure of 14-3-3. The crystal structure of 14-3-3n in complex with a phospho-peptide (PDB
accession number: 2¢63). A) The ribbon diagram of the monomer. The colour code reflects the 9 helices of
the protein from N-terminus (dark blue) to C-terminus (red). The phospho-peptide is shown as stick model.
The image on the right is horizontally turned 90° counter clockwise relative to the image on the left. B) 14-3-3n
dimer with the typical cup-like shape. Each monomer is bound to the phospho-peptide. The two subunits are
differentially colour-coded. The blue subunit is in a similar orientation as in the left image of A with a small turn
clockwise. C) The 14-3-3n dimer with the ribbon representation superimposed onto the surface-rendered
structure. The red surface corresponds to the phospho-peptide. All images were created using the software

SPDBYV as described in material and methods.
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In addition, arginine residues in upstream positions have been observed frequently in
mammalian mode 3 binding studies, which reflects some similarity to mode 1 and 2 (Coblitz
et al., 2006). These consensus motifs have been valuable tools to predict new 14-3-3
interaction sites. However, substrates with less conserved motifs can be accommodated as
well, largely due to a high conformational flexibility of the tertiary structure of 14-3-3 (Yang et
al., 2006). In addition, a few proteins were reported to bind to the central cleft of several 14-
3-3 proteins, including the B-isoform, in a phospho-peptide-independent manner (Ottmann et

al., 2007; Yang et al., 2006).

The C-terminal domain of 14-3-3 proteins is not resolved in most crystal structures. Nuclear
magnetic resonance has shown a highly flexible C-terminus, which shares structural and
functional similarity to the C-terminal extensions in heat-shock protein-like chaperones
(Williams et al.,, 2011). Various studies have reported a function for 14-3-3s in resolving
protein aggregation and to aid in protein targeting to subcellular compartments (Hachiya et
al., 1994; Plotegher et al., 2014; Sluchanko et al., 2012; Williams et al., 2011; Xu et al., 2013;
Yano et al., 2006). The chaperone activity of 14-3-3 proteins seems to involve regions
outside the conserved binding cleft in addition to the c-terminal flexible extension (Williams et
al., 2011). This is in line with an earlier hypothesis, according to which the non-conserved
outer surface of 14-3-3 was likely implicated in protein-protein interactions independently of
and maybe prior to the phospho-residue binding by the central conserved cleft (Yang et al.,
2006). This hypothesis was confirmed by the low-resolution solution structure of 14-3-3C in
association with regulator of G protein signaling 3 (RGS3) (Rezabkova et al., 2011), which
showed the docking of RGS3 at the C-terminal helices 6 and 8 of 14-3-3 in addition to the

264

conserved phospho-binding of an unstructured region around Ser®™ of human RGS3 isoform

1.
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ii) Expression

Although extensive knowledge has been accumulated on the structure and mechanism of
14-3-3 proteins, little is known regarding isoform-specific expression levels or the regulation
of 14-3-3 gene expression. 14-3-3s were first identified in brain extracts as a highly abundant
protein component. Now we know that these proteins are ubiquitously present in all
eukaryotic cells (Fu et al., 2000; Takahashi, 2003).

14-3-3 is expressed throughout all of the central nervous system, with highest levels in the
hippocampal pyramidal cells, cerebral cortex, the olfactory bulb, and Purkinje cells of the
cerebellum, as well as in peripheral tissue with high levels found in the liver, the intestine and
the adrenal gland (Takahashi, 2003). An isoform specific expression pattern has been
observed, which may be important for cell-specific functions of different 14-3-3 homologs.
For example, whereas the ¢ isoform is mainly expressed in the rat grey matter, 8 is only

found in glial cells of the white matter (Takahashi, 2003).

A function for 14-3-3 in development was supported by some older studies that showed
expression of 14-3-3 3, y, and € early on in the developing brain and of isoform y in the whole
body (McConnell et al., 1995; Watanabe et al., 1993). Both studies revealed a dynamic

regulation of expression throughout development.

With respect to the subcellular distribution, 14-3-3 proteins are found in cytosol and nucleus,
in cytosolic organelles such as the Golgi and ER, as well as in association with the
cytoskeleton and membranous structures, including the plasma membrane and synaptic
membranes with little isoform-specific differences (Fu et al., 2000; Martin et al., 1994;
Takahashi, 2003). Furthermore, an interaction between 14-3-3 and the F{Fo ATP Synthase,
which was identified in a mass spectrometry screen, suggests that 14-3-3 proteins may also

be present in mitochondria (Pozuelo Rubio et al., 2004).
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iii) 14-3-3 — Mechanisms of action

The activity of 14-3-3 proteins can be differentiated into three distinct, phosphorylation-
dependent mechanisms with distinct effects on the target proteins (Obsil and Obsilova,
2011). Binding of a 14-3-3 dimer to its substrate can induce a conformational change within
the substrate and alter its activity. This is exemplified by the binding of 14-3-3 to tyrosine
hydroxylase, the rate-limiting enzyme in the synthesis of the catecholaminergic

neurotransmitters dopamine, norepinephrine and adrenalin (Halskau et al., 2009).

Another mechanism is the simultaneous binding of 14-3-3 dimers to two different
phosphorylated target proteins, whereby 14-3-3 acts as a scaffold. The resulting proximity of
both target proteins may facilitate activation or inhibition of either binding partner.
Simultaneous binding of 14-3-3p to the kinase Raf-1 and the cell cycle phosphatase Cdc25
was shown to activate Cdc25 through phosphorylation, thereby mediating Ras/Raf-1 induced

cell cycle progression (Conklin et al., 1995).

A third mechanism of 14-3-3 activity is the occlusion of functional sites on target proteins.
This may cause subcellular retention of the binding partner if the blocked site contains a
targeting sequence, or inhibition of protein interaction if the site contains a protein interaction
motif. In addition, protection of the phospho-residue from dephosphorylation was also
observed, whereby 14-3-3 could alter the duration of substrate activity. The occlusion of
functional sites has been observed in the binding of 14-3-3 to Bad, which was shown to
sequester the pro-apoptotic Bad from the anti-apoptotic Bcl-2 and Bcl-x. resulting in
protection from cell death (Zha et al., 1996). In a different anti-apoptotic mechanism 14-3-3C
was found to bind to and retain the pro-apoptotic transcription factor c-Abl in the cytoplasm.
Interestingly, the release of c-Abl was mediated by JNK-dependent phosphorylation of Ser'®
on 14-3-37, rather then by dephosphorylation of c-Abl (Yoshida et al., 2005). Hence, Ser'®
has a regulatory function on the binding activity of 14-3-3¢, although this residue is not
conserved among all human 14-3-3 isoforms.
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1.3.2 Functions of 14-3-3 proteins

i) Metabolic regulation

Since their discovery, many different functions have been associated with the 14-3-3 family
of proteins. A large screen for 14-3-3 interacting phospho-proteins has identified novel
interaction partners involved in metabolism, including key enzymes such as phospho-
fructokinase-2 (PFK2), glucose-6-phosphate dehydrogenase, glyceraldehyde-3-phosphate
(GAPDH), pyruvate kinase muscle-type (PKM), and the a and B subunit of FiFo ATP
synthase (Pozuelo Rubio et al., 2004). The large number of interaction partners indicates
that 14-3-3-dependent direct modulation of energy metabolism can occur at various levels,
although the precise function of these interactions has not been investigated for most of the

proteins mentioned above.

A complex regulation of metabolism occurs upstream of metabolic enzyme activity. Several
signalling pathways have been Ilinked to 14-3-3 activity, including the insulin-
receptor/phosphoinositol-3-kinase(PI3K)/Akt pathway, the AMP-activated protein kinase
(AMPK) pathway, the autophagy pathway at the level of class Ill PI3K/Beclin1 complex and
the mammalian target of rapamycin (mTOR) pathway. The latter integrates signals from all

three aforementioned pathways (Kleppe et al., 2011).

Stimulation of the insulin receptor causes tyrosine phosphorylation of the insulin receptor
substrates 1 (IRS1), which in turn activates the pro-glycolytic PI3K/PI3-dependent
kinase1(PDK1)/Akt kinase cascade. Various 14-3-3 isoforms, namely B, €, and ¢ can interact
with IRS1, thereby reducing its tyrosine phosphorylation and insulin sensitivity (Kosaki et al.,

1998; Ogihara et al., 1997).

One of the effectors of Akt is the glycogen synthase kinase 3 (GSK3), which is negatively
regulated by Akt phosphorylation at Ser® of GSK3B. GSK3 inhibits the activity of glycogen

synthase but has many other upstream functions including the regulation of protein
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expression, microtubule stability and apoptosis (Beurel et al., 2015). Interestingly, GSK3p
has a positive effect on mitochondrial Ca** uptake through the activation of InsP3-Receptor
Ca** channels at the ER to mitochondria contact sites (Gomez et al., 2016). Given the
stimulating effect of mitochondrial Ca®*, GSK3B could act as a positive regulator of
mitochondrial metabolism. Consistent with the negative effect of 14-3-3 on IRS1 is the finding
that a 14-3-3 peptide inhibitor enhances PI3K activity, thereby exacerbating GSK3f inhibition
downstream of Akt in mouse cardiomyocytes (Liao et al., 2005). 14-3-3 can also bind directly
to phosphorylated Ser® of GSK3B. Interestingly, instead of promoting the inhibitory effect of
pSer® the binding of 14-3-3C to this residue increased the activity of GSK3B towards its
substrate microtubule-associate protein tau (MAPT) (Yuan et al., 2004). Tau is implicated in
microtubule stabilisation and mitochondrial trafficking in neurons (Stamer et al., 2002).
Abnormally phosphorylated tau is found in neurodegenerative tauopathies. It is not clear
weather the positive effect of 14-3-3 binding to GSK3 is specific for tau or can be expanded

to other GSK3 substrates.

14-3-3 proteins also bind to other Akt phosphorylated substrates, such as the Akt substrate
160 (AS160) and proline-rich Akt substrate 40 (PRAS40). The interaction with AS160
releases its inhibitory activity on glucose transporter 4 (GLUT4) trafficking and induces an
insulin-dependent relocation of GLUT4 from internal stores to the plasma membrane (Kleppe
et al., 2011) thereby promoting glycolysis. Binding of 14-3-3 to PRAS40 is important for
activation of the mTOR complex. The binding of PRAS40 to regulatory-associated protein of
mTOR (Raptor) suppresses mTOR activation. The inhibition is released upon binding of 14-
3-3 to Akt-phosphorylated PRAS40 (Kleppe et al., 2011). The mTOR pathway has many
downstream effectors, which in conjunction activate protein synthesis, glucose metabolism
and cell growth. The mTOR complex is therefore regulated at various levels. In addition to
PRAS40, a second complex consisting of tuberous sclerosis complex 1 and 2 (TSC1/2)
inhibits mMTOR activity. TSC1/2 has GTPase activating function towards the Ras homologue-

enriched in brain (RHEB) protein, the GTP bound form of which is necessary for mTOR
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activation. Phosphorylation of TSC1/2 and subsequent inhibition through 14-3-33 binding
enhances the level of GTP-RHEB in an extracellular-regulated kinase (ERK)-dependent

manner (Kleppe et al., 2011; Shumway et al., 2003).

The activity of the mTOR pathway stands in contrast to the function of the AMPK pathway.
AMPK is a sensor for energy shortage in the form of increased AMP/ATP ratio. As such,
AMPK directly inhibits the mTOR pathway through phosphorylation of TSC2 as well as
Raptor, causing an inhibitory association with 14-3-3 (Gwinn et al., 2008). AMPK, as well as
the related kinases SIK2 and MARK2 are activated by the liver kinase 1 (LKB1).
Phosphorylation of SIK2 and MARK2 results in binding of 14-3-3 and activation. The
activated kinases in turn inhibit their target cAMP-regulated transcriptional coactivator
(CRTC), the phosphorylation of which results in 14-3-3-dependent sequestration in the
cytosol (Kleppe et al., 2011). Interestingly, the ¢ isoform of 14-3-3 seems to negatively
regulate LKB1 upon autophosphorylation (Bai et al., 2012). One direct output of the AMPK
pathway is the activation of autophagy, which has a protective function during short-term
depletion of nutrients. However, interaction of 14-3-3C with a key autophagic kinase, the
class Il PI3K results in inhibition of autophagy, likely mediated by protein kinase C (PKC)
phosphorylation (Pozuelo-Rubio, 2011). These and many other studies exemplify the
intricate relationship between 14-3-3 proteins and the regulation of cell metabolism. Of note,
the binding of 14-3-3 to substrates is regulated dynamically in response to metabolic
alterations. For example, during starvation 14-3-3C substrate binding was increased with
respect to the autophagy factor Atg9a but decreased for the negative GLUT4 regulator
AS160 (Weerasekara et al., 2014). Therefore, it is likely that 14-3-3 proteins are
multifunctional players in the regulation of metabolism and more generally cell signalling.
This may also explain why the role of 14-3-3s in pathological conditions is not always
coherent. An example is the function of 14-3-3 in cancer. These proteins are usually
considered oncogenic factors owing to their anti-apoptotic and pro-proliferative functions

(Morrison, 2009). Nevertheless, tumour suppressor activity has been described especially for
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the 14-3-3c isoform regarding cell cycle control and the suppression of metabolic
reprogramming, a phenomenon intrinsically linked to tumour formation and progression

(Phan et al., 2015).

In summery, 14-3-3 proteins are potent regulators of energy metabolism both through
upstream key signalling pathways and at the level of metabolic enzyme activity. In addition,
these multifunctional proteins act in a highly dynamic manner to accommodate a large range

of cellular activity.

ii) Mitochondrial functions

In fact, little is known about the direct effect of 14-3-3 proteins on mitochondria. Early studies
identified a protein complex called the mitochondrial import stimulating factor (MSF) that
could bind to and unfold mitochondrial precursor proteins. MSF further facilitates the
association of mitochondrial precursor with the import complex TOM, probably via the
Tom37/Tom70 receptors (Mihara and Omura, 1996). cDNA isolation from rat liver identified
14-3-3 isoforms C, y, and € as the large and small components of the MSF. Purified 14-3-3¢
and ¢ were able to stimulate the import of the precursor of ferredoxin (also known as
adrenodoxin) into isolated mitochondria (Alam et al., 1994), suggesting a positive effect of

14-3-3 proteins on mitochondrial protein import and biogenesis.

Later an interaction between the mitochondrial and chloroplast ATP Synthase B-subunit and
plant 14-3-3B was identified. Interestingly, this interaction was associated with inhibition of
the ATP Synthase during dark adaptation of barley chloroplasts (Bunney et al., 2001). The
barley 14-3-3B protein sequence is to 74% identical to € and 63% identical to the 8 isoform of
human 14-3-3 (NCBI protein blast using accession number Q43470 for barley 14-3-3B
against reference protein data base limited to human protein sequences).

In line with this a publication recently revealed a positive effect of 14-3-3C knock out on
mitochondrial ATP generation in platelets. In this study the knock out had a negative effect

on thrombus formation, which was linked to a decrease of phosphatidylserine at the platelet
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surface. It was shown that 14-3-3C deficiency led to increased ATP levels and reserve
respiratory capacity in activated platelets (Schoenwaelder et al., 2016). The authors argued
that thrombus formation is initiated through cell death pathways and in particular, by
metabolism-dependent necrotic cell death. The increased mitochondrial capacity observed in
14-3-3 knock down cells may ameliorate the metabolic decline during platelet activation and
hence protect from necrotic cell death. Taken together, this suggests a pro-necrotic role for
14-3-3C in mouse platelets. This finding is somewhat in contrast to the well-established role
of 14-3-3 proteins in the inhibition of the mitochondrial pathway of apoptosis. 14-3-3 proteins
bind to and negatively regulate the activity of Bad to induce mitochondrial outer membrane
permeabilisation and apoptosis (Zha et al., 1996). These seemingly opposing effects on
mitochondrial function demonstrate one more time the flexibility of 14-3-3 proteins to

participate in very distinct regulatory processes.

iii) Neuronal functions of 14-3-3 and the implications in PD

Neurons are highly specialised signal transducing entities and as such 14-3-3 proteins are
likely to fulfil a subset of functions that may be unique to these cells (Berg et al., 2003a). The
most important property of neurons is their electrochemical excitability. In order to transmit
action potentials, neurons maintain a sodium ion gradient across the axonal membrane
thereby creating an inward negative membrane potential. The activation of voltage-gated
sodium channels causes Na® influx, which decreases the negative potential thereby driving
action potential propagation. Potassium ion efflux plays an important role during the re-
polarisation of the membrane and Na'/K*-pumps are required to restore the ionic gradient

during the refractory period of an action potential (Bean, 2007).

Another ion that is important for neuronal and synaptic transmission is calcium. Ca®" is not
only the main ion that induces synaptic vesicle secretion at the axonal endpoints, but can
also change the excitability of the axon itself through inward-rectifying voltage-gated Ca*
channels (Surmeier and Schumacker, 2013). Interestingly, 14-3-3 proteins were found to

regulate the activity and inactivation properties of Ca** channel activity. 14-3-3 binds to the
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C-terminal region of the pore forming a4 subunit of Ca,2.2 channels, which are implicated in
synaptic short-term plasticity (Li et al., 2006). Binding of 14-3-3 slows the inactivation of
Ca,2.2 channel opening thereby enhancing Ca®* influx and facilitating synaptic short-term
potentiation. The interaction of 14-3-3 with ion channels of the CNS is not limited to Ca,2.2.
Other channels including the pH-sensitive potassium channels TASK1 and 3, and the

chloride channel Clic4 were found to interact with 14-3-3 proteins (Berg et al., 2003a).

Recently, 14-3-3 functional knock out has been established in a mouse transgenic line. In
this model, the overexpression of the dimeric 14-3-3 peptide inhibitor (difopein), which
targets the phospho-binding activity of 14-3-3, induces a variety of neurologic defects. 14-3-3
deficit in the hippocampus for example was associated with impaired memory and decreased
long-term potentiation (Qiao et al., 2014). In addition, cortical neurotransmission was also
disturbed, which was associated with schizophrenia-related behaviour and increased

dopamine release in the striatum of these animals (Foote et al., 2015).

These studies demonstrate the importance of the 14-3-3 proteins during physiologic activity
of the nervous system. Interestingly, deletion of the 14-3-3¢ gene was found in patients with
the neurodevelopmental Miller-Dieker syndrome (Toyo-oka et al., 2003). Deregulation of 14-
3-3 activity has also been reported in other neurologic disorders, although a causal role has
not been established. For example, abnormal secretion of 14-3-3 into the cerebrospinal fluid
has been observed in various brain disorders, including multiple sclerosis, stroke, vascular
dementia, frontotemporal dementia, brain tumours and metastasis, various types of
encephalopathy, tuberous sclerosis and epilepsy (Berg et al., 2003a). 14-3-3 expression is
also altered in astrocytes after ischemic injury (Kawamoto et al., 2006) and in certain brain
regions in Alzheimer’s disease (AD) patients (Berg et al., 2003a). The neurophathology of
AD is characterised by intra- and extracellular deposits of misfolded amyloid beta protein, as
well as by intracellular aggregates of hyper-phosphorylated tau. Pathologic analysis revealed

the presence of 14-3-3 in the intracellular aggregates but not in extracellular amyloid
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plaques. Furthermore, 14-3-3¢ binding to tau enhances tau phosphorylation by protein kinase
A and GSK3p and impairs tau function in microtubule stabilisation (Agarwal-Mawal et al.,

2003; Berg et al., 2003a).

Several 14-3-3 isoforms are also present in PD-associated Lewy bodies. LB stain positive for
a majority of 14-3-3 isoforms (Berg et al., 2003b). In fact, there is a long-standing relation
between PD and 14-3-3. One of the first identified functions of 14-3-3 was their effect as
tyrosine (Y) and tryptophane (W) hydroxylase activators (hence their gene ID YWHA) (Isobe
et al., 1991; Itagaki et al., 1999). The loss of dopamine in the striatum is the main effect of
neurodegeneration in PD. The spontaneous degradation of dopamine and subsequent
production of reactive oxygen species (ROS) is at the core of the ROS hypothesis for the

pathogenesis of PD neurodegeneration (Dauer and Przedborski, 2003).

Another implication of 14-3-3 in PD comes from several studies that showed an interaction
between 14-3-3 and a-synuclein (Ostrerova et al., 1999; Plotegher et al., 2014). The two
proteins share limited regional homology in their amino acid sequence and show some
overlap in their interaction partners, including tyrosine hydroxylase (Halskau et al., 2009;
Perez et al., 2002). Whereas 14-3-3 proteins activate TH upon Ser'® phosphorylation
(Halskau et al., 2009), both WT and mutant A53T a-synuclein inhibit TH and reduce
dopamine secretion in a dopaminergic cell line (Perez et al., 2002). The authors speculated
that sequestration of a-synuclein into Lewy bodies, a pathologic hallmark of PD, may result in
TH over-activation, which could increase ROS levels through formation of dopamine
quinones.

Another interesting relationship between 14-3-3 and a-synuclein involves the chaperone
activity of 14-3-3n, which could inhibit fibril formation of oligomeric a-synuclein during the
early aggregation process. However, as a-synuclein levels increased and the aggregation

process continued 14-3-3n was effectively sequestered from the cytoplasm into insoluble
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inclusions suggesting a role for deregulated 14-3-3n protein expression to play a role in PD

(Plotegher et al., 2014).

14-3-3 was found to interact with two other PD gene products, LRRK2 and Parkin. In the
case of LRRK2, binding promotes a soluble, cytoplasmic localisation of LRRK2, which is
disrupted by several PD-causing mutations (Nichols et al., 2010). Furthermore, 14-3-30
reduces the kinase activity of LRRK2%%°'S (Lavalley et al., 2016), a mutant that has
previously been associated with enhanced kinase activity. In the case of Parkin, 14-3-3n was
shown to bind to and inhibit the activity of wildtype but not mutant Parkin. Furthermore, this
interaction was disrupted by wildtype a-synuclein. In contrast mutant a-synuclein could not
sequester 14-3-3n, which led to prolonged inhibition of Parkin (Sato et al., 2006).
Interestingly, a screen for novel interaction partners using the Saccharomyces cerevisiae 14-
3-3 isoforms as bait identified DJ-1/Park7 as a putative binding partner (Pozuelo Rubio et al.,
2004). This finding has not been confirmed to date and a functional significance for an

interaction between DJ-1 and 14-3-3 remains to be elucidated.

Recently, the expression and phosphorylation status of 14-3-3 proteins were examined in
two PD model systems and patients. Out of three regulatory phosphorylation sites Ser?*?
phosphorylation was increased in 14-3-30 in PD models and PD post-mortem brain. The
phosphorylation was likely mediated by casein kinase and had a negative effect on the ability

of 14-3-30 to inhibit Bax (Slone et al., 2015).

Taken together, many different lines of evidence support a role for 14-3-3 proteins in the
pathologic alterations observed in neurodegenerative conditions and PD. Furthermore, 14-3-
3 proteins have a neuroprotective effect in several models of Parkinsonism (Slone et al.,
2015; Yacoubian et al., 2010), which is in line with their negative effect on cell death and

protein aggregation (Gardino and Yaffe, 2011; Plotegher et al., 2014). A detailed
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understanding of the role of 14-3-3 proteins in PD-associated molecular alterations may aid

the development of novel neuro-protective therapies.
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1.4 DJ-1/Park7

Among one of the best-characterised PD loci is PARK7, which harbours the gene for DJ-1.
Homozygous mutation or deletion of PARKY7 causes autosomal recessive, early-onset
Parkinsonism (Bonifati et al., 2003). Due to the low frequency of PARK7 mutations, very little
is known about the clinical picture but it seems to present with a phenotype similar to PD
caused by mutant PINK1 and Parkin (Shulman et al., 2011). A large body of evidence
supports a cell-protective effect of DJ-1 against various factors including oxidative and

metabolic stress (Aleyasin et al., 2010; Guzman et al., 2010; McNally et al., 2011; Ren et al.,
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DJR-1.1 [C.elegans] MAQ KSALIILAaEGAEEMEVIITGDVLARGEIRVVYAGLDGAEPVKCARGAHIVPDVKLEDVETE-KFDIVILPGG /75
104106 126 149

76 NLGAQNLSESAAVKEILKEQENRKGLIAAICAGPTALLAHEIGFGSKVTTHPLAKDKMMNGGHYTYSENR-VEKDGLILT 154
76 NLGAQNLSESPMVKEILKEQESRKGLIAAICAGPTALLAHEVGFGCKVTTHPLAKDKMMNGSHYSYSESR-VEKDGLILT 154
76 LLGAQNLSESPAVKEVLKDQEGRKGLIAAICAGPTALLAHGIAYGSTVTTHPGAKDKMMAGDHYKYSEAR-VQKDGNVIT 154
103 LAGNKALMNSSAVGDVLRCQESKGGLIAAICAAPTALAKHGIGKGKSITSHPDMKPQLK--ELYCYIDDKtVVQDGNIIT 180
76 QPGSNTLAESi[%.é/RDVLKSQVESGGLIGAICAAPIALLSHGV—KAELVTSHPSVKEKLEKGG—YKYSEDR—VVVSGKII’I‘ 152

155 SRGPGTSFEFALATVEALNGKEVAAQVKAPLV--LKD 189 — mitochondrial import
155 SRGPGTSFEFALAIVEALVGKDMANQVKAPLV--LKD 189 ¢ dimer interface

155 SRGPGTSFEFALTIVEELMGAEVAAQVKAPLI--LKD 189
181 SRGPGTTFDFALKITEQLVGAEVAKEVAKAMLwtYKP 217
153 SRGPGTAFEFALKIVELLEGKDKATSLIAPML--LKL 187 ¢ mutated in PD

catalytic triade

Figure 1.9 — Sequence homology of different DJ-1 paralogues. A) The phylogenetic tree of DJ-1 among
model organisms, including mouse, D.melanogaster, C.elegans and various unicellular organisms. B)
Alignment of the amino acid sequence of human DJ-1 and the closest relatives in higher eukaryotes with
identical residues in red and conserved substitutions in blue. The arrows highlight selected functional residues

(green and yellow) and sites of pathologic mutations (black). The numbers relate to the position in DJ-1.
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2011; Richarme et al., 2015; Shi et al., 2015; Taira et al., 2004b; Vasseur et al., 2009).

1.4.1 Structure of DJ-1

DJ-1 is a small, soluble protein of 189 aa length that can form homodimers both in vitro and
in vivo. The protein is conserved from mammals to bacteria (Figure 1.9) and the crystal
structure revealed similarity to bacterial proteases and glyoxalases (Honbou et al., 2003).
The tertiary structure of DJ-1 is comprised of a central B-sheet that is surrounded by a-
helices. DJ-1 acquires a conformation known as a Rossmann-fold that usually binds to
dinucleotides, such as FAD and NAD(P)" (Honbou et al., 2003) (Figure 1.10). However, no
dinucleotides are known to bind to DJ-1 and no canonical binding motifs (Hanukoglu and
Gutfinger, 1989) are found within the primary sequence. DJ-1 has an active site with a
catalytic triad consisting of the reactive cysteine Cys'® as well as auxiliary histidine His'?
and glutamate Glu'®. Catalytic triads are present in proteases where they hydrolyse amino
acid chains (Carter and Wells, 1988; McGrath, 1999). However, in contrast to the active
proteases in bacteria, the DJ-1 triad is spatially distorted, which is likely to render the protein
catalytically inactive (Lee et al., 2003). Furthermore, dimer formation as well as the C-
terminal helix of DJ-1 blocks the active site for substrate entry (Honbou et al., 2003). It was
proposed that conformational changes in DJ-1 resulting from dimer disruption or protein
modification may cause an activation of the proteolytic activity (Chen et al., 2010; Honbou et
al., 2003). One such modification may occur at residue Cys®®, which is situated within the
dimer interface. DJ-1 can exist in two forms that differ in their isoelectric point (pl=6.2 and
pl=5.8). It was proposed that the more electronegative protein contains oxidative
modifications (Mitsumoto et al., 2001). The electronegative form could be blocked by
mutation of Cys53 to Ala (Taira et al., 2004b). However, other mutations also blocked the
pl=5.8 species, including mutation of the active site Cys'® and the pathologic mutant DJ-

11" Later studies suggested that Cys'®

is more susceptible to oxidative modification
(Canet-Aviles et al., 2004), probably due to the electrostatic environment surrounding this

residue (Witt et al., 2008). In support of this, mutation of Cys'® to Ala abrogated the
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Figure 1.10 — The crystal structure of human DJ-1 (PDB accession number 20R3). A) The ribbon
diagram of the monomer. The colour code indicates the individual secondary structural elements of the protein
from N-terminus (dark blue) to C-terminus (red). The image on the right is horizontally turned 90° counter
clockwise relative to the image on the left. B) DJ-1 dimer as ribbon representation with differently coloured
yellow and golden subunits. The green ribbon indicates dimer interaction and the red side chains indicate the
sites of pathologic mutations. The side chain of the active Cys106 is depicted in white and yellow. The yellow
subunit is in the same orientation as in A (left). C) The DJ-1 dimer surface-rendered with the ribbon
representation superimposed. The red surface marks the small cavity in vicinity of the active Cys106. The
right image is turned 90° vertically to visualise the top of the left image. D) Images are depicted as in C (only
surface representation). In addition, the computed electrostatic potential at the surface of DJ-1 is visualised.
Red indicates negative potentials and blue indicates positive potentials. All images were created using the

free software SPDBV as described in material and methods.
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protective effect of DJ-1 against oxidative stress in cells (Canet-Aviles et al., 2004; Martinat

et al., 2004; Taira et al., 2004b).

1.4.2 Expression and translocation

DJ-1 is ubiquitously expressed throughout the body. The intracellular location of DJ-1 has
been reported to be both, cytoplasmic and mitochondrial. Mitochondrial levels of DJ-1 are
enhanced during oxidative stress. It was first proposed that oxidation of Cys'® triggers the
translocation (Canet-Aviles et al., 2004). However, mutation experiments revealed that
Cys'® is dispensable for the accumulation of DJ-1 in mitochondria and rather disruption of
the DJ-1 dimer interface and the presence of an N-terminal hydrophobic sequence L'VIL™
were necessary and sufficient for mitochondrial targeting (Maita et al., 2013). The same
study also provided evidence for a preferential mitochondrial localisation of PD-associated
mutant forms of DJ-1 (M26l, L166P mutations). This was later reinforced by a study that
used a targeted GFP-construct, which became fluorescent upon complementation with a
DJ-1-tagged moiety. This study further revealed that DJ-1 is located both at the OMM and
matrix of mitochondria and that it not only translocates during oxidative stress but also upon

nutrient deprivation (Cali et al., 2015).

The subcellular location of DJ-1 is not limited to the cytosol and mitochondria. In
neuroblastoma cells exposed to oxidative stress DJ-1 first accumulated in mitochondria at an
early phase (3h) and in the nucleus at a later stage (12-24h) (Junn et al., 2009). Another
study identified a complex between DJ-1, striatin-3 and Akt, which was suggested to target
DJ-1 to the plasma membrane in a striatin-3-dependent manner (Tanti and Goswami, 2014).
Furthermore, in neurons, DJ-1 was co-purified with synaptic membranes and was found to

be associated with synaptic vesicles (Usami et al., 2011).
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1.4.3 Function of DJ-1

The localisation of DJ-1 to many subcellular compartments (Kim et al., 2013; Kim et al.,
2012; Usami et al.,, 2011; Zhang et al., 2005) suggests that the protein participates in a
variety of cellular processes and research over the last decade supports this view.
Deregulation of DJ-1 plays a role in various disorders, including cancer (Cao et al., 2015;
Kim et al., 2005a; Miyajima et al., 2010; Nagakubo et al., 1997), male infertility (Klinefelter et
al., 1997; Taira et al., 2004a; Wagenfeld et al., 1998), ageing-related type 2 diabetes mellitus
(Jain et al., 2012), and a causative role in early-onset Parkinson’s disease (Bonifati et al.,
2003; Hague et al., 2003; Ibanez et al., 2003). In line with this, DJ-1 is implicated in
numerous different processes including protein homeostasis (Fan et al., 2008; Im et al.,
2012; Moscovitz et al., 2015), cell proliferation (Kim et al., 2005a; Nagakubo et al., 1997),
anti-oxidant metabolism (Kim et al., 2005b; Meiser et al., 2016; Taira et al., 2004b; Zhou and
Freed, 2005), transcriptional and translational regulation (Blackinton et al., 2009; Fan et al.,
2008; Taira et al., 2004a; van der Brug et al., 2008), as well as metabolism (Hayashi et al.,
2009; Meiser et al., 2016; Shi et al., 2015). DJ-1 is generally cell protective. The fact that DJ-

1 functions in so many diverse cellular activities suggests a role as master regulator.

i) DJ-1 in cancer and cell proliferation

The first function of DJ-1 was related to its transforming effect on mouse embryonic
fibroblasts. Overexpression of DJ-1 had a similar effect on cell proliferation like c-myc and a
strong cooperative effect when co-transfected with the oncogenic kinase Ras (Nagakubo et
al., 1997). Ras is upstream of two major pro-survival and proliferative signalling cascades,
namely the PI3K/Akt cascade and the mitogen-activated protein kinase (MAPK) cascade. Akt
is directly activated by the phosphatidylinositol-3,4,5-trisphosphate (PIP;)-dependent protein
kinase (PDK) on Thr’®® (Stephens et al., 1998) and its activity is suppressed by PIPs
dephosphorylation through phosphatase and tensin homolog (PTEN) (Maehama and Dixon,
1998; Stambolic et al., 1998). There is an intricate relation between DJ-1 and the Akt
signalling pathway. DJ-1 activates Akt via direct inhibition of PTEN as well as transcriptional

repression of p53 (Kim et al., 2005a; Kim et al., 2009). p53 and PTEN positively cooperate
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on the transcriptional level (Freeman et al., 2003). Consistently, DJ-1 overexpression

enhances Thr*®

phosphorylation and activation of Akt (Wang et al., 2013; Zhang et al.,
2016). Akt on the other hand represses p53 activity, thereby enhancing DJ-1 expression and
activating a positive feed forward loop (Duplan et al., 2013). In summary, PTEN and DJ-1 are
upstream regulators of the survival and proliferation kinase Akt. Although it is clear that the
activity of the two proteins needs to be under stringent control, it is not known to date, which
factors are responsible for this regulation. Interestingly, DJ-1 and Akt were found in a ternary
complex with striatin-3, a scaffolding protein which localised to both mitochondria and the
plasma membrane (Tanti and Goswami, 2014). The study further showed that H,O,
treatment could alter the subcellular localisation not only of DJ-1, but also Akt probably
through increased complex formation with striatin-3. This suggests that the subcellular

localisation of DJ-1 and Akt could play a major role in the regulation of their downstream

signalling activities.

ii) DJ-1 in PD and protein homeostasis

Soon after the discovery of DJ-1 as a putative oncogene its causative role in several familial
cases of PD became evident (Bonifati et al., 2003; Hague et al., 2003). This led to the
discovery of the function of DJ-1 in the oxidative stress response, mitochondrial integrity, as
well as protein and mitochondrial quality control. DJ-1 was shown to physically and
functionally interact with several PD proteins. For example, DJ-1 expression protects from
a-synuclein-induced toxicity by reducing protein aggregation (Batelli et al., 2015;
Shendelman et al., 2004; Zondler et al.,, 2014). DJ-1 was also shown to associate with
synaptic vesicles and has a role in regulation of tyrosine hydroxylase activity (Ishikawa et al.,
2009), similarly to a-synuclein. Consistent with a synaptic function, DJ-1 was shown to be

important for long-term synaptic plasticity in hippocampal synapses (Wang et al., 2008).

A second line of evidence connects DJ-1 to the PINK1/Parkin pathway of protein degradation

and mitochondrial quality control. All three proteins were found in a ternary complex that was
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proposed to function as an E3 ligase in protein degradation (Xiong et al., 2009). In line with
this, DJ-1 was recently shown to regulate the activity of the 20S proteasome in a redox
dependent manner (Moscovitz et al., 2015). Although the E3 complex formation could not be
confirmed in a later study (Thomas et al, 2011), a functional link between DJ-1 and
PINK1/Parkin was established in maintaining mitochondrial integrity. The study further
demonstrated that Parkin could rescue the mitochondrial deficits induced by DJ-1
knockdown. In Drosophila overexpression of DJ-1 rescued muscle degeneration caused by
PINK1 KO, but not Parkin KO (Hao et al., 2010). Finally, a p53-dependent and ubiquitin-
independent, positive effect of Parkin on DJ-1 expression was shown in cell culture and
mouse brain (Duplan et al., 2013), arguing for a protective mechanism of Parkin upstream of
mitophagy. These studies reveal an intricate relationship between the early-onset PD-related
proteins, which has been suggested to reflect parallel mitochondrial salvage pathways

(Thomas et al., 2011).

iii) The role of DJ-1 in the regulation of peripheral metabolism

In mouse pancreatic B-cells, DJ-1 protects against an age-related increase in ROS
production and preserves normal mitochondrial function, which is required for insulin
secretion (Jain et al.,, 2012). The loss of DJ-1 results in an age- and weight-dependent
glucose intolerance, which correlates with the loss of B-cells and suggests a role for DJ-1 in

peripheral glucose regulation.

In another study the loss of DJ-1 was found beneficial in a rodent model of obesity. When
kept on a high-fat diet (HFD), DJ-1-deficient mice had reduced weight gain compared to their
wild type littermates and were protected from the HFD-associated increase in pro-
inflammatory cytokines (Kim et al., 2014). The authors suggested a role for DJ-1 in the
proliferation of adipocytes, thereby contributing to adipocyte-derived pro-inflammatory

signalling.
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iv) DJ-1, reactive intermediates and the redox state

The implication of DJ-1 in the oxidative stress response was among one of the first findings
due to its isoelectric shift after oxidative stress (Mitsumoto and Nakagawa, 2001; Mitsumoto
et al., 2001). DJ-1 expression levels are enhanced upon H,O, administration (Taira et al.,
2004b). To date several mechanisms have been described for the role of DJ-1 in regulation
of the cellular redox state. Initial studies found that DJ-1 can directly react with and reduce
H,0O, in vitro and protect cells from oxidative damage in cell culture (Taira et al., 2004b).
These results were confirmed in DJ-1-deficient mouse neurons (Andres-Mateos et al., 2007).
The authors came to the conclusion that DJ-1 is an atypical ROS scavenger, since no effect
of thioredoxin or glutathione on DJ-1 oxidation state was found. Other studies have
suggested a role for oxidation as a modulator of DJ-1 activity rather than direct ROS
scavenging (Canet-Aviles et al., 2004). This view was encouraged after the identification of
other redox-dependent activities of DJ-1 (Ishikawa et al., 2009; Moscovitz et al., 2015;

Shendelman et al., 2004).

Interestingly, DJ-1 could not only protect cells from reactive oxygen species but also from
reactive glyoxal species (Lee et al., 2012). Glyoxals are reactive intermediates that contain
two adjacent carbonyl groups, which render the a-carbon susceptible to spontaneous
reactions with electrophiles, such as the amine groups of the protein side chain lysine or
cytosine and guanine bases of the DNA. DJ-1 directly functions as glyoxalase that catalyses
the hydration of glyoxal and methylglyoxal into glycolic and latic acid, respectively (Lee et al.,

2012).

Further evidence for a protective role in the anti-oxidant response of the cell came from the
identification of a stabilising effect of DJ-1 towards nuclear factor erythroid 2-related factor
(Nrf2). Nrf2 is a transcriptional co-activator and master regulator of the expression of anti-
oxidant proteins, such as thioredoxins, superoxide dismutases (SOD) and NAD(P)H quinone
oxidoreductase1. DJ-1 binding to Nrf-2 inhibits the association with inhibitory Keap and
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subsequent protein degradation of Nrf2 (Clements et al., 2006). In a similar manner DJ-1
seems to activate peroxisome proliferator-activated receptor-gamma co-activator 1a
(PGC-1a) via inactivation of pyrimidine tract-binding protein-associated splicing factor (PSF),
a repressor of PGC-1a (Zhong and Xu, 2008). PGC-1a is a transcriptional co-activator that
induces the expression of most nuclear genes required for mitochondrial biogenesis and
further activates expression of Nrf1 and Nrf2 thereby regulating the redox homeostasis of the

cell (Scarpulla et al., 2012).

The activity of DJ-1 on transcriptional regulation is not limited to Nrf-2 and PGC-1a. A
positive indirect (Vasseur et al., 2009), as well as direct (Parsanejad et al., 2014) effect of
DJ-1 on hypoxia-inducible factor (HIF) 1a was proposed to be important for the cellular
adaptation to hypoxia. HIF1a is constitutively degraded in the cytoplasm under normal
conditions but becomes stabilised during hypoxia and upon oxidative stress. HIF1a then
translocates into the nucleus, where it forms a complex with HIF1B/ARNT to initiate
transcription of genes that regulate oxygen levels and glycolysis (Bardos and Ashcroft,
2005). The regulation of HIF1a and PGC-1a by DJ-1 are among the first studies that
suggested a role for DJ-1 in energy metabolism (Parsanejad et al., 2014; Vasseur et al.,

2009; Zhong and Xu, 2008).

v) Metabolism and DJ-1 in PD

The cellular redox homeostasis has an intimate relation with the metabolic activity of the cell.
For example, the redox equivalents NADH and NADPH are essential substrates for
OXPHOS and the anti-oxidant system, respectively and both can be converted into one
another at the level of mitochondria (Metallo et al., 2012; Siebert et al., 1957). Furthermore,
certain metabolic pathways are crucial for the generation of anti-oxidative molecules. The
conversion of glucose-6-phosphate from glycolysis into the pentose phosphate pathway
(PPP) creates the main pool of cytosolic NADPH (Berg et al., 2015) and production of serine
from 3-phosphoglycerate is required for glutathione synthesis (Meiser et al., 2016). These

pathways lead to a decrease in cytosolic production of NADH and pyruvate, which are the
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main substrates for the TCA cycle and OXPHOS. Recently a role for DJ-1 in metabolic
regulation of the redox balance was demonstrated by stable isotope assisted metabolic
profiing of a DJ-1 deficient neuronal cell line. These experiments revealed reduced
glutamine uptake and utilisation by the TCA cycle, as well as reduced serine production in
DJ-1 knockdown cells (Meiser et al., 2016). Furthermore, expression levels of several key
enzymes of NADPH generating pathways were reduced in DJ-1-deficient cells. Serine-
derived glycine and cysteine as well as glutamine-derived glutamate are the essential amino
acids for glutathione synthesis, which together with reduced NADPH production led to anti-
oxidant deficiency in these cells (Meiser et al., 2016). Importantly, enhanced oxidative stress

has been implicated in the pathogenesis of PD.

Another putative role for impaired metabolism in PD came from the finding that cytosolic
acidification, usually associated with metabolic adaptation during mitochondrial inefficiency,
facilitated accumulation of mitochondrial a-synuclein (Cole et al., 2008). Furthermore,
mitochondria where shown to be essential mediators of a-synuclein toxicity in yeast (Buttner
et al, 2008). In mammals, mitochondrial a-synuclein has various sinister effects.
Accumulation of a-synuclein at the OMM results in blockage of protein import via occlusion of
the Tom20 receptor (Di Maio et al., 2016), whereas internalised accumulated a-synuclein
was shown to inhibit complex | activity both in human primary dopaminergic cells and in post-
mortem brain of PD patients (Devi et al., 2008). Interestingly, DJ-1 is protective against
a-synuclein toxicity by reducing its aggregation capacity (Batelli et al., 2015; Shendelman et
al., 2004). These findings indicate a complex relation between metabolic deregulation,
protein aggregation and mitochondrial dysfunction, which might contribute to the vulnerability

of neurons at risk of Parkinson’s disease.

In line with this, several studies suggested an effect of DJ-1 on the energy metabolism of the
cell. Translocation of wildtype DJ-1, but not PD-associated mutant forms, into the

mitochondrial matrix was associated with enhanced ATP production through oxidative
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phosphorylation (Cali et al., 2015). In muscle cells, DJ-1 deficiency was associated with
ROS-dependent mitochondrial uncoupling and metabolic reprogramming via upregulation of
AMP-activated protein kinase. The authors concluded that DJ-1 was involved in efficient
substrate utilisation and metabolic adaptation (Shi et al., 2015). Interestingly, DJ-1 was
shown to interact with Bcl-x. and prevent the degradation of the latter after UV irradiation
(Ren et al., 2011). Knock down of DJ-1 increased sensitivity to apoptosis in this scenario,
consistent with the anti-apoptotic function of Bcl-x.. However, Bcl-x, has another direct effect
on energy metabolism through regulation of the efficiency of the FiFo ATP synthase (Alavian
et al., 2011). The mitochondrial ATP generating enzyme was found to harbour a non-
productive, AW.-depleting proton leak in the inner mitochondrial membrane, which was
inhibited by Bcl-x.. By closing this leak, Bcl-x. increased neuronal ATP production by ATP
synthase without affecting the electron flux through the ETC. Taken together, these studies
provide another line of evidence for a role of DJ-1 in substrate metabolism, and more

precisely energy metabolism of the cell.

In summary, recent studies suggest a role of DJ-1 in cell metabolism via transcriptional
regulation of mitochondrial biogenesis, regulation of mitochondrial turnover, as well as the
regulation of metabolic enzymes and key metabolic pathways, possibly mediated by

oxidative protein modifications.
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1.5 Hypothesis and aims

Despite the wealth of knowledge with respect to the function of DJ-1, very little is known
regarding the regulation of this protein. It is clear, however, that subcellular localisation (Junn
et al., 2009), dimer formation (Maita et al., 2013), and oxidative modification (Canet-Aviles et
al., 2004; Ishikawa et al., 2009; Ren et al., 2011) have an effect on the function of DJ-1.
Hence, studying the molecular mechanisms that regulate DJ-1 may help to understand the

activity of this protein during normal cell physiology as well as in PD-associated cell demise.

1.5.1 DJ-1 preliminary screen for novel interaction partners

In order to identify novel binding partners implicated in the regulation of DJ-1, our group used
liquid-chromatography assisted mass spectrometry to screen for proteins that co-
immunoprecipitate with overexpressed Flag-tagged DJ-1 in HEK293T cells. We discovered
14-3-33 as a putative interaction partner (unpublished data). This interaction was further
supported by the identification of DJ-1 in a screen for new phosphoprotein binding partners
of 14-3-3s in an earlier study (Pozuelo Rubio et al., 2004). The fact that 14-3-33 was absent
in the immunoprecipitate of the PD-associated mutant DJ-1-"°®" suggested that the
interaction is specific to the wildtype and might have functional implications for PD.
Interestingly, 14-3-3 proteins have been found to bind to and modulate the activity of at least
three of the well-characterised PD proteins, a-synuclein (Plotegher et al., 2014), LRRK2
(Nichols et al., 2010) and Parkin (Sato et al., 2006). 14-3-3 proteins are versatile signal
regulators affecting, among others, metabolism and apoptosis (Kleppe et al., 2011). Binding
of 14-3-3 to phosphorylated proteins can alter the activity, affinity or subcellular localisation of
its target (Obsil and Obsilova, 2011). Of note, the binding of 14-3-3 proteins to their
substrates is highly dynamic and changes in response to metabolic alteration (Weerasekara
et al., 2014), a pre-requisite for a regulator of metabolic adaptation. Taken together, 14-3-3f3

provides an ideal candidate for a putative regulator of DJ-1 activity.
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1.5.2 Hypothesis

14-3-38 and DJ-1 physically and functionally interact in a phosphorylation-dependent
manner, which is regulated by the metabolic state of the cell. We hypothesise that 14-3-3(3
effects the localisation and/or activity of DJ-1 and disruption of the interaction results in

altered energy metabolism.

1.5.3 Aims

Aim 1

To verify the interaction between DJ-1 and 14-3-3 3. Immunoprecipitation (IP) of DJ-1
from cell lines and rodent brain will be performed and 14-3-3p specific antibodies will be used
to detect 14-3-33 co-immunoprecipitate. The effect of metabolic alterations such as serum,
glucose and oxygen concentrations on the complex formation will be tested. The
dependence of complex formation on phosphorylation will be tested first by applying
phosphatase treatment prior to the IP. In addition, putative phosphorylation and 14-3-3
binding sites in DJ-1 will be determined using the freeware ScanSite3. Several putative
phosphorylation sites will be mutated in the DJ-1 overexpression plasmid to be tested in cells

for their ability to bind 14-3-3(3.

Aim 2
To test the effect of 14-3-3 3 on DJ-1 protein level and subcellular localisation. 14-3-3

knockdown and overexpressing cell lines will be submitted to subcellular fractionation
experiments. The levels of DJ-1 protein will be determined both in total lysates and in the

subcellular fractions using western blot analysis.

Aim 3
To determine the effect of 14-3-3 8 and DJ-1 on cellular metabolism. The proteins will be

targeted with shRNA-mediated knockdown. Metabolic experiments will be performed on the

knock down cells, including the quantification of cellular ATP levels, mitochondrial membrane
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potential and lactate secretion. The assessment of cell proliferation and viability will further

complete the functional studies.
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2 Material and Methods
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2.1 Tissue culture

2.1.1 General considerations

All cell culture experiments were performed in a designated cell culture laboratory equipped
with vertical laminar flow cabinets (ScanLaf Mars, LaboGene, Lynge, Denmark), cell culture
incubator (Galaxy 170S, New Brunswick, Eppendorf, Hamburg, Germany), a bright field cell-
culture microscope (Leica DMIL) and a water bath (Grant W28). Cabinets were surface-
cleaned with 70% ethanol before and after use and deep cleaned monthly. The incubator
maintained a temperature of 37°C and a CO, concentration of 5%. A water bath supplied
with autoclaved, deionised H,O at the bottom of the incubator provided a humidified
atmosphere. The water tray was cleaned and re-filled regularly. The incubator was calibrated
at the beginning of the research that is presented in this thesis. All cell culture media and
supplements were purchased from Sigma Aldrich (Sigma Aldrich Co Ltd, Dorset, UK), if not
mentioned otherwise. Cell culture dishes and plates were purchased from Corning (Corning,
US). Cells in culture were handled under aseptic conditions at all times and only came in
contact with sterile lab ware. All media, Dulbecco’s phosphate buffered saline (DPBS), and
trypsin protease were pre-warmed to 37°C in a water bath before use and otherwise stored
at 4°C in a designated cell culture shelf. Cell dilutions and culture duration were chosen to
avoid acidification of the medium during the period of each cell culture cycle. Table 2.1
contains the approximate growth area and the amount of medium used for each cell culture

vessel.

Table 2.1 — Cell culture vessels. Approximate growth area and amount of medium used for the

different cell culture vessels in this study.

Vessel Growth area V (medium)
150 mm round dish 152 cm’ 20 ml
100 mm round dish 55 cm’ 10 ml
6-well plate 9.5cm’ 2ml
12-well plate 3.8cm’ 1ml
24-well plate 1.9cm’ 0.5 ml
96-well plate 0.32cm’ 0.1ml
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2.1.2 Coating of coverslips and culture dishes

Where indicated cells were grown on poly-D-lysine (PDL) to provide better adherence. 13
mm round coverslips No.1 (VWR International Ltd, Lutterworth, UK) were washed in 70%
nitric acid (Sigma Aldrich) for one day with gentle swirling from time to time. The coverslips
were washed 4 to 5 times with H,O and sterilised in 70% ethanol. Then they were placed into
24-well plates and irradiated with UV light for a minimum of 20 min. PDL was diluted in
borate buffer (see 2.8 Material) to the desired concentration and 400 ul were added to each
well. The coverslips were incubated over night at room temperature and washed 3 times the
next day with sterile DPBS. The coverslips were kept in DPBS until plating. If plates were to
be coated, PDL was added without pre-treatment and volume was adjusted to cover the

surface of the plate.

2.1.3 Culture maintenance

i) Culture conditions

HEK293T cells were a kind gift from Dr Amin Hajitou from Imperial College London. The cells
were maintained in sterile, cell-culture treated 100 mm or 150 mm round dishes in DMEM-
AQ medium containing 4.5 g/l glucose (25 mM), 2 mM alanyl-glutamine dipeptide and
supplemented with 10% fetal bovine serum (FBS), 100 U/l penicillin and 100 pug/mi
streptomycin (hereafter referred to as complete DMEM). HEK293T cells were routinely sub-
cultured every 3 days by diluting the trypsinised cells 1:12 in fresh complete DMEM. For
some experiments glucose was substituted with galactose. For these experiments DMEM
without glucose (Gibco, # 11966-025) was used and supplemented with either glucose or

galactose at 25 mM.

ii) Sub-culturing
For sub-culturing the cells were washed once with 5 ml or 10 ml DPBS per 100 mm dish or
150 mm dish, respectively and incubated with 500 pl or 2 ml of 0.05% Trypsin containing

0.02% ethylene diamine tetra acetic acid (EDTA) per 100 mm or 150 mm dish, respectively.
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The cells were incubated for 2 min at 37°C before fresh complete medium was added up to
the original volume. Cells were further diluted in fresh complete medium for maintenance or
centrifuged for 4 min at 400 relative centrifugal force (rcf) for cell seeding. The supernatant
was aspirated and the cell pellet was resuspended to the original volume in complete

medium.

iii) Counting cells

The cell numbers were determined using a Neubauer chamber (Marienfeld, Lauda-
Kdénigshofen, Germany). To distinguish viable from non-viable cells, the trypan blue dye
exclusion method was used. An aliquot of 10 to 15 yl of a single cell suspension prepared as
above was diluted 1:2 with trypan blue (Sigma Aldrich) and 10 pl were placed into the
Neubauer chamber. The cell numbers from two big squares of the Neubauer grid (each
containing a volume of 0.1 ul) were counted and averaged. The cell density of the single cell

suspension was calculated as follows:

D
V(s)

¢ — cell concentration; n(s) — cells/square; D — dilution factor; V(s) — volume/square

c =n(s) =

The cell dilutions were adjusted to the desired concentration using the following equation:

V()

c

V=c(f)*

V — volume cells; ¢ — concentration of cells; c(f) — final concentration; V(f) — final volume

iv) Cryopreservation and reviving of cell lines

Cell stocks were obtained from the first passages that were grown in our laboratory. These
were as early as passage 23 for HEK293T cells and passage 8 for N27 cells. For stable cell
lines the first confluent 150 mm round cell culture dish after the clonal expansion (see below)
was cryopreserved as passage 1. 2 ml cryopreservation vials (Fisher Scientific,
Loughborough, UK) with screw caps were filled with 100 pl dimethyl sulfoxide
(DMSO)(Sigma Aldrich). The cells for cryopreservation were grown to confluence in a 100
mm and 150 mm round cell culture dish yielding typically 3 and 10 stock vials, respectively.

The cells were trypsinised and pelleted as described under section 2.1.2(ii). The pellet was
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resuspended in fresh, chilled freezing medium (DMEM for HEK293T and RPMI-1640 for
N27) supplemented with 30% FBS. 900 pl cell suspension was added per vial and pipetted
once. The cells were placed quickly into an isopropanol-based freezing container (Thermo
Fisher Scientific, Waltham, MA, USA), frozen down over night at -80°C and transferred for

long-term storage in a liquid nitrogen tank.

To revive frozen stocks, cells were thawed quickly in a 37°C water bath and immediately
placed into a 15 ml conical tube containing 10 ml pre-warmed complete medium. The cells
were spun at 400 rcf for 4 min at room temperature and supernatant was aspirated. The cells
were resuspended in 10 ml complete medium and placed into a 10 cm dish. Cells usually

started to proliferate within 12 h.

2.1.4 Genetic manipulation of cell lines

i) CaPO, transfection

HEK293T or HEK293 cells were seeded at 2.3x10* cells/cm? two days prior to transfection or
at 4.6x10" cells/cm? one day prior to transfection. On the day of transfection the cells would
typically achieve a confluence of approximately 50%. For transfection a fresh aliquot of
2xHBS (see 2.8 Material) was thawed slowly. All reagents were allowed to achieve room
temperature. The amount of reagents that were used for each format is listed in table 2.2 .
Separate tubes were prepared to contain either 2xHBS or the DNA diluted in sterile H,O.
Sterile 2M CaCl, (see 2.8 Material) was added slowly to the DNA and pipetted twice to mix.
After one minute the DNA/CaCl; solution was added very slowly to the 2xHBS. The mix was
incubated for one to five minutes at room temperature for DNA precipitation. The transfection
mix was added dropwise to the cells covering the entire culture vessel. The cells were placed
into the cell culture incubator for 12 to 16 h and the medium was replaced with fresh

complete DMEM. Transfected cells were left to recover for 2 days prior to the experiment.

128



2 Material and Methods

Table 2.2 — CaPO, transfection. Quantities of transfection reagents required for CaPO, transfection

depending on the size of the cell culture vessel

Reagent 24-well plate* 6-well plate* 100 mm dish 150 mm dish

DNA 0.5 ug 2.5ug 14 pg 40 ug

H,0 ad 18.8 pl ** ad 94 pul ** ad 0.5 m| ** ad 1.5 ml **

CaCl, 23 ul 11.5 61 pl 183 ul

2xHBS 18.8 pl 94 ul 0.5 ml 1.5 ml

Total volume 37.6 ul 188 ul 1.0 ml 3.0ml

* All quantities are given per well, ** including DNA and CaCl,.

ii) Plasmids

The plasmids that were used in this study are listed in table 2.3.

Table 2.3 — DNA plasmids.

ID plasmid Company  Type Insert Promoter Information

1 pCMV6-Entry Origene OE - CMV G418 resistance

b pCMV6-DJ1 Origene OE Human DJ-1 CMV  Derived from #1

myc-flag tag (C-term) G418 resistance

3 pcDNA3.1 Thermo Scientific OE - CMV G418 resistance

4 pcDNA3-flag- William Sellers OE Human 14-3-3f8 CMV G418 resistance
HA-h1433b (Addgene #8999) flag-HA tag (N-term)

5 pGIPZ-hScr Thermo Scientific Lv non-targeting shRNA cmv Puromycin

KD

6 pGIPZ-shRNA Thermo Scientific LV KD shRNA against human cmv Puromycin
hDJ-1 DJ-1

7 pGIPZ-shRNA Thermo Scientific LV KD shRNA against human cmv Puromycin
hYWHAB 14-3-3B

8 pCMV6-DJ1- Derived from plasmid 2 OE Human DJ1-T125A cmv Generated by
T125A myc-flag tag (C-term) mutagenesis

9 pCMV6-DJ1- Derived from plasmid 2 OE Human DJ1-T125D cmv Generated by
T125D myc-flag tag (C-term) mutagenesis

10 pCMV6-DJ1- Derived from plasmid 2 OE Human DJ1-S161A cmv Generated by
S161A myc-flag tag (C-term) mutagenesis

11 pCMV6-DJ1- Derived from plasmid 2 OE Human DJ1-S161D cmv Generated by
S161D myc-flag tag (C-term) mutagenesis

* OE - overexpression; KD - knockdown; LV - lentiviral; YWHAB is the gene ID for 14-3-3p.
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2.1.5 Production of stable cell lines

Several stable overexpression and knockdown cell lines for the proteins DJ-1 and 14-3-383
where produced during the course of this project. We took this decision because the
transient transfection method resulted in low and variable knockdown efficiencies and
inconsistent results; meanwhile more drastic transfection conditions were incompatible with

cell viability.

i) Selection with puromycin — stable knockdown cell lines

The pGIPZ knockdown plasmids carry shRNA sequences either directed against human DJ-
1, human YWHAB (the gene ID of 14-3-3(3), or non-targeting shRNA (see table 2.3, plasmid
ID 5-7). The pGIPZ plasmid carries a resistance gene for the antibiotic puromycin. In order to
determine the appropriate concentration of puromycin (Sigma Aldrich) a dose response was
performed in naiv HEK293T. Cells were seeded in a 24-well plate at 1x10* cells/cm?. On the
next day the cells were treated with puromycin concentrations from 0.1 to 1.5 pg/ml with
medium change every two days. 0.8 pg/ml puromycin was effective at killing all cells within

one week (determined by observation).

ii) Selection with G418 — stable overexpression cell lines

Stable overexpression cell lines were generated carrying either the pcDNA3.1 backbone or
pcDNA3-flag-HA-h1433b plasmid (Table 2.3, plasmid ID 3 and 4). The plasmids carry the
neomycin resistance gene that targets the mammalian ribosome inhibitor G418. Importantly,
HEK293T cells cannot be selected with G418 because they already carry a transgene coding
for the large T-antigen as well as the neomycin resistance gene. We therefore used the
alternative HEK293 cells (kindly provided by Dr Amin Haijitou) for the generation of stable
overexpression cell lines. HEK293 cells were maintained as described for HEK293T in
section 2.1.2. The effective dose for G418 (Sigma Aldrich) for HEK293 cells was determined
as described in the section above for puromycin using a range from 100 ug/ml to 600 ug/ml.

300 pg/ml G418 was the lowest effective dose killing all HEK293 cells within one week.
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iii) Transfection and selection of stably transfected cells

HEK293T or HEK293 cells were seeded in 6-well plates and transfected according to 2.1.4
using the knockdown or overexpression plasmids mentioned above. Two days after
transfection the cells were subcultured in a 1:10 dilution into a fresh 6-well plate and allowed
to proliferate. Two days after subculturing the medium was changed and replaced with
complete DMEM containing 0.8 pg/ml puromycin (hereafter referred as complete
DMEM/puro) or complete DMEM containing 300 ug/ml G418 (hereafter referred as complete
DMEM/G418). The cells were further maintained in the presence of antibiotic for three weeks
with medium changes every 2 to 3 days to allow efficient selection of stable clones. A mock-
transfected sample was treated simultaneously to monitor efficient selection. The cells were

subcultures upon confluence or formation of large cell clusters.

iv) Single clone isolation and expansion

After three weeks of selection each heterogenous cell line was trypsinised, the cells were
diluted to a concentration of 5 cells/ml and seeded into 96-well plates at 100 ul per well. The
next day each well was screened for the presence of single cells. Those wells that contained
a single cell were marked and the proliferation of these cells was monitored. Several clones
formed proliferative colonies. The clonal cell lines were amplified over the next two to three
weeks. The first confluent 150 mm dish was used for cryopreservation and designated with

passage 1 of the new clonal cell line.

v) Verification of knock down and overexpression

The knock down or overexpression of the gene of interest was examined by Western blotting
(WB, see section 2.6 Biochemistry). Four to six proliferative clones per construct were tested
for knockdown efficiency or expression of the transgene (see 4.2 Results). When the clonal
cell line was large enough to yield a confluent 100 mm dish the cells were trypsinised and the
resuspended cells were divided. 3 quarter of the cells were further propagated, whereas one
quarter was used for WB analysis. The cells for WB analysis were pelleted at 600 rcf for 5

min at 4°C, washed once with cold PBS and spun again. The pellet was lysed with cold TBS
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lysis buffer (see 2.8 Material) for 30 min on ice and vortexed occasionally. The lysate was
cleared at 1000 rcf for 5 min at 4°C and stored at -80°C until protein quantification and WB

was performed.

2.2 Interaction studies

2.2.1 Co-immunoprecepitation (IP) from HEK293T cells

i) Transfection and co-IP

HEK293T cells were seeded on 150 mm round dishes and transfected 2 days post-seeding
with either pCMV6-Entry plasmid or pCMV6-hDJ1 plasmid. The latter expresses human DJ-1
C-terminally tagged with the myc and flag epitopes. Transfection was performed as
described in 2.1.3(i). Two days after transfection the cells were either directly harvested or

treated as described in 2.2.1(iii).

For cell lysis, cell culture medium was removed and the culture dish was placed on ice. Cells
were scraped in 2 ml ice-cold IP lysis buffer (see section 2.8), placed in a conical tube and
rotated for 2h at 4°C. The samples were cleared from cell debris by centrifugation for 5 min
at 1000 rcf and 4°C. Approximately 2 ml of the supernatant was recovered and placed into a

fresh conical tube. Typical protein concentration was 3 to 4 mg/ml.

Per 2 ml-lysate from a 150 mm dish 50 pl slurry EZView anti-Flag beads (Sigma Aldrich)
were equilibrated by washing 3 times with 0.5 to 1.0 ml cold TBS and centrifuged at 2000xg
for 2 min. Equilibrated beads were added to cleared lysate and incubated over night at 4°C
rotating. Lysate and beads were spun at 1000xg for 2 min at 4°C and supernatant was
discarded. The bead pellets were washed with 0.5 to 1.0 ml ice-cold TBS three times briefly
on ice and twice for 30 min at 4°C in a rotating wheel. The beads were spun as above after
each wash and supernatant was discarded. After the last wash supernatant was carefully
removed until no more liquid remained above the pellet. The proteins bound to the beads

were eluted in 50 pl of 300 pg/ml 3xFlag peptide (Sigma Aldrich) for 1 h at 4°C under rotation
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followed by centrifugation at 10000xg for 5 min at 4°C and the supernatant was recovered.
The centrifugation was repeated with the supernatant to ensure that no beads remained. The

final supernatant was placed in a 1.5 ml tube and stored at -80°C until analysis.

For IP analysis, first the amount of precipitated DJ-1-myc-Flag was determined for each
sample. 5 ul sample was diluted in 5 yl 2xLaemmli sample buffer (see Material — 2.8) and
analysed by WB using anti-myc-HRP antibody (9B11, Cell Signalling, # 2040). After myc
quantification all sample volumes were adjusted relative to the sample with the lowest myc
quantity to obtain equal concentrations of immunoprecipitate. The samples were prepared for
SDS-PAGE and WB according to section 2.6 using a total volume of 50 pl per well. DJ-1™¢
Flag |ysate was diluted 1:50 and 10 pl diluted lysate (0.6 to 0.8 ug protein) was loaded as input
sample. After WB the membranes were first probed with anti-14-3-3f antibody (C-20, Santa

Cruz, # sc-628) for detection of 14-3-33 co-immunoprecipitation and then with anti-myc-HRP

for quantification of the immunoprecipitated myc-flag tagged DJ-1.

ii) Phosphatase treatment of HEK293T lysate

HEK293T cells lysates were prepared as described under (i) of this section using AP lysis
buffer (see Materials — 2.8). After clearing by centrifuation the lysate was diluted 1:10 in AP
lysis buffer and the diluted DJ-1-myc-flag lysate was divided into 10 ml samples. The
samples were treated with or without 50 U of alkaline phosphatase (FastAP, Thermo
Scientific) for 30 min at 37°C in a water bath. The cells were placed back on ice and the IP

was performed as above using 50 pl slurry EZView anti-flag beads per 10 ml treated lysate.

i) Interaction screen

HEK293T cells were seeded and transfected as described in 2.2.1(i). 2 days post-
transfection the medium was changed and the cells were treated as follows.

EGF: Cells were incubated in complete DMEM for 24h. 1h prior to harvesting cells were
treated with 1 ug/ml epidermal growth factor.

Serum deprivation: Cells were incubated in DMEM containing 1% FBS for 24 h.
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Glucose substitution: Cells were incubated in glucose-free DMEM containing 10% FBS and
25 mM galactose for 24 h.

Hypoxia: Cells were incubated in complete DMEM at 1% O, for 24 h.

y-irradiation: Cells were incubated in complete DMEM for 24 h. 1 h prior to harvesting cells
were treated with 10 Gy in an biological irradiator

H,0O,: Cells were incubated in complete DMEM for 24 h. 1 h prior to harvesting cells were
treated with 100 uM for 1h H,0.,.

lonomycin: Cells were incubated in complete DMEM for 24 h. 1 h prior to harvesting cells
were treated with 20 yM ionomycin for 1 h.

Tunicamycin: Cells were incubated in complete DMEM for 24 h. 1 h prior to harvesting cells
were treated with 1 yM tunicamycin for 1 h;

Oligomycin: Cells were incubated in complete DMEM for 24 h. 1 h prior to harvesting cells
were treated with 1 yM oligomycin for 1 h.

Cyclosporin A: Cells were incubated in complete DMEM for 24 h. 1 h prior to harvesting cells

were treated with 2 uM cyclosporine A for 1 h.

2.2.2 co-immunoprecipitation (IP) from rat brain lysate

A female Sprague-Dawley rat was euthanized according to the regulations of the Central
Biological Service at Imperial College London. The skull was opened and the whole brain
was removed quickly using a spatula. The brain was rinsed twice in PBS and placed into a
clean petri dish on ice containing ice-cold RIPA lysis buffer (see section 2.8). The tissue was
minced with clean scissors and transferred into a chilled 10 ml glass homogeniser fitted
tightly to a Teflon pestle. The tissue was homogenised on ice with 40 strokes in 10 ml RIPA
lysis buffer, whereby the pestle was rotated electrically at 500 rounds per minute (rpm). The
lysate was incubated for 3 h at 4°C under agitation and spun at 1000 rcf for 5 min at 4°C. The
supernatant was diluted 1:20 in RIPA buffer containing PPI, mixed thoroughly and spun as

above. The final concentration of the lysate was approximately 1 mg/ml.
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20 pl slurry agarose beads coupled to protein A/G (Santa Cruz) were used per reaction.
Beads were pre-blocked and directly added to 900 ul of cleared rat brain lysate per reaction.
2 Jug per reaction of antibody against DJ-1 (FL-189) (rabbit polyclonal, Santa Cruz, sc-32874)
or unspecific rabbit IgG (rabbit polyclonal, Santa Cruz, sc 66931) were added to the reaction
tubes followed by an over night incubation at 4°C in a rotating wheel. The beads were
pelleted at 1000 rcf for 2 min at 4°C and washed 3 times briefly and once for 30 min with 1 ml
PBS. After the last wash the supernatant was removed carefully until no more liquid
remained above the pellet. The proteins were eluted in 40 yl 2xLaemmli sample buffer by
boiling the samples for 10 min at 95°C. Finally, the samples were spun at 10000 rfc for 5 min
at room temperature and the supernatant was recovered and placed into a new 1.5 ml tube.
The supernatant was stored at -80°C. For analysis 25 ul of the eluted samples were loaded
and analysed by SDS-PAGE and WB as described in section 2.6. 14-3-3f3 co-precipitate was
identified with 14-3-38 (J2E9) mouse monoclonal antibody and DJ-1 precipitate was

identified with DJ-1 (D-4) mouse monoclonal antibody.

2.3 Subcellular fractionation of stable cell lines

Stable HEK293T (knockdown cell lines) or stable HEK293 (overexpression cell lines) cells
were seeded at 2.3x10* or 3.3x10* cells/cm?, respectively into 150 mm dishes 3 days prior to
the subcellular fractionation. 24h before fractionation the medium was changed and the cells
were either kept in the cell culture incubator (Normoxia) or subjected to hypoxic conditions
(1% O3, 5% CO,, 94% N», 75% humidity). The hypoxic environment was established by a
Don Whitley hypoxia workstation (Don Whitley Scientific, Shipley, UK). Due to instrumental

limitations the humidity inside the workstation did not exceed 75%.

For fractionation the cells were scraped on ice and placed into a 50 ml conical tube. The dish
was rinsed with 5 ml ice-cold PBS and the wash was pooled with the scraped cells. All

samples and buffers were kept on ice. The cells were spun at 600xg for 5 min at 4°C in a
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swing-out rotor. Supernatant was then removed and the cells were washed once with PBS
and spun as above. Next, the cells were resuspended in 2 ml mannitol isolation buffer (see
2.8 Material) and homogenised in a Teflon Dounce homogeniser with 50 strokes at 520 rpm.
Subcellular fractionation was carried out by sequential centrifugation in mannitol isolation
buffer as depicted in figure 2.1. The homogenised cells (H) were spun at 600xg for 5 min at
4°C yielding the supernatant S1.1 (mitochondria and cytosol) and the pellet P1.1. The pellet
P1.1 was resuspended in 10 ml mannitol isolation buffer and homogenised (only 20 strokes)
and spun as above to yield the pellet P1.2 (nuclear fraction), as well as supernatant S1.2
(more mitochondria, very little cytosol). S1.1 and S1.2 were treated the same but kept
separate to isolate the more concentrated cytosol from S1.1. Both, S1.1 and S1.2 were spun
at 1000xg for 10 min at 4°C. The pellets were discarded and the supernatants S2.1 and S2.2
were centrifuged at 10000xg for 15 min at 4°C. The supernatant derived from S2.1 was
referred as S3 (cytosolic fraction). The supernatant of S2.2 was discarded. The pellets of
both S2.1 and S2.2 were pooled and referred to as P3 (mitochondrial fraction). P3 was
washed 3x with 1 ml isolation buffer and spun as above. The weight of the mitochondrial
pellet was measured. P1.2 was washed twice with 5 ml isolation buffer and once with 1 mi
isolation buffer and spun at 600xg for 10 min at 4°C. The weight of the final nuclear pellet
was measured. Homogenate, cytosol, mitochondria, and nuclei were either lysed directly or
frozen at -80°C. For lysis of the homogenate 10% Triton-X100 stock (see 2.8 Material) was
added to a final concentration of 1%. The mitochondrial and nuclear pellets were lysed in 5x
volume/weight (mitochondria) and 10xvolume/weight (nuclei) of mitochondrial lysis buffer
(see 2.8 Material). All samples were thoroughly resuspended and incubated for 30 min on
ice. Mitochondria and homogenates were vortexed occasionally. The nuclear fraction was
turned up-side down occasionally but not vortexed to avoid clumping of DNA. All samples
were sonicated for 30 sec in a water bath and then centrifuged for 5 min and 1000 rcf at 4°C.

The supernatants were transferred into a new 1.5 ml tube and stored at -80°C.
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Figure 2.1 — Cell fractionation. Schematic of sequential centrifugation protocol for the isolation of subcellular

fractions from HEK cells

2.4 Functional assays

i) Live cell imaging of mitochondrial potential

Stable knockdown HEK293T cells were seeded on 0.1mg/ml PDL-coated 13 mm round
coverslips (see section 2.1.1) in 24-well plates at a density of 3.2x10° cells/cm? in complete
DMEM/puro. 24h after seeding the cells were loaded with freshly prepared 10 nM
tetramethylrhodamine ethyl ester (TMRE) (Sigma Aldrich) in complete medium. The final
DMSO concentration in solution did not exceed 0.1%. The cells were incubated for 30 min in
the cell culture incubator. The coverslip was quickly mounted into an open diamond bath
imaging chamber (size RC-25, Warner Instruments, Hamden, US), which was sealed with
high vacuum grease (Dow Corning, Midland, US). 1 ml pre-warmed (37°C) extracellular
solution (ECS, see 2.8 Material) containing freshly added 10 nM TMRE was quickly added to

the cells through a side well of the chamber.

Cells were imaged immediately on a Leica TSC SP5 Il confocal microscope for a maximum

of 25 min. Acquisition was performed with a 63x oil immersion objective using the following
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parameters for excitation and emission. The sample was excited using both an argon 514 nm
laser beam and a 20 mW diode pumped solid state 561 nm laser beam both at 20%
intensity. The argon laser power was set to 20% corresponding to 13 mW. The emission was
detected between 570 and 610 nm at a line scan speed of 200 Hz. The image was acquired
using the Leica LAS AF software at a resolution of 16-bit with a frame size of 1024x1024
pixels and a scan zoom of 2. The scanner smart gain was adjusted to detect at a sub-
maximal intensity for TMRE and typically was between 600 and 700 V. After initial
adjustment the gain was kept identical throughout an experimental session. The scanner
offset was set to -0.1% and the pinhole size was 40.79 um. All images were focused to
approximately 5 ym above the base of the cell, which corresponds roughly to the centre of
the cell. Images analysis was performed using the free software FIJI (Schindelin et al., 2012)

with a customised automated image analysis macro (see supplementary).

ii) Luciferase assay for ATP determination

The whole cell ATP levels where measured using the luciferine-based luminescence assay
ATPlite (Perkin Elmers, Waltham, Ma, USA) performed in 96-well format. For each condition
the ATP levels were assessed at least in duplicate and ATP levels were normalised to
protein levels, which were measured on a duplicate plate using the SRB assay (see part (v)
of this section). The cells were seeded in a 96-well plate at 12.5x10° cells/cm? in complete
DMEM/puro. 24 h after seeding the medium was replaced with fresh complete DMEM/puro

and the cells were treated for 48 h as indicated in the results.

The ATP assay was performed essentially according to the manufacturer’s protocol with
several amendments. The cell lysis buffer was diluted 1:3 in H,O. The medium was removed
carefully and the cells were lysed in 150 ul diluted lysis buffer for 5 min at room temperature
in an orbital shaker at 200 rpm. Then 100 pl of the lysate or 100 pl of lysis buffer (for the ATP
standard and background, 8 wells) was transferred into white 96-well plates (Corning). 10 pl
H,O or 10 ul ATP standard diluted in H,O at concentrations of (in uM) 0.3125, 0.625, 1.25,

2.5, 5, 10 were added to separate wells containing lysis buffer. Then 35 pl substrate was
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added to all wells and the plate was incubated for 5 min at room temperature at 200 rpm in
an orbital shaker. The plate was incubated for another 10 min in the dark and the
luminescence was read in a Promega GloMax® Multi+ plate reader (Promega,

Southhampton, UK).

iii) AnnexinV-PI cell death assay for flow cytometer

The cell viability was assessed using the AnnexinV-Pl (BioLegend, San Diego, US) co-
staining of cells and single cell detection of the resulting fluorescence by flow cytometry on a
FACSCalibur (BD Bioscience, Franklin Lakes, NJ, US). The flow cytometer is equipped with
a 15 mW 488 nm argon laser coupled to detectors for three fluorescent parameters (FL1-3),
and a 635 nm diode laser with an additional detector (FL4). The co-staining with AnnexinV-
FITC and PI coupled to the simultaneous detection of both dyes determines between viable
(double negative), early apoptotic (AnnexinV positive/Pl negative), necrotic (Pl positive,

AnnexinV negative) and dead cells (double positive).

Stable HEK293T cells were seeded in triplicates in 12-well plates at 1.6x10° cells/cm? in
complete DMEM/puro. 24 h post-seeding the medium was replaced and the cells were
treated as indicated in the results for 48 h. On the day of analysis the cells were trypsinised,
the single cell suspension was kept on ice, spun at 400 rcf for 4 min at 4 °C, washed once
with cold PBS and spun as before. The staining was essentially performed as described in
the manufacturer’s protocol with minor amendments. The cell pellet was re-suspended in 1
ml cold cell staining buffer, spun as above and the supernatant was discarded. The cell pellet
was re-suspended in 100 ul cold Annexin V binding buffer and transferred to a 5 ml round
bottom polystyrene tube on ice. Sequentially 5 yl AnnexinV solution and 10 pl PI solution
was added. The samples were briefly vortexed and incubated in the dark for 15 min at room
temperature. After incubation, 400 pl cold AnnexinV binding buffer was added. The cells
were placed on ice, covered to avoid light exposure and analysed immediately by flow
cytometry. Before acquiring each sample was briefly vortexed. Flow rates were adjusted

between 100 and 500 cells per second.
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Acquisition was performed using the acquisition software CellQuest (BD Bioscience). Before
the first run, the fluorescence settings were adjusted using unstained and single stained
samples. Fluorescence intensities and channel compensation was then kept for all of the
following experiments. For acquisition the total cell population was selected using the forward
and side scatters and the FL3 and FL4 fluorescent intensities were detected and visualised
as scatter plot. Analysis was performed using FlowJo software (FlowJo LLC, Ashland, OR,
US). The population was plotted against the AnnexinV-FITC fluorescence (FL3 detector) and
the PI (FL4 detector) fluorescence. The FL3-FL4 scatter plot was gated on the control cells to
obtain individual populations representative of double negative, FL3"/FL4", FL3/FL4" and

double positive cells. The gate was applied to all other samples.

iv) Lactate dehydrogenase assay

Stable HEK293T knockdown cells were seeded in a 96-well plate at 12.5x10° cells/cm? in
complete DMEM/puro (6 wells per condition). 24 h after seeding the medium was replaced
with fresh complete DMEM/puro and the cells were treated for 48 h as indicated in the results
section. For the lactate assay, 50 yl medium was removed carefully and transferred into a
new 96-well plate on ice. The cells in the original plate were fixed by adding 25 pl of 15%
TCA to perform protein quantification by SRB assay (see (v) of this section). The medium
was spun at 1000 rcf for 5 min at 4°C and the supernatant was recovered in a new 96-well
plate on ice. In a second 96-well assay plate 150 ul glycine/hydrazine buffer (see 2.8
Material) is added to each well (1 well/lsample, 8 wells for the standard and 1 well/condition
for the blank). To the sample and blank wells 19 pl H,O and 1 pl medium was added
(corresponding to a 1:20 dilution of medium). For the standard, lactate (Sigma Aldrich) was
diluted in H,O to the following concentrations (mM): 0, 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0, 4.0
and 20 pl of standard was added per well. 25 yl NAD" (see 2.8 Material) was added to all
wells including standard and blank. 1 yl LDH enzyme (type Il from rabbit muscle, Sigma) was
added to all wells except the blank wells. The samples were incubated for 1 h at room

temperature in an orbital shaker at 200 rpm. The optical density at 340 nM was measured
140



2 Material and Methods

using a Tekan Infinite 200 plate reader (Tecan Group Ltd, Mannedorf, Switzerland). The

conditions were optimised to obtain an OD below 1.

v) SRB proliferation assay

In order to assess cell proliferation, protein quantification was performed using the
sulforhnodamine B (SRB) (Sigma Aldrich) colorimetric assay in 96-well plates. The
proliferation was followed over a period of 6 days. The cells were seeded at a density of
12.5x10° cells/cm? in 100 pl complete medium in 96-well plates. 6 or 8 wells per cell line and
condition were quantified. 24 h after seeding the first samples were fixed and used as
seeding value for normalisation. On all other plates the medium was replaced with fresh

complete medium and the cells were treated as indicated in the results chapter.

Prior to the SRB stain cells were fixed by adding 15% cold trichloroacetic acid (TCA) directly
to each well to obtain a final concentration of TCA of 5%. The cells were incubated at 4°C for
a minimum of 2 h or over night to precipitate all protein. The plates were washed under
slowly running tap water and dried at room temperature over night. After all conditions were
collected the proteins were stained by adding 50 pyl 0.4% SRB (see 2.8 Material) for 1 to 2 h
at room temperature. Excess SRB was decanted and plates were washed 3 to 4 times with
1% acetic acid (Sigma Aldrich) until no more dye came off. The plates were dried over night
at room temperature or for 2 h at 37°C. For detection the SRB was dissolved in 100 ul 10
mM Tris (Sigma Aldrich), pH 10.5 for 30 min and absorbance was measured at 490 nM in a

BioTek EL800 plate reader (BioTek Instruments Ltd, Swindon, UK).

For the proliferation assay it is essential that cells be seeded at equal densities. To correct
for small seeding variations all values of day x after treatment Asg(x) were normalised
against the mean of A4 at the day 0 (seeding value) A490(0). The proliferation P on day x

(P(x)) is displayed as percentage of normalised Asgo.
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PCx) = 22990 oo
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The variation of A4g(0) between different cell lines and experiments was typically less than

10%. Experiments with a variation above 10% were excluded.

2.5 Molecular biology

2.5.1 Propagation and purification of plasmid DNA

Plasmid preparation and purification was performed according to standard procedures. All
plasmid were propagated in Escherichia coli strains Top10, Stbl3 or DH5a. Bacterial glycerol
stocks for all plasmids were prepared and kept at -80°C to be used for propagation and
purification of plasmid DNA. Bacterial broth and labware that came in contact with the

bacterial cultures or purified plasmids were sterile.

i) Preparation of LB-Agar plates

LB-Agar was prepared as described in Materials (see 2.8) and kept sterile. All LB-agar plates
were prepared fresh on the same day or one day prior to use. The LB-agar was heated in a
microwave at low power until it was completely liquid. The LB-agar was cooled down to
approximately 50°C with regular swirling. If kanamycin (Fisher Brand) or ampicillin (Fisher
Brand) was used, antibiotic was added in a 1:1000 dilution (see 2.8 Material) to obtain a final
concentration of 100 ug/ml. LB-agar was poured into 100 mm sterile petri dishes with a
volume of 20 ml to 25 ml per dish and allowed to cool down. After polymerisation the plates
were stored up side down at room temperature or at 4°C in a dedicated refrigerator for next-

day use.

ii) Preparation of CaCl, competent E.colis
5 pl of an E.coli stock was streaked on LB-agar and incubated over night at 37°C in a

dedicated bacterial incubator. A single colony was used to inoculate 3 ml LB broth (see 2.8
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Material). The pre-culture was grown over night at 37°C with vigorous shaking at 250 rpm.
On the next morning 50 ml LB agar was inoculated with 1 ml of the pre-culture and grown at
37°C with shaking at 250 rpm. The culture was grown until the optical density at 600 nm was
approximately 0.4. The culture was cooled on ice and centrifuged for 10 min at 4°C and 4000
rcf. The supernatant was discarded and the pellet was resuspended in 10 ml ice-cold sterile
0.1 M CaCl; (see 2.8 Material). The bacteria were incubated for 3 to 4 h on ice and spun as
before. The supernatant was discarded and the competent bacteria were resuspended in 2
ml ice-cold 0.1M CacCl, using wide pipette tips and mixed carefully with 500 ul sterile 50%
glycerol (see 2.8 Material, Sigma Aldrich). The competent bacteria were aliquoted into pre-
chilled 1.5 ml tubes at a volume of 100 ul per tube, snap-frozen in liquid nitrogen and stored

at -80°C.

iii) Bacterial transformation

For transformation of plasmid DNA into E.coli competent bacteria from -80°C store (see part
(i) of this section) were thawed slowly on ice. One vial of competent bacteria was used per
construct to be transformed plus one extra vial as negative control to test for efficient
bacterial selection by the antibiotic-containing LB-agar. A maximum of 10 ul cold DNA (max
1/10 of bacterial volume) was added to 100 pl competent bacteria on ice. For the
transformation of purified high quality plasmid DNA usually 1 pl (or 0.5 pg of DNA) was
sufficient for good transformation results. The bacteria were incubated on ice for 30 min,
placed into 42°C water bath for 45 s and placed back on ice for 2 min. 500 ul pre-warmed LB
broth was added and the bacteria were allowed to recover for 1 h at 37°C shaking at 250
rom. The bacteria were pelleted at 3000 rcf for 5 min and 500 pl of the supernatant was
removed. The pellet was resuspended in the remaining supernatant and streaked out on LB-
agar plates containing the corresponding antibiotic at a final concentration of 100 pg/ml. The

plates were incubated at 37°C in a dedicated bacterial incubator over night.
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iv) Preparation of bacterial glycerol stock

Bacterial glycerol stocks were prepared from single colonies freshly grown on LB-agar plates
over night at 37°C. 3 to 5 ml LB broth was inoculated with a single colony and grown over
night at 37°C in a shaking incubator at 250 rpm. The pre-cultures were grown for no longer
than 16 h for glycerol stock preparation. Cryogenic 2ml stock vials with screw cap were
labelled with the plasmid name, the bacterial strain, the antibiotic resistance and the date of
stock preparation. In a dedicated bacterial sterile cabinet 1 ml 50% sterile glycerol was
added to a 2 ml cryogenic stock vial with screw cap. 1 ml of the freshly grown over night
culture was added to the respective vial and mixed by pipetting. The glycerol stocks were

frozen down at -20°C over night and stored at -80°C on the next day.

v) Plasmid propagation and purification

All plasmid DNA used for transfection was purified with the GenElute Plasmid Midi kit (Sigma
Aldrich, # NA0200). Two days before plasmid purification a bacterial pre-culture of 5 ml LB
broth including 100 ug/ml antibiotic was inoculated from the bacterial glycerol stock. The
culture was grown over night at 37°C in a shaking incubator at 250 rpm. 120 ml of LB broth
containing 100 pg/ml antibiotic was inoculated with 1 ml pre-culture and grown at 37°C in a
shaking incubator at 250 rpm for 12 to 14 h. The bacteria were pelleted at 6000 rcf at 4°C for
15 min. The supernatant was discarded and the pellet was resuspended in 6 ml RNase H
containing resuspension buffer. 6 ml lysis buffer was added to the bacterial suspension and
mixed by turning and swirling of the tube for several times during an incubation time of 5 min.
The lysis was stopped by adding 6 ml cold neutralisation buffer and immediate mixing by
turning and swirling of the tube until all of the liquid phase became clear and the
proteinaceous phase formed a white precipitate. 4.5 ml of the binding buffer was added,
mixed by turning the tube up side down and the whole content of the tube was immediately
transferred into the filter syringe. The liquid phase and precipitate where allowed to separate
for 5 min. 5 ml equilibration solution was added to the DNA column and spun for 2 min at
3000 rcf. The flow through was discarded and the filtered bacterial lysate was added to the

column. The column was spun as above and the flow through was discarded. This step was
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repeated until all lysate was loaded onto the column. The column was washed twice with 5
ml wash buffer 1 and once with wash buffer 2 containing ethanol (Sigma Aldrich). After the
last wash step the column was spun once for 5 min at 3000 rcf to completely remove all
traces of ethanol. The column was placed into a clean collection tube and the DNA was
eluted with 1 ml elution buffer and spun at 2 min for 3000 rcf. The eluate was placed onto the
column again and the elution was repeated by spinning at 3000 rcf for 5 min. The DNA was
placed into a sterile 1.5 ml and stored at -20°C. The DNA concentration was determined
using a NanoDrop with the elution buffer as blank. DNA concentrations usually ranged from

400 to 700 ng/pl.

2.5.2 Plasmid generation

i) Site directed mutagenesis

Site specific mutations were introduced into the plasmid of DJ-1 using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies LDA UK Ltd, Stockport, UK)
according to the manufacturers protocol. The primers were directed against human DJ-1
coding sequence (NCBI Consensus CDS (CCDS) database, ID CCDS93.1) and purchased
from Sigma Aldrich. Primer design was performed using the Agilent QuikChange primer
design online tool (http://www.genomics.agilent.com/primerDesignProgram.jsp), optimised
for the QuikChange Lightning polymerase chain reaction (PCR). The primer sequences are

listed in table 2.4.

The mutagenesis is based on a two-step reaction and does not require agarose gel
purification of the PCR or restriction products. First, the high fidelity Pfu polymerase amplifies
both strands of the plasmid starting from the mutated primers. Thereby two complementary
mutated single-strands of the plasmid are created. After hybridisation of the DNA strands the

Dpn | restriction enzyme degrades the parental plasmids in a second step. The enzyme
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recognises 5-G™ATC-3' methylated and hemimethylated dsDNA sequences that are

present in the E.coli derived parental DNA only.

Table 2.4 — Primers for DJ-1 functional mutations. The mutated codon is marked in green with the
mutated base(s) in capital letter. The melting temperature T, of each primer pair should be above

78°C. Values are as provided by the agilent primer design tool and do account for mismatch relative to

the parental DNA.

Mutation Forward primer Reverse primer Tm

T125A taggttttggaagtaaagttacabcacaccctc atccaaaaccttcatttcaatgtcgtgtgggag 78.
ttgctaaag aacgatttc

T125D catgaaataggttttggaagtaaagttacaGATl gtactttatccaaaaccttcatttcaatgtcta 78.
caccctcttgctaaagacaaaatgat gtgggagaacgatttctgttttacta

S161A ggggcctgggaccGldttcgagtttgeg ccccggaccctggeggaagctcaaacgce 78.

S161D gggggcctgggaccGACt tcgagtttgege cccccggaccctggetgaagetcaaacgeg 79.

The PCR was set up in 100 pl reaction tubes in a total volume of 50 ul in sterile H,O on ice
by mixing 5yl 10x reaction buffer, 50 ng pCMV6-hDJ1 plasmid DNA, 125 ng of forward and
reverse primer, 1 yl dNTPs, 1.5 yl QuikSolution reagent (all components included in the kit
except DNA and H;0). 1 ul of QuikChange Lightning polymerase was added and the PCR
was performed using the program outlined in table 2.5. 2 yl Dpn | enzyme (provided) was
added to each PCR product and incubated for 5 min at 37°C. 45 pl ultracompetent E.coli
strain XL10 GOLD (provided) were directly transformed with 2 yl of the restriction product as

described above (see section (iii)).

Table 2.5 — PCR program for QuikChange Lightning
Site directed mutagenesis of pPCMV6-hDJ-1.

Step # Cycles Temperature Time

1 1 952C 2 min
952C 20s

2 18 60°C 10s
682C 2.5 min

3 1 682C 5 min
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ii) Plasmid sequencing

For each mutated plasmid three colonies were picked from freshly plated transformed E.coli
and 5 ml pre-cultures were grown over night as described above. 3 ml of these pre-cultures
were used to purify DNA using a GenElute Plasmid Mini kit (Sigma Aldrich) according to the
manufacturers protocol. 500 ng plasmid DNA was mixed with 3.2 pmole T7 sequencing
primer (5°- TAATACGACTCACTATAGGG- 3, Thermo Scientific) in a total volume of 10 pl.
Sequencing was performed by the MRC Genomic facility (Imperial College London,
Hammersmith Campus, ICTEM, London, W12 ONN). The sequencing results were blasted
against the NCBI nucleotide collection database for human sequences (nucleotide blast) and
against the non-redundant protein sequences database for human sequences (nucleotide to

protein blast).

2.6 Biochemistry

2.6.1 Bradford assay

The Bradford assay was used to determine protein concentrations in cell lysates. The
Bradford reagent working dilution was prepared from the stock (BioRad) by diluting 1 part of
stock in 4 parts H,O. The working dilution was kept for maximum 1 month at 4°C. BSA
(Sigma Aldrich) was used as protein standard by dissolving the lyophilised reagent in H,O to
a concentration of Tmg/ml. The stock was serially diluted to achieve standard concentrations
of (mg/ml) 0.5, 0.25, 0.125 and 0.05 in H,O. 10 ul H,O or standard was added per well of a
96-well plate to determine the standard curve. Lysates were directly diluted in the wells of the
same 96-well in PBS to a final volume of 10 pl. The background was determined by diluting
the lysis buffer in PBS (dilution factor as for samples). All samples were measured at least in
triplicates. 100 yl Bradford working dilution was added and the plate was incubated in the
dark for 10 to 30 min on an orbital shaker at 200 rpm. The absorbance was detected at 600

nm in a Glomax Plus plate reader (Promega UK Ltd, Southampton, UK).

147



2 Material and Methods

The protein concentration was determined relative to the BSA standard. To obtain a standard
curve the absorbance at 600 nm (Aeso0) of the BSA background (only H,O) was subtracted
from the Agoo Of each BSA standard. The linear equation of the standard curve therefore had
the following form, whereby A600(x) is Asoo at the BSA concentration of x mg/ml and m is the
slope of the linear equation.
A600(x) = m*x

To determine the protein concentrations of the sample, background absorption was
subtracted from Agoo Of each sample. The background corrected Agy was used to determine
protein concentration using the following equation, whereby c is the protein concentration of
the original sample, m is the slope of the standard curve, Aeoo is the absorption of the diluted

sample, and D is the dilution factor.

2.6.2 SDS-PAGE and Western blotting

Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoreses (PAGE) and Western
Blotting (WB) was performed to quantify specific proteins. The SDS-PAGE was performed
using 10-20% gradient midi-size Tris-glycine gels. During WB proteins were transferred onto
PVDF membranes using the tank blotting technique. All equipment and reagents for SDS-
PAGE and WB were purchased from Bio-Rad Laboratories Ltd. (Hertfordshire, UK) if not

mentioned otherwise.

10 ug of protein samples were diluted with freashly prepared 4x Laemmli sample buffer
(SB)(see Materials -2.8 ) to a final concentration 25% SB. 5 ul of Dual Colour protein
standard was used as molecular weight marker. Electrophoresis was carried out at 90 V for 2
to 2.5 h. The gel was placed onto an activated PVDF membrane (methanol soaked) and
assembled between Whatman paper and a sponge. Proteins were transferred for 2 h at 90 V

in cooled WB transfer buffer (see Materials - 2.8). The membrane was blocked for 30 min in
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Antibody epitope  Origin Dilution for WB Reference Manufacturer

(reactivity) Order #

14-3-38 rabbit 1:1000 (IP) Cc-20 Santa Cruz

(h, rt, m, etc.) (pAb) 1:2000 (lysates) sc-628

14-3-38 mouse 1:1000 (IP) J2E9 Atgen

(h) (mAb) A1211201

DJ-1 rabbit 1:1000 FL-189 Santa Cruz

(h, rt, m, etc) (pAb) sc-32874

DJ-1 mouse 1:1000 (IP) Santa Cruz

(h, rt, m) (mAb) >4 5¢-55572

ATP5B rabbit 1:3000 Centre Abgent

(h) (pAb) AP2973c-ev

ATP5B rabbit 1:3000 - Aviva system biology

(h, rt) ARP48185_T100

Tom40 rabbit 1:1000 H-300 Santa Cruz

(h, m, rt) (pAb) sc-11414

GAPDH rabbit 1:1000-1:2000 FL-335 Santa Cruz

(h, rt) (pAb) HRP coupled sc-25778 HRP

Hsp60 rabbit 1:3000-1:5000 GeneTex

(h, rt, m) (pAb) ' GTX110089

Calnexin rabbit 1:1000-1:2000 - GeneTex

(h, m) (pAb) GTX112886

a-tubulin mouse 1:3000 10D8 BioLegend

(h, rt, m) (mADb) 627902

Histone H3 rabbit 1:3000 N-term Merck

(h, rt, m) (pAb) 06-755

PSD-95 mouse 1:1000 K28/43 Biolegend

(h, rt, m) (mADb) MMS5182-100

myc mouse 1:10000-1:20000 9B11 Cell Signalling

(tag, exogenous) (mADb) HRP coupled 2040

mouse IgG-HRP horse 1:10000 HRP coupled Cell Signalling

(m) (pAb) 7076

rabbit IgG-HRP goat HRP coupled Cell Signalling
1:10000

(rabbit) (pAb) 7074

h - human; rt - rat; m - mouse; pAb - polyclonal antibody; mAb - monoclonal antibody
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blocking buffer (see Materials - 2.8) and incubated with primary antibodies in blocking buffer
over night at 4°C on an orbital shaker (for dilutions see table 2.6). The membranes were
washed 4 times for a total of 2 h on an orbital shaker in PBS-T (see Material — 2.8) and
incubated for 1 h at room temperature shaking with secondary antibodies coupled to
horseradish peroxidase (HRP) diluted in PBS-T. The membranes were washed 4 times for a

total of 30 min to 1 h on an orbital shaker in PBS-T.

For HRP-based detection the membranes were incubated for 5 min with freshly prepared
enhanced chemi-luminescence (ECL) reagent. Chemi-luminescence was detected in
darkness on autoradiography films (Santa Cruz) for various lengths of time. The films were
developed in a Konika SRX-101A film processor (Konika, Tokyo, Japan) using RG Universal
X-ray developer, RG Universal X-ray fixer (both Champion photochemistry, Kuala Lumpur,
Malaysia) and H,O. The films were scanned using an HP Scanjet 300 and the protein

quantity was determined by densitometry with the free software Fiji (Schindelin et al., 2012).

2.7 Statistical analysis

Unless otherwise stated all data are presented as mean = SEM. All experiments were
performed at least in three independent replicates. For individual comparisons, two-tailed
unpaired Student t-test was used. For multiple comparisons either one-way or two-way
(repeated measures) analysis of variance (ANOVA) was applied. For multiple comparisons to
a single control group a one-way ANOVA was used with Dunnet’s post-hoc test. For multiple
comparisons between groups one-way ANOVA with Sidak’s post-hoc test was used.
Individual tests conducted on each dataset are detailed in the corresponding figure legend.
Statistical significance refers to: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. All statistical
tests were performed using GraphPad Prism 6.0 for Mac OS (GraphPad Software, San

Diego, CA, USA).
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2.8 Material

All reagents were purchased from Sigma Aldrich (Sigma Aldrich Co Ltd, Dorset, UK) if not
stated otherwise. All solutions were prepared using distilled and deionised water prepared by
a Barnstead system and filtered through an irradiated 0.2 ym hollow fibre filter (Barnstead

D3750).

Reagents

2M CaCl,: 2 M CaCl,*6H,0 in H,O, sterile filtered through 0.22 ym PES membrane, stored at
4°C

2xHBS (pH 7.05 £ 0.01): 274 mM NaCl, 1.5 mM Na;HPO,, 54.5 mM HEPES in H,O, sterile
filtered through 0.22 ym PES membrane (Corning, Corning, US), stored at -20°C in
aliquots, thawed slowly at room temperature before use, stable at 4°C for one week,
not suitable for freeze-thaw cycling

2xLaemmli Sample buffer: 5% (v/v) B-mercaptoethanol (Bio-Rad Laboratories Ltd.,
Hertfordshire, UK) in 2xLaemmli buffer (Bio-Rad)

3xFlag peptide: 300 pg/ml 3xFlag peptide in TBS, stored at -20°C in aliquots

4xLaemmli Sample buffer: 10% (v/v) B-mercaptoethanol (Bio-Rad Laboratories Ltd.,
Hertfordshire, UK) in 4xLaemmli buffer (Bio-Rad)

Acetic acid: 1% (v/v) acetic acid in H,O

Ampicillin stock: 100 mg/ml ampicillin (Fisher Brand) in H,O, aliquoted and frozen at -20°C

AP lysis buffer (pH 7.9): 50 mM Tris-HCI, 100 mM NaCl, 10 mM MgCl,, 1% (v/v) Triton-X100
in H,O, protease inhibitor (Sigma Aldrich, #P8340) freshly added

Borate buffer (pH 8.5): 0.1 M borate in H,O, sterile filtered through 0.22 ym PES, stored at
4°C

CaCl, transformation solution: 0.1 M CaCl, in HyO, sterile filtered through 0.22 pm
polyethersulfone (PES) membrane (Corning, Corning, US), store at 4°C

EC solution (pH 7.3): 125 mM NaCl, 3 mM KCI, 10 mM HEPES, 5 mM D-Glucose, 2 mM

CaCly, 1 mM MgCl,, sterile filtered through 0.22 ym PES, store at 4°C
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FCCP stock: 20 mM FCCP in ethanol, stored in aliquots at -20°C

G418 stock: 50 mg/ml G418 in H20, sterile filtered through 0.22 ym PES, stored at 4°C

Glycine/hydrazine buffer (pH 9.0): 0.5 M glycine, 0.4 M hydrazine in H,O

IP lysis buffer (pH 7.5): 10 mM Tris, 150 mM NaCl, 1% (v/v) Triton-X100 in H,O, protease
and phosphatase inhibitor (Thermo Scientific, # 88669) freshly added

Kanamycin stock: 100 mg/ml kanamycin (Fisher Brand) in H,0O, aliquoted and frozen at -
20°C

LB-Agar: 35 g LB-agar (AppliChem, Darmstadt, Germany) in 1 | H,O, sterilised by
autoclaving

LB broth: 25 g LB broth (Merck, Darmstadt, Germany) in 1 | H,O, sterilised by autoclaving

Mannitol isolation buffer (pH 7.5): 210 mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM
EDTA in H,O

Mitochondrial lysis buffer (pH 7.5): 50 mM Tris, 250 mM NaCl, 10 mM EDTA, 1% (v/v) Triton-
X100 in H,O

NAD™: 17 mg/ml B-Nicotinamide adenine dinucleotide hydrate in H,O

PBS (pH 7.5): 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,*2H,0, 1.8 mM NaH,PO, in H,O

TBS (pH 7.5): 50 mM Tris-HCI, 150 mM NacCl in H,O

Sterile glycerol solution: 50% glycerol (w/v) in H,O, autoclaved

SDS-Page running buffer: 100 ml 10xTris-glycine-SDS buffer (Bio-Rad), 900 ml H,O

WB transfer buffer: 100 ml 10xTris-glycine buffer (Bio-Rad), 200 ml methanol, 700 ml H,O

PBS-T: 0.1% (v/v) Tween-20 in PBS

WB blocking buffer: 5% (w/v) BSA in PBS-T

Triton-X100 diluted stock: 10% (v/v) Triton-X100 in H,0, stored at 4°C

Oligomycin stock: 10 mM oligomycin in ethanol

PDL stock: 1 mg/ml poly-D-lysine (MW 70000-150000) in borate buffer, sterile filtered
through 0.22 um PES, stored at 4°C

PDL working dilution: diluted as required in borate buffer
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Puromycin stock: 1 mg/ml puromycin in H2O, sterile filtered through 0.22 ym PES, stored at -
20°C

RIPA lysis buffer: 10% (v/v) 10xRIPA buffer (Cell Signalling) in H,O, protease and
phosphatase inhibitor (Thermo Scientific, # 88669) freshly added

SRB Tris buffer (pH 10.5): 10 mM Tris in H,O

SRB: 0.4% (w/v) Sulforhodamine, 1% (v/v) acetic acid in H,O

TBS lysis buffer (pH 7.5): 50 mM Tris-Hcl, 150 mM NaCl, 1% (v/v) Triton-X100 in H;0,
protease and phosphatase inhibitor (Thermo Scientific, # 88669) freshly added

TMRE stock: 50 mM TMRE in DMSO, stored in small aliquots at -20°C

TMRE working solution: 10 yM TMRE in DMSO freshly prepared from TMRE stock

Trichloracetic acid (TCA): 15% (w/v) TCA in H,0, stored at 4°C

Kits

ATPlite (Perkin Elmers, # 6016943)

AnnexinV-PI cell viability assay kit (BioLegend, San Diego, US)
GenElute Plasmid Midi kit (Sigma Aldrich, # NA0200)

QuikChange Lightning (Agilent Technologies, # 210518)
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3 Results

Interaction studies of DJ-1 and 14-3-33
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3.1 Introduction and Aims

In order to identify new interaction partners of the Parkinson’s disease linked protein DJ-1
our group performed a mass spectrometry screen for interaction partners of overexpressed
and immunoprecipitated DJ-1™°" in collaboration with Elizabeth Jonas (Yale University).
Among the interaction partners was 14-3-3B. Interestingly, 14-3-3B co-precipitated with
wildtype, but not the PD-associated mutant (L166P) DJ-1. Another study also had identified
an interaction between DJ-1 and 14-3-3 proteins in a mass spectrometry screen, confirming
our result. In this study, yeast BMH1/2 (14-3-3 orthologs of S. cerevisae) coupled to
sepharose were used to pull down proteins from a HelLa cell extract (Pozuelo Rubio et al.,
2004). A phospho-peptide corresponding to the minimal 14-3-3-binding motif was
subsequently used to elute interactors that bound to BMH1/2 in a phosphorylation-dependent
manner. Although several of the proteins that have been identified with MS were validated by
WB, the interaction between 14-3-3 and DJ-1 had not received further attention. My first aim
therefore was to validate the interaction between 14-3-3, specifically the p-isoform and DJ-1
by immunoprecipitation (IP) from human cell extracts and rodent brain and to identify putative
phosphorylation sites on DJ-1 that may mediate the interaction. Furthermore, to identify the
cellular pathways that regulate binding of the two proteins, several metabolic and stress

conditions will be tested for their effect on the interaction between DJ-1 and 14-3-3.

3.2 In vitro and in vivo interaction between DJ-1 and 14-3-33

In order to validate the binding between DJ-1 and 14-3-3B found in our mass spectrometry
screen, | performed IP experiments- Exogenous DJ-1 C-terminally tagged with myc and Flag
epitopes (hereafter referred to DJ-1™°) was expressed in human embryonic kidney
(HEK293T) cells. The overexpressed protein was precipitated from the cell extracts using
anti-Flag agarose beads (Sigma Aldrich) and 14-3-33 co-precipitation was identified by
Western blot (WB) analysis (Figure 3.1 A). To determine whether this interaction also exists

between endogenous proteins, DJ-1 was immunoprecipitated from rat brain lysate using a
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specific antibody (Santa Cruz, FL-189). The endogenous protein-protein interaction between
DJ-1 and 14-3-33 was confirmed by WB (Figure 3.1 B). Note that the mouse antibody
against DJ-1 used for WB in Figure 3.1 B only detected a band at app. 50 kDa, which is

corresponding to the size of a DJ-1 dimer.

A B _1P_
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Figure 3.1 — Interaction between DJ-1 and 14-3-3 was tested by immunoprecipitation (IP) using anti-Flag
antibodies against overexpressed DJ-1™"8 from HEK293T cells (A) and in vivo using specific antibodies
against endogenous DJ-1 from rat brain lysate. Total lysate (input) and IP eluate was analysed by Western
Blot (WB) and the interaction was identified using specific antibodies against 14-3-3B. Antibodies against
myc (A) or DJ-1 (B) were used to verify the IP. The data is representative of at least three independent

experiments.

3.3 The interaction of DJ-1 and 14-3-38 is mediated by phosphorylation of DJ-1

3.3.1 Phosphorylation-dependence

With very few exceptions, binding of 14-3-3 proteins depends on the presence of a
phosphorylated serine or threonine of the target. To determine whether the interaction of DJ-
1 with 14-3-3 was dependent on phosphorylation, | tested the effect of phosphatase
treatment on the interaction between DJ-1™"9 and 14-3-3B. DJ-1™°"9 overexpressing cell
lysates were treated with or without alkaline phosphatase (AP). The treated lysates were
subjected to IP and the 14-3-3f co-IP was analysed by WB (Figure 3.2). The protein levels
were quantified by densitometry and 14-3-38 was plotted relative to the myc levels. In line
with the 14-3-33 phospho-binding mechanism, AP treatment reduced the 14-3-3fB levels to

57.3 £ 5.5% (mean £ SEM) of the untreated control samples (Figure 3.2).
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Figure 3.2 — Phospho-dependence of DJ-1 interaction with 14-3-33 was tested in HEK293T lysates
containing overexpressed DJ-1™“"%_ |ysates were treated without (Ctl) or with alkaline phosphatase (AP)
prior to Flag IP and total lysate (input) and IP eluate was analysed by WB using antibodies against 14-3-38
and myc (A). Quantification of three independent experiments revealed reduced interaction of 14-3-33 with
DJ-1 after AP treatment (57.3 + 5.5% relative to Ctl). 14-3-3p protein levels were normalised against myc.

Data represented as mean = SEM, unpaired two-tailed t-test, n =3, *p = 0.0164).

3.3.2 Prediction of phosphorylation sites on DJ-1

To date no kinase has been identified to phosphorylate DJ-1. | therefore performed an in
silico study for predicted phosphorylation sites using the online motif search tool Scansite 2.0
(Obenauer et al., 2003)(http://scansite.mit.edu/). This tool identifies phosphorylation sites
based on known consensus motifs for most known serine/threonine and tyrosine kinases as
well as protein-protein and protein-phospholipid interaction motifs. The Scansite search was
performed using the SwissProt identifier for human DJ-1 (Q99497). Using high and medium
stringency, motif search did not yield any predicted phosphorylation sites but identified
several kinase-binding domains (Table 3.1). At low stringency conditions the motif search
resulted in three predicted N-terminal phosphorylation sites (Thr**, Ser®, Tyr®’) and three
phosphorylation sites near the C-terminus (Tyr'', Ser'*, Ser'®"). In addition, a 14-3-3 mode

1 consensus motif was identified with Thr'®

as the central phosphorylated residue. Although
Thr'*® was not predicted to be a phosphorylation site, the corresponding residue Ser'*® was

found phosphorylated in a mass spectrometry screen of phospho-proteins from mouse
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Table 3.1 — Scansite 2.0 motif search performed on human DJ-1 protein sequence at low stringency

revealed several putative phosphorylation sites as well as a 14-3-3 binding site at Thr'”®. Medium stringency

did not reveal any phosphorylation sites but several kinase-binding motifs (marked with #). Bold letter

marks active/phosphorylated site. Asterisks indicate several phosphorylation sites that were previously

identified in mass spectrometry screens and are deposited in PhosphoSite Plus. SA: surface accessibility.

Site Specficity Gene Sequence SA Score  Percentile
Scansite group

v33* Erk D-domain MAPK1 MRRAGIKVTVAGLAG 0.258 0.6359 0.46%
Kinase binding site

T34 PKC zeta PRKCZ RRAGIKVTVAGLAGK 0.364 0.6075 3.84%
Basophil. serine/threonine kinase

S57 DNA PK PRKDC VVICPDASLEDAKKE 1.236 0.616 3.19%
DNA damage kinase

Y67* Lck Kinase LCK DAKKEGPYDVVVLPG 0.505 0.5202 1.23%
Tyrosine kinase

Y67* Insulin Receptor Kinase INSR DAKKEGPYDVVVLPG 0.505 0.7354 4.83%
Tyrosine kinase

Y67*  FgrSH2 FGR DAKKEGPYDVVVLPG  0.505 0.5586 3.31%
Src homology 2

Y67* Nck SH2 NCK1 DAKKEGPYDVVVLPG 0.505 0.5806 3.96%
Src homology 2

Y67* Crk SH2 CRK DAKKEGPYDVVVLPG 0.505 0.6078 4.64%
Src homology 2

v69* Erk D-domain MAPK1 KKEGPYDVVVLPGGN 0.202 0.5973 0.24%
Kinase binding site

1105" Erk D-domain MAPK1 RKGLIAAICAGPTAL 0.088 0.4851 0.03%
Kinase binding site

T125 14-3-3 Mode 1 YWHAZ GFGSKVTTHPLAKDK 0.615 0.573 2.70%
Phosphoserine/threonine binding

T140"*  PDK1 Binding PDPK1 MMNGGHYTYSENRVE 2.564 0.6048 0.73%
Kinase binding site

Y141* Src Kinase SRC MNGGHYTYSENRVEK 3.147 0.6257 4.64%
Tyrosine kinase

S142%* DNA PK PRKDC NGGHYTYSENRVEKD 3.934 0.6382 4.30%
DNA damage kinase

L151 Erk D-domain MAPK1 NRVEKDGLILTSRGP 0.261 0.7549 2.59%
Kinase binding site

S161 Akt Kinase AKT1 TSRGPGTSFEFALAI 0.57 0.6694 2.42%
Basophil. serine/threonine kinase

E163" PDK1 Binding PDPK1 RGPGTSFEFALAIVE 0.332 0.6206 0.93%

Kinase binding site
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adipocytes (Humphrey et al., 2013). Furthermore, the predicted phospho-residues Tyr®’,
Tyr'*' and Ser'*? were identified as phosphorylated sites in mass spectrometric experiments
according to Phosphosite Plus (www.phosphosite.org/)(Hornbeck et al., 2012). However, no
studies had been conducted to test the effect of any of these phosphorylation sites on the

activity of DJ-1.

Interestingly, most of the predicted phosphorylation sites cluster into two distinct regions
within the tertiary structure of DJ-1 (Figure 3.3). Thr**, Ser’” and Tyr® form cluster 1 found in
two pockets adjacent to the dimer interface (Figure 3.3 B). All three residues are surface

' and Ser'? form

accessible as shown in figure 3.3 C. The residues Thr'®, Thr'*®, Tyr'
cluster 2, which is located on the C-terminal domain on the opposite side relative to cluster 1
(Figure 3.3 E). The C-terminal domain harbours a small parallel 3-sheet containing B7 and
B8 linked by a6 (B-helix-B motif), the helix-kink-helix motif made of the C-terminal a7/8, as
well as the antiparallel B-sheet formed by 9/10. The latter extends from the large central 3-
sheet and is located next to B6, which contains the active Cys'®. All residues of phospho-

125

cluster 2 are located on the B-helix-B motif, with Thr'“® in the loop between B7 and a6 and

Thr'*®, Tyr'*' and Ser'™? on B8. Furthermore, the predicted 14-3-3 binding site Thr'*®> and

141

Tyr™ interact through a hydrogen bond (calculated by Swiss PdbViewer, based on a

minimum distance of 1.2 A and a maximum distance of 2.76 A between hydrogens and

nucleophils). Ser'®’ (

the putative Akt phosphorylation site) is located in the C-terminal domain
just before the helix-kink-helix motif. It was demonstrated that mutations within this motif
have a destabilising effect on dimer formation (Cali et al., 2015; Gorner et al., 2007;
Hulleman et al., 2007). Furthermore, the pathologic mutant DJ-1-"°®" that was used in our
initial mass spectrometry screen localises to the helix7 adjacent to Ser'®'. Interestingly,
cleavage of the C-terminal helix has been proposed as an activating post-translational

modification that enhances DJ-1 protective activity towards oxidative stress (Chen et al.,

2010).

159



3 Results — Interaction studies

Figure 3.3 — Putative DJ-1 phosphorylation sites are clustered at two sites of the crystal structure of DJ-1

(PDB ID: 20R3), which is depicted as monomer with the putative 14-3-3 binding site Thr'*

, the predicted
phosphorylation sites (all shown as purple sticks) and the active Cys'®® (white/yellow stick, red surface
patch) (A). The N-terminal cluster near the dimerization interface (DI) (B,C) and the C-terminal cluster
adjacent to the helix-kink-helix motif (HKH) (D,E) become apparent. Most phosphorylation sites are surface
accessible as indicated by the corresponding purple patches (A,C,E). Image reproduction as follows: A -
Ribbon diagram superimposed on the transparent surface. The molecule is turned anti-clockwise in
sequential 902 steps around the vertical axis. B,D - DJ-1 ribbon diagram (left) and close-up of the boxed
area (right). C,E - Surface rendered DJ-1 with superimposed transparent ribbon diagram showing DJ-1 from

the bottom (C) and top (E) relative to the representation in A. Images are produced using SwissProt

PDviewer.

3.3.3 Interaction of 14-3-3p with functional mutants of DJ-1

Because binding requires serine or threonine phosphorylation, the putative 14-3-3p target

sites are restricted to Thr**, Ser®’, Thr'*?, Ser'*? and Ser'®" in addition to Thr'®°. A study of the
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binding sequence of known interaction partners revealed that 14-3-3 proteins have a
preference for motifs that are phosphorylated by basophilic protein kinases, such as PKA,
PKB/Akt and PKC (Johnson et al.,, 2010). Among those, Akt is known to phosphorylate
several 14-3-3 binding partners, including Bad (Datta et al., 2000), GSK3p (Yuan et al.,
2004), PRAS40 (Vander Haar et al., 2007), Notch4 (Ramakrishnan et al., 2015), and SRPK2
(Jang et al., 2009). | therefore generated phosphorylation-resistant and phospho-mimicking
mutants of DJ-1™°79 targeting the predicted 14-3-3 binding site Thr'?® and the putative Akt-
phosphorylation site Ser'®. Both residues were substituted with either alanine
(phosphorylation-deficient) or  aspartate  (phosphorylation  mimic) resulting in
DJ1-T125A™%9 DJ1-T125D™™9, DJ1-S161A™™, and DJ1-S161D™*. HEK293T
lysates containing wildtype (wt) DJ-1™°"9 or the mutants were subjected to IP and the
binding to 14-3-3B was analysed by WB (Fig 3.4). Mutation of Thr'® to alanine did not disrupt
the interaction between DJ-1 and 14-3-3p (Fig 3.4 B). In contrast, DJ1-S161A™? revealed
significantly lower levels of 14-3-33 co-IP compared to wildtype DJ1 (mean + SEM: 30.1 +
1.7%; Figure 3.4C). Surprisingly, three out of four mutants (T125A, T125D, S161D) co-
immunoprecipitated with a second higher molecular weight species that was recognised by
the 14-3-3B antibody. The molecular weight for this band corresponded to the size of a 14-3-
3B dimer. Furthermore, a double band at the size of monomeric 14-3-3p was also frequently
observed indicating the presence of a post-translational modification on 14-3-33. Meanwhile
the level of monomeric 14-3-3B was unchanged in the S161D IP samples, the total levels
showed a significant increase relative to wt (mean + SEM: 433 + 133%; Figure 3.4C). These
data suggest that the putative Akt phosphorylation site Ser'®’ may be required for the
phosphorylation-dependent binding of DJ-1 to 14-3-3B. Surprisingly, compared to the
wildtype DJ-1, the T125A and T125D mutants showed increased interaction with both,
monomeric and dimeric 14-3-3f (total 14-3-3p3 as mean + SEM for T125A: 841 £ 99% and for
T125D: 881 + 251%; Figure 3.4C). This argues against a role of Thr'* as phosphorylation-
dependent binding site. However, the increased binding of 14-3-3(3 to either phospho-

125

mimicking or phospho-resistant mutant of Thr'“° suggests a different effect of this residue,
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possibly involving structural changes of DJ-1. This idea is supported by the presence of a

125

hydrogen bond between Thr'®® and Tyr'*', which may play a structural role within the B-helix-

B conformation in the C-terminal domain.
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Figure 3.4 — Interaction of 14-3-33 with functional mutants of DJ-1 was tested by IP using HEK293T cells
overexpressing either DJ-1™"8 wildtype (wt) or DJ-1™" carrying the point mutations T125A, T125D, S161A
or S161D. Lysate (Input) and IP eluate was analysed by WB (A) as in figure 3.2 and 14-3-3B co-IP was
quantified relative to myc (B,C). Note that two or more bands for 14-3-3f3 appear in IPs of three out of four
DJ-1™"*8 mutants, of which the single or double band at 25 kDa was referred to the monomer and the band
at 50 kDa was referred to the dimer. T125A mutant fails to disrupt 14-3-3f interaction with DJ-1™"€, |n
contrast, 14-3-3B interaction is diminished in IP samples of S161A and increased with $S161D mutant of
DJ-1™"€ (C). The data is represented as mean + SEM in % wt (one-way ANOVA with Dunnett’s test for

multiple comparisons, n=3 for T125A/T125D/S161A, n=5 for S161D, *p<0.05).
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3.3.4 Summary of phosphorylation studies

Our results showed a phosphorylation-dependent interaction between DJ-1 and 14-3-3.
Mutation of the Akt phosphorylation site Ser'®’ of DJ-1 to the phospho-resistant Ala'®"
disrupted the interaction between DJ-1 and 14-3-3B. In addition, the phospho-mimicking
mutation S161D did not disrupt the binding of DJ-1 to 14-3-3[, but caused a significant
increase of interaction, due to the co-immuoprecipitation of a higher molecular weight
species of 14-3-3B. These findings indicate a role for Ser'®" as phosphorylation-dependent
binding site for 14-3-3B. In contrast, mutation of Thr'? to Ala did not abrogate the association
between DJ-1 and 14-3-38 arguing against a role of this residue as phosphorylation-
dependent binding site. Surprisingly, both T125A as well as T125D resulted in increased
immunoprecipitation of the higher molecular weight species of 14-3-3B3. This indicates a

structural role of this residue possibly effecting the conformation of DJ-1 and thereby altering

the binding to 14-3-3.

3.4 Regulation of the interaction between DJ-1 and 14-3-3B by hypoxia

In order to investigate the functional significance of the binding between 14-3-3p3 and DJ-1, |
aimed to decipher the physiologic conditions that may alter or enhance this interaction. Both
proteins functionally overlap in their ability to regulate energy metabolism as well as the
sensitivity of cells to stress conditions (Cao et al., 2015; Gardino and Yaffe, 2011; Kleppe et
al., 2011). Several metabolic and stress-inducing treatments were chosen to screen for their

ability to alter the interaction between DJ-1 and 14-3-38.

3.4.1 Conditions that alter cellular metabolism

In order to modulate the cellular metabolism, two strategies were chosen. The first is based
on upstream regulation of cell metabolism through growth factors. Growth factors such as
epidermal growth factor (EGF) and insulin modulate metabolism alongside other cellular
activities such as cell survival and proliferation (Mendoza et al., 2011). The second strategy
is to directly modulate the substrate supply by glucose and oxygen deprivation, interfering

with glycolysis and OXPHQOS. Both are also potent activators of cell signalling mediated by,
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for example, the AMP-activated protein kinase, the hypoxia-inducible factor 1a, and the
mTOR pathway (Kleppe et al., 2011).

Serum deprivation (SD)

The addition of serum to cell culture medium supplies the cells with growth and survival
factors. Serum starvation is therefore used to reduce the basal activity of growth factor
receptor-mediated signalling and simultaneously increases the sensitivity of the cell to growth
factors. Therefore, a preceding period of serum starvation is often used to enhance the effect
of receptor ligands on growth factor signalling.

Epidermal growth factor (EGF)

EGF was chosen because it was shown to have broad signalling effects by inducing both the
MAPK and Akt kinase cascade (Mendoza et al.,, 2011). Both kinase cascades positively
regulate cell proliferation and metabolism and have been shown to crosstalk at various levels
(Mendoza et al., 2011). The effect of EGF on the ability of DJ-1 to interact with 14-3-33 was
tested alone and in combination with serum starvation. Starvation is used to sensitize the
cells to EGF because receptor activation by growth factors present in the serum decreases
the plasma membrane expression of EGF receptor (Tomas et al., 2014). In the combined
treatment cells were starved for 24h prior to addition of EGF for 1 h.

Hypoxia and glucose substitution

Hypoxia is a potent antagonist of the mitochondrial pathway of energy production in favour of
glycolysis (Bunn and Poyton, 1996; Metallo et al., 2012). Glucose substitution (GS) with
galactose in turn was shown to decrease glycolysis. Under these conditions glutamine
becomes the major energy substrate through aerobic oxidation via the TCA cycle (Gohil et
al.,, 2010; Reitzer et al., 1979). Glutamine is provided at 2 mM in our cell culture medium
(compared to 25 mM glucose or galactose). Finally, combined treatment with GS and
hypoxia severely interferes with energy metabolism since both glycolysis and OXPHOS are

inhibited.
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3.4.2 Stress-inducing treatments

In a second set of experiments the following treatments were used to alter cellular and
mitochondrial stress.

y-irradiation (y-IR)

y-IR induces stress through DNA double strand breaks as well as ROS. The latter also
provokes DNA double strand breaks independently of ionizing radiation (Jeggo and Lobrich,
2007). A deficiency in DNA-repair mechanisms has recently been implicated in Parkinson’s
disease (Sepe et al., 2016).

Hydrogen peroxide (H,O,)

H,O, induces oxidative stress and causes an up-regulation of expression and oxidative
modulation of DJ-1 (Taira et al., 2004b). Enhanced oxidative damage is found in neuronal
mitochondria of PD patients (Keeney et al., 2006).

Ca” overload

At high concentrations ionomycin acts as a plasma membrane Ca** ionophore (10 pM and
above) that facilitates the diffusion of Ca*" into the cytosol. At lower concentrations ionomycin
may cause Ca®" release through Ca®* channels from internal stores, such as the ER
(Dedkova et al., 2000). Both results in an increase of cytosolic Ca®" levels, which alters
mitochondrial function alongside other physiological changes (Ichas and Mazat, 1998).
Deficiency in neuronal Ca** buffering has been implicated in PD (Surmeier et al., 2011).
Tunicamycin

Tunicamycin is an inhibitor of a family of N-acetylhexosamine phosphotransferases, essential
enzymes for the post-translational modification of glycoproteins in the ER and Golgi.
Treatment with tunicamycin inhibits the glycosylation process and subsequent folding and
transport of glycoproteins. This in turn triggers the induction of the unfolded protein response
(Heifetz et al., 1979). ER-stress and activation of the unfolded protein response has been

associated with PD (Celardo et al., 2016).

Oligomycin
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Oligomycin inhibits the mitochondrial ATP synthase and thereby the mitochondrial pathway
of energy production via OXPHOS (Penefsky, 1985). Mitochondrial deficiency is one of the
hallmarks of PD (Bender et al., 2006; Lu et al., 2014; Schapira et al., 1989; Subramaniam
and Chesselet, 2013).

Cyclosporin A (CsA)

CsA was chosen due to its protective function in mitochondria. By binding to cyclophilin D,
CsA inhibits the opening of the mitochondrial permeability transition pore (MPTP). mPTP is a
mega-channel within the mitochondrial inner membrane that decreases AW, during short-

term opening but causes cell death when irreversibly activated (Bonora et al., 2015).

3.4.3 Interaction screen

HEK293T cells overexpressing DJ-1™"9 were subjected to either metabolic or stress-
altering treatments (Figure 3.5). The cells were then lysed and IP was performed using an
anti-Flag antibody. As outlined in chapter 3.3, | speculate that altered metabolism or stress-
conditions will have structural effects on DJ-1, which could alter the interaction with 14-3-33.
Metabolic stress induced by hypoxia and hypoxia with glucose substitution (GS) had the
strongest effect on the interaction between DJ-1 and 14-3-33 (Figure 3.5). The IP of DJ-
1™°Fa8 ynder hypoxia caused a 45% reduction of monomeric 14-3-3f interaction and the
simultaneous treatment of hypoxia with GS resulted in a 32% reduction of monomeric
14-3-3p relative to untreated. EGF and serum concentration had no prominent effect on the
interaction between DJ-1 and 14-3-3B (Figure 3.5). Unfortunately, due to a faulty WB
membrane the results for combined treatment of serum starvation and EGF could not be
quantified. The experiment was repeated in a separate run and is shown in the
supplementary figure S1. The combined treatment did not alter the interaction between DJ-1

and 14-3-3 (14-3-3p/myc (%ctl): 95.4).
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None of the stress-inducing treatments showed a prominent change in 14-3-33 co-precipitate

(Figure 3.6) and treatment with CsA slightly reduced the co-IP of 14-3-3B to 75.7% of

untreated.
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Figure 3.5 — Screen for metabolic modulators of interaction indicates a selective negative effect of hypoxia

(Hyp) and hypoxia with glucose substitution (GS) on the interaction between DJ-1 and 14-3-3B. IP of

mycFlag

overexpressed DJ1 was performed as in Figure 3.1A after treatment of HEK293T cells with epidermal

growth factor (EGF), serum starvation (SD), GS, Hyp and a combination of the first two and the latter two.
The screen was performed only once. The details of each treatment are specified in Material and Methods.
WB (A) and quantification (B) of 14-3-3B/myc as in Figure 3.2. Values are displayed as % of untreated
DJ1™F%8 (Ctl). 14-3-3B refers to the single or double band at 25 kDa.

3.4.4 Hypoxia is a modulator of 14-3-3 and DJ-1 interaction

In order to validate the effect of hypoxia and hypoxia with glucose substitution on the
interaction between DJ-1 and 14-3-3(3 additional IP experiments were performed, which
confirmed a significant decrease of binding of 14-3-3p to DJ-1 upon hypoxia (mean + SEM in
% ctl: 52.9 + 12.1%, Figure 3.7). A band corresponding to 14-3-3p dimer was not consistently
present throughout all experiments and was therefore excluded from the analysis. The
results of combined treatment of hypoxia with glucose substitution were inconsistent and
failed to reach significance. Taken together, the data confirms that hypoxia partially disrupts

the interaction between 14-3-3(3 and DJ-1.
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Figure 3.6 — Screen for stress-induced modulators of interaction shows little or no effect on the interaction

iono
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between DJ-1 and 14-3-3 under the conditions used for the screen. IP of overexpressed DJ1™ % was

performed as in Figure 3.1A after treatment of HEK293T cells with y-irradiation (y-IR), H,0,, ionomycin
(iono), tunicamycin (tunica), oligomycin (oligo) and cyclosporin A (CsA). The screen was performed only
once. Concentrations and timing are detailed in Material and Methods. WB (A) and quantification (B) of
14-3-3B/myc as in Figure 3.2. Values are displayed as % of untreated DJ1™ " (Ctl). 14-3-3B refers to the

single or double band at 25 kDa.
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Figure 3.5 — Effect of hypoxia on the interaction between DJ-1 and 14-3-33. HEK293T cells overexpressing
DJ-1™"%8 \vere incubated for 24h in normoxic (Ctl) or hypoxic (Hyp) conditions without or with glucose
substitution (GS). IP was performed as in Figure 3.1A and total lysate (input) and IP eluate was analysed by
WB (A) and quantified as 14-3-3B relative to myc (B). Hyp, but not Hyp+GS, consistently decreases the
interaction between DJ-1™" and 14-3-3p to 52.9 + 12.1% of Ctl. Data is represented as mean + SEM in %

Ctl of three independent experiments (n=3, two-tailed student’s t-test, *p=0.0244).
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3.4.5 Summary of the regulation studies

During a screen of factors that could regulate the interaction between DJ-1 and 14-3-33,
hypoxia was identified as a physiologic condition that reduces the protein interaction between
DJ-1 and 14-3-38 to 53% of control levels. Surprisingly, | could not confirm an effect of
hypoxia with glucose substitution on the binding of DJ-1 to 14-3-3f3. It is likely, that low
oxygen levels do not act autonomously to regulate the interaction. For example, the
acidification of the cell culture medium during hypoxia in presence of glucose may provide
important metabolic clues to adapt to the hypoxic environment (Khacho et al., 2014). Cells
grown in medium containing galactose in substitution for glucose do not experience the
acidic pH shift since their glycolytic rate is markedly decreased (Gohil et al., 2010; Reitzer et

al., 1979).

3.5 Discussion

Here | provide evidence for a phosphorylation-dependent interaction between DJ-1 and 14-3-
3B. The reduced binding of the S161A mutant of DJ-1 argues for a role of this site as
mediator of the interaction with 14-3-33. However, it is likely that binding to the dimeric 14-3-
3B is mediated by at least two sites, since the S161A mutation in DJ-1 does not fully
abrogate the interaction. Furthermore, the binding site does not conform to the canonical 14-
3-3B binding motif, which predicts low efficiency of unilateral binding (Johnson et al., 2010). A
second phosphorylation site may be present on the same molecule or, alternatively could be

provided through dimerization of DJ-1. The location of Ser'®’

is opposite to the dimerization
interface and hence accessible both in monomeric and dimeric DJ-1. Both, DJ-1 and 14-3-3
proteins were shown to provide conformational flexibility (Girotto et al., 2012; Yang et al.,
2006). In particular, flexibility of the 14-3-38 dimer in the hinge region (between both
subunits) can account for large structural changes, leading to an open and exposed

conformation of the otherwise closed binding cleft (Yang et al., 2006). This allows for

accommodation of larger entities by 14-3-3B. In addition, both proteins adopt mirror
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symmetry in the dimeric state as revealed by their crystal structures (Figure 1.8 and 1.10),
which would facilitate dimer-dimer interaction. Dimer formation of DJ-1 may also account for
the incomplete disruption of the interaction of DJ1-S161A™"%9  since HEK293T cells
express endogenous DJ-1. In order to address this possibility, further structural studies are
required. Several key residues at the dimerization interface of DJ-1 have been identified to
mediate intermolecular interactions, most importantly Met17 and Phe162 (Honbou et al.,
2003), as well as Arg28 (Herrera et al., 2007). Site-directed mutagenesis of these residues
could be used to test the effect of DJ-1 dimerization on the binding of 14-3-3B3. This is
particularly valuable because many of the pathologic mutants of DJ-1 were shown to be

deficient in homo-dimer formation (Cali et al., 2015; Repici et al., 2013).

The increased binding of 14-3-3f3 to the mutant T125A of DJ-1 argues against the role of this
residue as phosphorylation-dependent binding site of 14-3-3f. Interestingly, Thr'® forms a
hydrogen bond with Tyr'*" (Figure 3.3), which is absent in the T125A mutant and is probably

125 mutations have an

disrupted by the T125D mutation. Therefore, it is possible that the Thr
impact on the folding of the C-terminal B-helix-B motif. Interestingly, phosphorylation of Tyr'’
is also likely to alter the conformation of the B-helix-B motif and has been reported in mass
spectrometry analysis (Table 3.1) suggesting a physiological function of the interaction

125

between Thr'?® and Tyr'*'. If these assumptions are correct then conformational changes of

the B-helix-B motif may enhance binding between DJ-1 and 14-3-3p in a phosphorylation
independent-manner, which could explain the altered interaction observed with both Thr'#
mutants. It is noteworthy that additional structural components of 14-3-3 targets, which are
distinct from the conserved consensus sequences, have recently been implicated in binding
of 14-3-3 proteins (Obsilova et al., 2014). For example, binding of the Regulator of G-protein
signalling 3 (RGS3) was mediated by both, the central phospho-residue binding cleft, as well

as the C-terminal helices a6 and a8 of 14-3-3C (Rezabkova et al., 2011).
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Interestingly, nuclear magnetic resonance (NMR)-spectroscopy, the gold standard to
determine molecular flexibility, has been used to examine structural changes of DJ-1 induced
by dopamine-derived quinones (DAQ). DAQ was found to covalently bind to DJ-1 at Cys®®

1% (Girotto et al., 2012). Cys®® was more prone to DAQ-modification, which induced

and Cys
structural changes in parts of the dimer interface as well as the pocket that harbours Ser®” of
the phosphorylation cluster 1. DAQ binding to Cys'® in turn had wide-range effects on the
structure of DJ-1 including the dimer interface, the active site surrounding Cys'®, as well as
the C-terminal helix-kink-helix and B-helix-B motifs. Notably, dopamine-conjugation of DJ-1
has been shown to occur in vifro and in vivo using mass spectrometry analysis of a
neuroblastoma cell line and rat brain mitochondria, respectively (Van Laar et al., 2009).
These findings in conjunction with our mutation experiments point towards an intricate
relation between DJ-1 phosphorylation, oxidation, and conformational changes. Although to
this point | cannot reliably confirm that the 50 kDa band in our IP experiments represents
dimeric 14-3-3p, it seems likely that both, phosphorylation and structural re-arrangements of
DJ-1 are implicated in binding to this 14-3-3f3 species. Furthermore, | speculate that oxidative

modification and phosphorylation of DJ-1 structurally co-operate to facilitate binding to

14-3-3p.

With respect to the physiological function, the perturbation of the interaction by hypoxia
argues for a role of 14-3-3pB in regulating the function of DJ-1 in a metabolic context, possibly
mediated by hypoxia-dependent post-translational modification or oxidation of DJ-1 by
hypoxia-induced ROS (Solaini et al., 2010) formation. The finding that H,O, treatment did not
alter the interaction between DJ-1 and 14-3-3@ during the screen (Figure 3.5, Table 3.3)
argues against a role for ROS. However, higher doses or longer treatment with H,O, can
possibly have a different effect. Furthermore, broad H,O, application may not adequately
mimic the mitochondrial ROS production (Schaar et al., 2015) that is observed during
hypoxia. A third possibility of hypoxia-dependent release of DJ-1 from 14-3-3p3 could be

mediated by phosphorylation of 14-3-3 itself. It was shown that phosphorylation of Ser'®* in
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14-3-3 (corresponding to Ser'® in the B isoform) by c-Jun N-terminal kinase resulted in c-
Abl dissociation and translocation into the nucleus (Yoshida et al., 2005). Although this
mechanism was found to regulate 14-3-3C activity during DNA-damage response, it may be

applicable to other cellular stress situations.

Hypoxia initiates a cascade of cellular responses on the transcriptional and post-
transcriptional level leading to metabolic adaptation among other things (Majmundar et al.,
2010; Semenza, 2014; Solaini et al., 2010). As a result mitochondrial bioenergetics is
thought to be down-regulated, meanwhile substrate flux through the glycolytic pathway and
consequently lactate production are enhanced (Solaini et al., 2010). Interestingly, DJ-1 was
shown to translocate to mitochondria during hypoxic/ischemic conditions, thereby protecting
the cells from ischemic cell death (Kaneko et al., 2014a; Kaneko et al., 2014b). Furthermore,
DJ-1 has been implicated in the cellular response to hypoxia as an upstream regulator of
several metabolic key proteins, including HIF1a, AMPK and mTOR (Vasseur et al., 2009).
For example, DJ-1 physically interacts with Von Hippel Lindau protein (VHL) and inhibits the
ubiquitin-ligase activity of VHL towards HIF1a in a redox-dependent manner (Parsanejad et
al., 2014). In another study it was shown that DJ-1 deficiency led to an increase in AMPK
activity in myocytes due to ROS production and OXPHOS-deficiency (Shi et al., 2015).
Hypoxia also alters the function of 14-3-3 family proteins. It was shown that the binding
partners of 14-3-3C change both qualitatively and quantitatively during hypoxia. The study
thereby demonstrated the remarkable flexibility by which 14-3-3 proteins regulate different
cellular processes (Weerasekara et al., 2014). In support of this, binding of 14-3-3 proteins to
TSC1/2 was inhibited during hypoxia or overexpression of REDD1, which led to reduced
mTOR signalling and down-regulation of protein synthesis and cell proliferation (DeYoung et
al., 2008). Taken together, our findings suggest that reduced interaction between DJ-1 and
14-3-33 may play a role in the cellular adaptation to hypoxia. | further speculate that the

release of DJ-1 from 14-3-3 is involved in the regulation of cellular metabolism due to the
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effect of DJ-1 on key metabolic regulators as well as its direct effect on mitochondrial

function.
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4 Results

The effect of 14-3-3B on the localisation of DJ-1
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4.1 Introduction and Aims

After establishing the interaction between both proteins and its regulation through hypoxia,
we aimed to elucidate the functional implications of an interaction between DJ-1 and 14-3-
3B. A well-established activity of 14-3-3 proteins is to regulate the subcellular localisation of
its binding partners (Zha et al., 1996) (Yoshida et al., 2005) (Jang et al., 2009). DJ-1 is
present in various subcellular compartments including the cytosol and mitochondria
(Bjorkblom et al., 2014; Cali et al., 2015; Canet-Aviles et al., 2004; Kato et al., 2013; Maita et
al., 2013). Although the targeting mechanism for DJ-1 is not clear, mitochondrial localisation
was found to be enhanced upon oxidative stress (Canet-Aviles et al., 2004) or ischemic
insult (Kaneko et al., 2014a), suggesting a regulatory mechanism for the translocation of DJ-
1 into mitochondria. We therefore decided to examine whether 14-3-3f3 is implicated in the
regulation of the localisation of DJ-1 to mitochondria. Interestingly, mitochondrial DJ-1
provided enhanced cytoprotection against H,O.-induced cell death when compared to
untargeted DJ-1 (Junn et al., 2009). Thus targeting of endogenous DJ-1 to mitochondria may

offer a new strategy for a neuroprotective treatment.

To determine whether 14-3-33 plays a role in the intracellular localisation of DJ-1, we
generated stable cell lines with reduced or increased expression of 14-3-3B and studied
them under normoxic or hypoxic conditions. The knockdown of 14-3-33 will be mediated by
RNA interference using stable expression of shRNA, and the overexpression will be
achieved through stable expression of a 14-3-3 transgene (see table 2.4). To determine the
localisation of DJ-1, we performed subcellular fractionation to separate the mitochondrial and

cytosolic compartments, in the stable cell lines.

4.2 Generation of stable cell lines

In order to test the effect of 14-3-33 on the localisation of DJ-1 we established cell lines that
stably express either shRNA against human 14-3-33 (sh14-3-3B8) or a scrambled, non-

targeting shRNA (Scr). For downstream functional analysis, a DJ-1 knockdown cell line was
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also generated. For each cell line four to six single colonies were expanded to test for stable

transgene expression.

4.2.1 Verification of knockdown and overexpression of stable cell lines

The knockdown of the sh1433( and shDJ1 cell lines was assessed in an initial screen using
WB analysis (Figure 4.1). Clones number 1 and 2 of the sh1433 cell lines and all clones of
the shDJ1 cell lines revealed prominent knockdown compared to the control cell lines. Scr
clone 3, sh1433pB clone 1, and shDJ1 clone 3 were quantified for knockdown efficiency and
used in further experiments. The quantification confirmed 14-3-33 levels of 35.7 + 8.6%
(mean = SEM in % Scr, Figure 4.2A) for sh14338, as well as DJ-1 levels of 2.3 £ 1.3% (mean

+ SEM in % Scr, Figure 4.2B) for shDJ1.
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Figure 4.1 — Generation of stable knockdown cell lines. HEK293T cells were transfected with pGIPZ-hScr
(Scr), pGIPZ-shRNA-sh14333 (sh1433B) or pGIPZ-shRNA-hDJ1 plasmids. Cells were selected with puromycin
and single cell clones were amplified and tested for the expression level of 14-3-3f (A, C) and total DJ-1 (B,D).
The data is derived from a single experiment and clone 3 of the Scr cell line, clone 1 of the 14-3-33 shRNA cell
line and clone 3 of the DJ-1 shRNA cell line were further assessed for knockdown efficiency and used in all
subsequent experiments. Total DJ-1 refers to monomer (black arrowhead) and dimer (transparent

arrowhead).
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Figure 4.2 — Quantification of knockdown efficiency. The knockdown efficiency of clone 1 of the 14-3-33
shRNA cell line (A) and clone 3 of the DJ-1 shRNA cell line (B) was analysed relative to clone 3 of the Scr cell
line. Expression level of 14-3-3f is reduced to 35.7 + 8.6% (A) and of DJ-1 is reduced to 2.3 + 1.3% (B) relative
to Scr. Protein levels were quantified relative to a-tubulin (a-tub). The data represents six (A) and three (B)

independent experiments (displayed as mean + SEM, unpaired two-tailed t-test, ****p<0.0001).
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Figure 4.3 — Generation and verification of stable 14-3-3B overexpression cell lines. HEK293 cells were
transfected with pcDNA3-flag-HA-h1433b (14-3-3BOE) or pcDNA3.1 vector (Ctl). Cells were selected with G418
and single cell clones were amplified and tested for overexpression of 14-3-33 (A). Clone 1 of the Ctl cell lines
and clone 4 of the 14-3-3[3.OE cell lines were quantified for 14-3-3 expression levels (B,C) and used for all
subsequent experiments. A) The data is derived from a single experiment. B,C) The data represents three
independent experiments. Endogenous 14-3-3f (C, left panel) expression is unaltered in 14-3-3[3.OE relative to
Ctl meanwhile total 14-3-3f levels are 259 + 22% of Ctl (C, right panel) (mean + SEM, n=3, unpaired t-test,

**p<0.01), tg: transgene, endo: endogenous.
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The overexpression levels of 14-3-3f in the stable cell lines were assessed in 4 clones by
WB, of which clones 2 and 4 revealed prominent overexpression of the transgene (Figure 4.3
A). Clone 4 of the 14-3-3B°F cell line and clone 1 of the control (Ctl) cell line were quantified
for 14-3-3p expression levels and used in further experiments. The total amount of 14-3-3/3
was increased to 259 + 22% (represented as mean £ SEM relative to Ctl, Figure 4.3 B,C) in
14-3-3B°E. No change was found in the expression level of endogenous 14-3-3B between

14-3-3B°F and Ctl cell lines.

4.3 Translocation studies

4.3.1 Knockdown of 14-3-3f increases mitochondrial levels of DJ-1

To test the effect of 14-3-3B on the cellular localisation of DJ-1, we performed subcellular
fractionation using the stable Scr and sh1433B cell lines. We further tested the effect of
hypoxia on the mitochondrial translocation of DJ-1 in both cell lines. In line with previous
results (Kaneko et al., 2014a), mitochondrial levels of DJ-1 in the Scr cell line were
significantly increased under hypoxia (mean £ SEM in % Scr Nor: 328 + 27%, Figure 4.4).
More importantly, under normoxia the knockdown of 14-3-33 caused a significant increase of
mitochondrial DJ-1 relative to Scr (mean £ SEM in % Scr Nor: 434 + 54%, Figure 4.4). In
contrast, under hypoxic conditions no difference was found in the mitochondrial levels of DJ-
1 between Scr and sh1433p cell lines, indicating that the effect of 14-3-33 on mitochondrial
localisation of DJ-1 is regulated in a hypoxia-sensitive manner. In addition, hypoxia did not
result in further increase of mitochondrial levels of DJ-1 in sh1433f3 cell lines (Figure 4.4),
suggesting that the remaining pool of cytosolic DJ-1 is maintained by 14-3-3B-independent
mechanisms. The total levels of DJ-1 were unchanged between both cell lines although there
was a small but not significant increase of DJ-1 expression under hypoxia (Figure 4.4). The
cytosolic levels of DJ-1 were slightly reduced in the sh1433f cell line but the difference was
not significant (Figure 4.4). The expression of the mitochondrial marker Tom40 relative to

a-tubulin was unchanged between the cell lines and conditions although we noted a different

178



4 Results — Localisation studies

Tom40 band pattern between normoxia and hypoxia, as well as Ctl and 14333 KD in the

mitochondrial fraction indicating differences in post-translational modifications (Figure 4.4).
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Figure 4.4 — 14-3-3 knockdown enhances the mitochondrial levels of DJ-1. Stable 14-3-33 knockdown
(sh1433b) and scrambled shRNA (Scr) cell lines were exposed to 24 h normoxia (Nor) or hypoxia (Hyp) and
the effect on the localisation of DJ-1 was tested by subcellular fractionation. Total cell lysate, cytosolic and
mitochondrial fractions were analysed by WB (A) and DJ-1 levels were quantified relative to a-tubulin for
total DJ-1 (monomer and dimer) and cytosolic DJ-1 or Tom40 for mitochondrial DJ-1 (B). 14-3-33
knockdown increases mitochondrial levels of DJ-1 to 434 + 54% relative to Scr. This effect is mitigated by
hypoxia, which increases mitochondrial DJ-1 to 328 + 27% relative to Norm in Scr, but not in sh1433b cells.
Total DJ-1, total Tom40 and cytosolic DJ-1 levels are not significantly different between Scr and 14-3-33
knockdown cell lines. The data is representative of three independent experiments (mean + SEM, n=3, one-

way ANOVA with Sidak’s post hoc test, *p<0.05), KD: knockdown; a-tub: a-tubulin.
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4.3.2 Overexpression of 14-3-33 decreases mitochondrial levels of DJ-1

To confirm the effect of 14-3-3 on the mitochondrial localization of DJ-1, we next tested the
effect of 14-3-33 overexpression. We performed the subcellular localization experiments
(described above) using 14-3-3B°F and Ctl cell lines. Overexpression of 14-3-3 significantly
inhibited the accumulation of DJ-1 in mitochondria compared to Ctl (mean + SEM in % Ctl
Normoxia: 40.4 + 6.4%, Figure 4.5). These results suggest enhanced sequestration of DJ-1
by 14-3-3B in the overexpressing cells. Furthermore, 14-3-3p3-dependent differences in
mitochondrial levels of DJ-1 were abolished by hypoxia (Figure 4.5), indicating that hypoxia
abrogated the inhibitory effect of 14-3-38 on DJ-1 accumulation in mitochondria. No 14-3-33-
dependent changes were found for total levels of DJ-1, cytosolic levels of DJ-1, or the
expression of the mitochondrial marker ATPSB (Figure 4.5). Importantly, in the Ctl cell lines a
substantial amount of DJ-1 was localised to mitochondria in normoxia as opposed to the Scr
cell line, where DJ-1 was mostly absent in nhormoxic mitochondria (compare WB Figure 4.4
and 4.5) indicating cell-specific differences in mitochondrial enrichment of DJ-1. Importantly,
while both sets of stable cell lines were made in human embryonic kidney (HEK) cells, they
were derived from different strains (HEK293T for knockdown, HEK293 for overexpression).
The presence of DJ-1 in normoxic mitochondria in the HEK293 Ctl cell line may also explain
the lack of enrichment of mitochondrial DJ-1 under hypoxia in these cells (Figure 4.5). In fact,
the quantification of mitochondrial DJ-1 relative to the mitochondrial marker ATP5B shows a
downregulation of DJ-1 in hypoxic Ctl cells relative to normoxia. However, we also noticed
that hypoxia consistently increased the levels of ATPSB in mitochondria and therefore the
apparent decrease of mitochondrial DJ-1 in hypoxic Ctl cells is likely an artefact of
normalisation. Taken together, the results suggest that 14-3-33 overexpression inhibits the
translocation or accumulation of DJ-1 in mitochondria and that this effect is abolished by
hypoxia. Of note, Tom40 could not be employed for mitochondrial normalisation as the
mitochondrial levels of this marker were effected both by 14-3-38 overexpression as well as

hypoxia (Figure 4.5).
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Figure 4.5 — 14-3-33 overexpression decreases the mitochondrial levels of DJ-1. Stable control cells (Ctl) or 14-

3-3[3”3"3HA overexpressing cells (1433BOE) were exposed to 24 h normoxia (Nor) or hypoxia (Hyp) and the effect

on the localisation of DJ-1 was tested by subcellular fractionation. Total cell lysate, cytosolic and mitochondrial

fractions were analysed by WB (A) and DJ-1 levels were quantified relative to a-tubulin for total DJ-1 and

cytosolic DJ-1 or ATP5B for mitochondrial DJ-1 (B). Where present, monomer (mono) and dimer DJ-1 were

included in the quantification. 14-3-33 overexpression decreases mitochondrial levels of DJ-1 to 40.4 + 6.4% of

Ctl. This effect is abolished by hypoxia, which reduces mitochondrial DJ-1 normalised to ATP5B to 59.7 + 4.8%

relative to normoxia in Ctl, but not in 1433[3OE cells. No effect of 14-3-3 overexpression was found on levels of

total DJ-1, total ATP5B or cytosolic DJ-1 (B). The data represents three independent experiments (mean + SEM,

n=3, one-way ANOVA with Sidak’s post hoc test, **p<0.01, ***p<0.001). a-tub: a-tubulin; ATP5B: beta subunit

of mitochondrial ATP synthase; tg: transgene; endo: endogenous.

181



4 Results — Localisation studies

4.4 Summary and discussion

Several groups have studied the trafficking of DJ-1 under various stress conditions
(Bjorkblom et al., 2014; Canet-Aviles et al., 2004; Joselin et al., 2012; Kaneko et al., 2014b).
Albeit a number of structural elements on DJ-1 have been identified to be important for
mitochondrial translocation (Maita et al., 2013), no mechanism is reported to date that could
explain the preferential localisation of DJ-1 in different subcellular compartments. Our results
show that 14-3-33 negatively regulates the levels of mitochondrial DJ-1. 14-3-3p3 is a
member of the 14-3-3 phospho-protein binding family that is known to regulate protein
translocation for a subset of its interaction partners (Beguin et al., 2006; Gardino and Yaffe,
2011; Jang et al., 2009; Zha et al., 1996). Release of 14-3-3-sequestered proteins may be
caused by dephosphorylation of the binding partner or by phosphorylation of a regulatory
residue on 14-3-3 (Yoshida et al., 2005). Our binding studies using phospho-mimicking and
phospho-deficient mutants revealed that Ser® on DJ-1 might be implicated in
phosphorylation-dependent binding to 14-3-3f3. Importantly, the binding studies also revealed
that hypoxia abrogated the binding of DJ-1 to 14-3-3B. This is in line with the finding that
hypoxia alleviated the repressive effect of 14-3-3f8 on the mitochondrial levels of DJ-1,
indicating that hypoxia-driven signalling events are causative for the translocation of DJ-1
into mitochondria. In summary, our data argues for a direct role of 14-3-3f8 binding and

sequestration of DJ-1 in the cytosol of HEK cells.

Future studies are required to identify the kinases and phosphatases that regulate the
binding and release, respectively of DJ-1 from 14-3-33. Our binding studies showed that

phosphorylation of Ser'®’

of DJ-1, a putative target site for Akt, can mediate enhanced
binding to 14-3-33. While phosphorylation of DJ-1 by Akt has not been reported to date, Akt
and DJ-1 were shown to interact via the adaptor protein striatin-3 (Tanti and Goswami,

2014). These studies, however found that the complex formation was facilitated by oxidative
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stress, correlated with an enhanced localisation of DJ-1 and Akt in mitochondria and
membranes. This argues against an Akt-mediated binding of DJ-1 to 14-3-3f3. Of note, these
studies were performed in mouse neuroblastoma cell lines and we cannot exclude cell

specific differences in signalling mechanisms.

In order to be released from 14-3-3f during hypoxia, dephosphorylation of DJ-1 is the most
likely mechanism. It was shown that expression of the protein phosphatase 2A (PP2A) is
induced in neurons upon intermittent hypoxia (Chen et al., 2014). Interestingly, the scaffold
protein striatin-3, which facilitates interaction between DJ-1 and Akt, has also been
implicated in regulation of the activity and substrate selectivity of PP2A (Moreno et al., 2000).
PP2A is therefore a promising target for the regulated release of DJ-1 from 14-3-3p during

hypoxia.

Mechanistically, 14-3-33 may inhibit DJ-1 translocation into mitochondria by stabilising dimer
formation. This hypothesis is supported by several reports that found enhanced
mitochondrial import of DJ-1 upon disruption of the dimer (Bjorkblom et al., 2014; Maita et al.,
2013). Interestingly, PD-associated mutant forms of DJ-1 that display decreased dimer
formation properties (Repici et al., 2013) were also found constitutively targeted to
mitochondria (Bjorkblom et al., 2014; Cali et al., 2015; Maita et al., 2013). In this regard, it is
important to mention that the PD-associated mutations of DJ-1 are believed to be loss of
function mutations. Accordingly, meanwhile the presence of mitochondrial-targeted wild-type
DJ-1 was shown to be most protective compared to nuclear or untargeted DJ-1, the

pathologic mutants of DJ-1 do not exhibit cell protective effects (Junn et al., 2009).

The mitochondrial marker Tom40 revealed similar changes in mitochondrial expression as
DJ-1 in all our translocation experiments. Tom40 is the central channel of the mitochondrial
outer membrane protein translocation complex, which appears as a double band on WB (see

Figure 4.4 and 4.5) suggesting the presence of post-translational modifications. In
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mitochondrial fractions of hypoxic and 14-3-33 knockdown cells Tom40 expression was
shifted towards the slower migrating species (see Figure 4.4), possibly representing a
dephosphorylated form. On the other hand, overexpression of 14-3-33 decreased the
expression of Tom40 in mitochondria (see Figure 4.5), particularly of the slower migrating
species. These findings implicate that the expression of Tom40 may be regulated by similar
or the same signalling mechanisms that regulate DJ-1 translocation into mitochondria.
Importantly, decreased expression of Tom40 did not generally inhibit import of mitochondrial
proteins. For example, the levels of mitochondrial ATP5B, the 8 subunit of the mitochondrial
ATP Synthase, were unaffected by the reduced expression of Tom40 in the 14-3-3p°F cells.
Unfortunately, very little is known regarding the regulation of Tom40 during hypoxia.
However, several phosphorylation sites have been identified on Tom40 (Schmidt et al.,
2011). Phosphorylation of Ser®* by PKA was shown to disrupt Tom40 integration into the
outer mitochondrial membrane albeit Tom40 precursor can still bind to the OMM (Rao et al.,

220

2012). Another phosphorylation site, Thr*” was found to impair pre-sequence binding to and
translocation through the central pore of Tom40, although the kinase mediating this

phosphorylation is still unknown (Melin et al., 2014).

Finally, although our results strongly suggest a role for 14-3-33 and hypoxia in regulation of
mitochondrial levels of DJ-1, neither 14-3-33 deficiency nor hypoxia resulted in ablation of
cytosolic DJ-1. Of note, DJ-1 is a protein that is implicated in numerous cellular functions and
many different binding partners have been identified that are located in various cellular
compartments, including mitochondria, cytosol and the nucleus (Clements et al., 2006; Kim
et al.,, 2009; McNally et al., 2011; van der Brug et al.,, 2008; Vasseur et al., 2009). It is
therefore plausible that a fraction of DJ-1 may reside in the cytosol as part of other
complexes. At the same time a pool of freely diffusible DJ-1 can translocate between
different subcellular compartments functioning as a stress surveillance factor. In light of this,
we propose that 14-3-3@8 binds to the free pool of cytosolic DJ-1, thereby changing the

equilibrium between its cytosolic and mitochondrial levels. This activity, and therefore the
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mitochondrial levels of DJ-1, is regulated by as yet undefined cell signalling mechanisms. We
further hypothesise that the release of DJ-1 from 14-3-33, resulting in mitochondrial

accumulation of DJ-1, would affect the efficiency of mitochondrial energy metabolism.
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5 Results

Metabolic co-operation of DJ-1 and 14-3-33
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5.1 Introduction

We have established a novel interaction between DJ-1 and 14-3-3f and found that a
complex is formed between the two proteins in a phosphorylation-dependent and hypoxia-
sensitive manner. Furthermore, hypoxia-mediated disruption of this interaction or depletion of
14-3-3B enhances the accumulation of DJ-1 in mitochondria (see chapter 4). These findings
point towards a role of this interaction in mitochondrial function through the regulation of
mitochondrial levels of DJ-1. Several reports support the idea that DJ-1 increases the
mitochondrial membrane potential AW, (Hao et al., 2010; Thomas et al., 2011), possibly by
decreasing the opening of the mitochondrial permeability transition pore (mPTP)(Giaime et
al., 2012). The mPTP is a mega-channel in the inner mitochondrial membrane, which can be
activated by mitochondrial stress, such as ROS or high Ca2" levels, and allows for
unselective exchange of molecules across the IMM (Jonas et al., 2015). A major component
of the mPTP is the c-subunit ring of the mitochondrial ATP synthase (Alavian et al., 2014).
The ATP synthase is also the main consumer of the proton gradient across the IMM either
due to physiologic ATP production (Walker, 2013), or by enzyme-independent
(patho)physiologic dissipation of the AW,, in the form of mitochondrial uncoupling (Alavian et
al., 2014; Ichas and Mazat, 1998; Jonas et al., 2015; Mnatsakanyan et al., 2016). Because of
its positive effect on mitochondrial Ca®* accumulation (Ottolini et al., 2013) and the role as a
negative regulator of mitochondrial ROS and mPTP (Giaime et al., 2012), the accumulation
of DJ-1 in mitochondria likely results in enhanced production of ATP via mitochondrial
OXPHOS. We hypothesised that the mitochondrial accumulation of DJ-1 observed upon 14-
3-38 knockdown positively regulates mitochondrial energy production. In contrast,
knockdown of DJ-1 would negatively affect OXPHOS, resulting in decreased ATP levels.

These changes may subsequently lead to enhanced glycolytic activity.

5.2 Effect of DJ-1 and 14-3-33 on cellular energy metabolism

In order to test the metabolic effect of DJ-1 and 14-3-3B, we assessed AW, in knockdown

cell lines using the fluorescent dye TMRE, which accumulates in mitochondria in a
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membrane potential-dependent manner. Furthermore, the effect of DJ-1 and 14-3-3p3 on
cellular ATP was quantified in a chemiluminescent assay. For this assay we used the
enzymatic activity of luciferase, which converts non-luminescent luciferin into the luminescent
oxyluciferin. For this biochemical reaction the enzyme requires ATP, which is provided by the
metabolism of the cells. The assay conditions maintain luciferase and luciferin in excess and
therefore, the luminescent signal is directly proportional to the cellular ATP (Crouch et al.,
1993). As an alternative source of energy, aerobic glycolysis was assessed based on the
levels of the glycolytic end product, lactate. Lactate formation from pyruvate is enhanced in
cells with dysfunctional mitochondria or decreased mitochondrial metabolism (Gladden,
2004; Vander Heiden et al., 2009). Secreted lactate levels were tested enzymatically using
lactate dehydrogenase (Cahn et al., 1962; Markert, 1984) and the product NADH was

quantified spectrophotometrically at 340 nm.

5.2.1 Effect of DJ-1 and 14-3-3 on mitochondrial membrane potential

In order to test, whether DJ-1 and 14-3-33 have an effect on the mitochondrial membrane
potential, we compared the fluorescence intensity of TMRE in the stable HEK293T
knockdown cell lines by confocal live cell imaging. Scr, shDJ1 and sh1433p cells were
loaded with 10 nM TMRE. The DJ-1 deficient mitochondria showed a significantly lower
TMRE fluorescence intensity relative to Scr (Figure 5.1), as previously shown by others
(Giaime et al.,, 2012; Hao et al.,, 2010; Thomas et al., 2011). More interestingly, the
mitochondria of sh1433p cells reveal a significant increase of TMRE intensity (Figure 5.1),
indicating mitochondrial hyperpolarisation in 14-3-3B-deficient cells compared to Scr. As
shown in chapter 4, 14-3-3 knockdown enhances the accumulation of DJ-1 in mitochondria.
The alteration of AW, supports our hypothesis that enhanced levels of mitochondrial DJ-1
caused by 14-3-3B KD increases mitochondrial energy production. The magnitude of the
proton gradient, the main determinant of AW, is defined by a steady-state equilibrium. This
equilibrium is maintained by the constant formation of the proton gradient through the
electron transport chain and its dissipation mainly through the ATP synthase. Therefore, a

change of the equilibrium may be caused by altering the activity of either ETC or ATP
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synthase. Although unlikely, an inhibition of AW,, dissipation by the ATP synthase could in
principle provoke an increase in AW,,. If this were the case, ATP levels would be decreased
or glycolysis would be upregulated in sh1433p cells compared to Scr. On the other hand,
enhanced AW, could be caused by increased ETC activity or decreased mitochondrial
uncoupling in the form of IMM proton leaks. In this case enhanced AW, would facilitate
OXPHOS and likely enhance the activity of the ATP synthase, which would increase cellular

ATP levels and may decrease glycolytic lactate production.
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Figure 5.1 — DJ-1 and 14-3-3 knockdown have opposing effects on mitochondrial membrane potential. The
mitochondrial membrane potential (AY,,) of stable HEK cells expressing either scrambled shRNA (Scr) or
shRNA against DJ-1 (shDJ1) and 14-3-3B (sh1433B) was assessed using the dye TMRE. The fluorescence
intensity was acquired by confocal microscopy and representative images are depicted in A top panel, with a
higher magnification of the boxed area in the bottom panel. Quantification of the peak fluorescence intensity
of each mitochondrion, which was averaged for each image, reveals that AY,, is reduced in shDJ1 and
increased in sh1433p relative to Scr (B) (mean + SEM in arbitrary units, Scr: 1.89+0.06, shDJ1: 1.58+0.07,
sh143383: 2.1440.05). The data is derived from three independent experiments where the total number of
pictures for Scr is n=23, shDJ1 is n=30, and sh1433 is n=25 (one-way ANOVA with Dunnett’s test for multiple

comparison, *p<0.05, **p<0.01). Scale bar top: 100 um; scale bar bottom: 20 um. a.u.: arbitrary units.

5.2.2 AW, differences do not effect ATP levels or glycolytic activity

In order to characterise the effect of altered AW, in sh1433B cells on cellular energy
metabolism and to understand the origin of these differences, we performed ATP
measurements after incubation of the cells for 48 h in normoxic or hypoxic conditions.
Hypoxia inhibits mitochondrial energy production (Solaini et al., 2010). Therefore, if sh1433f3
cells perform a higher rate of OXPHOS, we expect hypoxia to mitigate the effect of 14-3-3]3
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knockdown on ATP levels. In turn, if shDJ1 cells are deficient in mitochondrial energy
production, their ATP levels should be less affected by hypoxia. To our surprise, we found no
differences in whole-cell ATP levels relative to protein between any of the cell lines or
conditions tested. This suggests that adaptive mechanisms are involved in maintaining the
cellular energy balance during hypoxia and possibly as well in the knockdown cell lines. The
most likely adaptive mechanism that would explain maintained ATP levels is altered
glycolytic activity. We therefore tested the levels of lactate. As expected, hypoxia significantly
enhanced lactate production in all cell lines (Figure 5.2B), which explains why ATP levels are
maintained relative to normoxia. Interestingly, hypoxic lactate production was exacerbated by
DJ-1 knockdown relative to Scr, indicating that shDJ1 cells show enhanced glycolytic
upregulation under metabolic stress conditions. The increase of lactate under hypoxia was
slightly less pronounced in sh1433 cells than in Scr. However, there were no differences in
lactate production between Scr and sh1433p or shDJ1 under normoxia. This argues against

a role of glycolysis in metabolic adaptation when cells are deficient for DJ-1 or 14-3-3.
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Figure 5.2 — Metabolic analysis of DJ-1 and 14-3-3 knockdown. Stable cell lines were incubated for 48 h in
normoxia (Nor) or hypoxia (Hyp). Analysis of whole cell ATP levels relative to total protein revealed no
differences between Scr, shDJ1 and sh1433p cell lines (A). Lactate levels of cell supernatant was determined
relative to total protein as a surrogate of glycolytic activity (B). Knockdown of DJ-1 or 14-3-3B had no effect
on secreted lactate under normoxia. 48h hypoxia significantly increased lactate secretion in all cell lines
when compared to normoxia. Hypoxic lactate secretion was exacerbated in shDJ-1 compared to Scr. The data
represents 3 independent experiments (mean + SEM; A: one-way ANOVA, n=8; B: One-way ANOVA with
Sidak’s test for multiple comparison, Scr: n=17(Nor)/n=18(Hyp), shDJ1: n=19, sh1433f: n=19; ****p<0.0001,
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””p<0.01 relative to Nor, p<0.0001 relative to Nor).
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In summary, sh1433f3 cell lines show increased AW,, while no change in cellular ATP or
lactate production was apparent under normoxic conditions. On the other hand, shDJ1 cells
reveal decreased AW, in absence of ATP and lactate alterations. These results may be
explained by two alternative scenarios. The differences of the mitochondrial membrane
potential observed with TMRE may not affect the enzymatic activity of the ATP synthase in
our stable HEK293T knockdown cell lines. The second possibility is that enhanced
production of ATP may be used directly for energy-consuming cellular activities and therefore
no change in the steady-state level of ATP can be observed. To address this question, we

next aimed at characterising other cell-specific activities.

5.3 Proliferation and cell death

The assessment of cell proliferation may be used as an indirect read-out for the energetic
status of the cell. To determine the effects of energetic changes on cellular proliferation, we
measured the proliferation using the colorimetric SRB assay. Furthermore, the effect of
OXPHOS on cell proliferation was assessed using an inhibitor of the ATP synthase,
oligomycin. Using low concentrations, we would be able to assess the sensitivity of the
knockdown cell lines to oligomycin-mediated inhibition of mitochondrial ATP production.
Finally, the cell death of Scr, shDJ1 and sh14333 was analysed in normoxia and hypoxia.
This was necessary because differences in cell death would effect the rate of proliferation
and therefore would have to be taken into account when drawing conclusion. The cell
viability was assessed using AnnexinV-PIl staining and single-cell acquisition by flow
cytometry. This allowed for determination of the percentage of viable, early apoptotic, early

necrotic and dead cells as outlined in Material and Methods.

5.3.1 AW, differences alter cell proliferation
We first tested whether the alterations of mitochondrial membrane potential observed in the
knockdown cell lines have an effect on cell proliferation. Scr, shDJ1 and sh1433f cell lines
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were tested over a period of four days, during which replicate plates were fixed each day
after seeding starting with day 0. All values were normalised against the protein amount
obtained after seeding (day 0)(Figure 5.3A). As evident from the proliferation curve, sh14333
cells were proliferating faster in both normoxia and hypoxia (blue continuous and interrupted
line, respectively) compared to Scr. In contrast, the shDJ1 cells (yellow line) proliferated
slightly slower compared to Scr during the first three days. After day three hypoxic cells
stopped proliferating, which may be due to either adaptive mechanisms induced by chronic
hypoxia or nutrient deprivation caused by enhanced glucose utilisation (see Figure 5.2B). To
exclude these adverse effects, we statistically analysed the proliferation at day 3 (Figure
5.3B). The graph shows that 14-3-33 knockdown resulted in a significant increase in
proliferation compared to Scr indicating an energetic advantage. Previous lactate analysis
showed no difference between both cell lines in aerobic glycolysis (Figure 5.2B). However,

the enhanced mitochondrial membrane potential of sh1433B cells suggests enhanced
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Figure 5.3 — Effect of DJ-1 and 14-3-3 knockdown on cell proliferation. The proliferation of stable Scr and
knockdown cell lines was assessed over 4 days under normoxia (Nor) and hypoxia (Hyp). Proliferation curves were
generated relative to the cell numbers on day 0 (A). After 3 days the cells are still growing exponentially. After 4
days in culture proliferation rate slows down under most conditions. The proliferation on day 3, plotted as bar
graph (B), reveals slower proliferation of shDJ1 cells and faster proliferation of sh1433p cells relative to Scr (mean
+ SEM as % day O; Scr: 53449.8, shDJ1: 474+49.8, sh1433f: 600+7.1). Hypoxia significantly slows the growth of all
cell lines relative to normoxia (mean + SEM as % day 0; Scr: 414+7.9, shDJ1: 39349.9, sh1433(3: 50116.8). sh1433p3
cells maintain a significantly higher proliferation rate in hypoxia compared to Scr. The data is representative of 3
independent experiments. (One-way ANOVA with Sidak’s test for multiple comparison, n = 22; **p<0.01,

HiHH

**%%p<0.0001, """'p<0.0001 relative to normoxia).
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OXPHOS activity (Figure 5.1). This result therefore supports the hypothesis that 14-3-3f3
knockdown enhances mitochondrial ATP production. On the other hand, shDJ1 cells showed
a significant decrease of proliferation under normoxia relative to Scr (Figure 5.3B), arguing
for a deficiency of OXPHOS. Interestingly, the negative effect of DJ-1 knockdown on cell
proliferation relative to Scr was mitigated by hypoxia. This effect is likely mediated by
enhanced up-regulation of glycolysis, as evident by exacerbated lactate production of
hypoxic shDJ1 cells (Figure 5.2B). Therefor, glycolytic activity may compensate for increased
energy deficiency in DJ-1 knockdown cells under energetic stress conditions. Importantly, all
cell lines proliferated significantly slower under hypoxia indicating that the fast proliferation of
HEK cells generally depends on mitochondrial metabolism. Surprisingly, hypoxia was not
sufficient to inhibit the proliferative advantage of 14-3-33 knockdown cells relative to Scr. The
lactate results exclude a role of glycolysis as additional energy source for the growth of
hypoxic sh1433p cells (see Figure 5.2B). Therefore, we conclude that decreasing the oxygen
level to 1% is not effective at reducing the enhanced rate of OXPHOS provoked by 14-3-3(3
deficiency. This points towards an oxygen independent effect of 14-3-33 knockdown, such as

for example decreasing the leak channel activity in the inner mitochondrial membrane.

5.3.2 Oligomycin sensitivity

To confirm that the enhanced growth of sh14338 cells is indeed dependent on mitochondrial
energy production, we tested the effect of oligomycin on cell proliferation. Oligomycin is an
inhibitor of the FFo ATP synthase that interferes directly with mitochondrial energy
production. Stable HEK cells were treated without (untr.) or with 2.5 nM oligomycin (oligo) for
2 days in normoxia or hypoxia and proliferation, ATP levels and lactate were assessed. The
proliferation after 2 days was plotted as % day 0 for each condition (Figure 5.4A). AP refers
to the difference of proliferation between untreated and treated cells under normoxia (APnor)
or hypoxia (APnyp). The arrow indicates the effect of oligomycin on proliferation. As expected
from the TMRE experiment, the negative effect of oligomycin on proliferation is more
pronounced in 14-3-33 knockdown cells and less pronounced in DJ-1 knockdown cells

compared to Scr in both normoxia and hypoxia. In order to quantify this effect, we plotted AP
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relative to the proliferation of untreated cells for each condition (Figure 5.4B). The analysis
revealed that 14-3-3 knockdown sensitises the cells to oligomycin both under normoxia and

hypoxia when compared to Scr. This is in line with our hypothesis that enhanced OXPHOS
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Figure 5.4 — Oligomycin sensitivity of DJ-1 and 14-3-3 knockdown cell lines. To test the role of OXPHOS in
proliferation, stable Scr and knockdown cell lines were treated for 2 days without (untr) or with 2.5 nM
oligomycin (oligo) in normoxia (Nor) or hypoxia (Hyp). The proliferation was assessed as in figure 5.3 (A) and
the difference in proliferation between oligo treated and untreated cells (AP) was plotted as % of untreated
proliferation (B). sh1433p cells are significantly more inhibited by oligomycin compared to Scr in Nor (mean
+ SEM; n=32; Scr: 20.2+1.97, shDJ1: 16.6+1.62, sh1433f: 31.3+1.64). Hypoxia reduces the negative effect of
oligomycin in all cell lines (mean + SEM; Scr: 10.8+1.8, n=23; shDJ1: 10.2+2.18, n=24; sh1433B: 22.6+1.88,
n=24). However, sh1433B cells remain significantly more inhibited compared to Scr. Treatment with
oligomycin under the same conditions as above has no effect on whole cell ATP levels (C) but enhances the
rate of lactate production (D, mean £ SEM as % Scr untr; Scr untr: 100.04£3.0, n=17; shDJ1 untr: 110.14.6,
n=19; sh1433B untr: 119.0+5.9, n=19; Scr oligo: 139.1+7.0, n=19; shDJ1 oligo: 131.7+6.5, n=19; sh1433f3
oligo: 143.2+5.4, n=19). However, no significant differences were found between the cell lines. The data
represents at least three independent experiments (One-way ANOVA with Sidak’s test for multiple
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comparison; ***p<0.001, ****p<0.0001, #p<0.05 relative to untr, “p<0.01 relative to untr, " p<0.0001
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due to 14-3-3B knockdown and accumulation of mitochondrial DJ-1 fuels the proliferation of
these cells under normoxia, as well as hypoxia compared to Scr. Furthermore, it consolidates
the idea that the positive effect of 14-3-33 knockdown on OXPHOS is likely O,-independent
but ATP synthase-dependent. Hypoxia significantly decreases the sensitivity to oligomycin in
all cell lines when compared to normoxia, indicating that 1% O is partially limiting to
mitochondrial ATP production. This is in line with the up-regulation of glycolysis that we
observed by increased lactate production. Importantly, oligomycin treatment reduced the
growth of sh14338 cells to the same or even below the rate of shDJ1 cells (Figure 5.4A).
This clearly argues for OXPHOS as an important energy provider in sh1433pB cells and is
consistent with the enhanced membrane potential observed in this cell line. We therefore
suggest that enhanced mitochondrial ATP production contributes towards faster proliferation
of sh14338 cells compared to Scr in the presence of high and low oxygen levels. The effect
of 2.5 nM oligomycin on shDJ1 proliferation was not significant compared to Scr under either
normoxia or hypoxia. However, preliminary results from the dose response experiments of
oligomycin on cell proliferation show that higher doses of oligomycin are more effective at
down-regulating the growth of Scr cells compared to shDJ1 cells (Supplement S2). These
findings suggest that, although OXPHOS is functional in DJ-1 knockdown cells, it probably
contributes less to the energy supply of the cells. Finally, similar to hypoxia oligomycin
treatment did not alter the levels of ATP between either cell line or condition (Figure 5.4C).
Furthermore, lactate levels were unchanged between the cell lines, although an increase in
lactate was observed in the treated relative to untreated cell lines (Figure 5.4D). Taken
together, this suggests that the cells adapted to ATP synthase inhibition through increased
glycolysis and decreased cell growth in favour of maintained ATP levels. Interestingly,
whereas hypoxia exacerbated lactate production in shDJ1 relative to Scr, no difference
between DJ-1 knockdown and Scr could be observed when treated with oligomycin
(compare Figures 5.2D and 5.4D). This points towards a differential metabolic effect of both

treatments in DJ-1-deficient cells.
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5.3.3 The effect of DJ-1 and 14-3-3 on cell viability

Finally, we assessed the effect of DJ-1 and 14-3-33 knockdown on cell viability. This was
necessary to see whether the differences in proliferation would be due to changes in
susceptibility to cell death. We performed the AnnexinV-PI co-staining of Scr and knockdown
cell lines after incubation for two days in normoxia or hypoxia. The fluorescence intensity of
both dyes was acquired by flow cytometry and double negative cells were considered viable.
AnnexinV positive cells are referred to apoptotic, Pl positive cells are referred to necrotic and

double positive cells are considered dead. To assess the total cell death single positive and
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Figure 5.5 — Cell viability of stable cell lines. Viability of stable Scr and knockdown cells was analysed after 2
days in normoxia (Nor) and hypoxia (Hyp) using AnnexinV and Pl staining. The double negative populations
represent viable cells (A), single and double positive cells were jointly classified as the total cell death (B),
with the following subpopulations: double positive are dead, AnnexinV*/PI” are apoptotic and AnnexinV /Pl
are necrotic (C). No differences were found between the cell lines under normoxia. Hypoxia significantly
decreases the viability of Scr and sh1433f3 cells compared to Nor but not shDJ1 cells (A,B). The higher
viability of shDJ1 cells under hypoxia is due to a protection from apoptotic cell death (C). The data
represents the mean + SEM of three (hypoxia) and four (normoxia) independent experiments (One-way
ANOVA with Sidak’s test for multiple comparison; Nor: n = 12, Hyp: n =9; *p<0.05, **p<0.01, ”p<0.05
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relative to Nor, ””p<0.01 relative to Nor, """ p<0.0001 relative to Nor).
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double positive populations were combined. All data was presented as % of total cell
numbers. The total cell death reflects the inverted percentage of viable cells (Figure 5.5B and
A, respectively). We observed no difference in cell death between Scr and either knockdown
cell line under normoxia, confirming that the effect of DJ-1 and 14-3-3B knockdown on
proliferation is not due to differences in cell viability (Figure 5.5B). Interestingly, hypoxia
significantly decreased cell viability of Scr and sh143383, but not shDJ1 cells relative to
normoxia. These findings suggest that under hypoxia both, deficiency of mitochondrial
energy production (see Figure 5.4), as well as enhanced cell death (Figure 5.5) contribute to
lowered proliferation of Scr and sh1433p cells. In contrast, in DJ-1-deficient cells differences
in viability do not contribute to decreased proliferation in hypoxia, suggesting their
dependence on non-mitochondrial mechanisms of energy production. We therefore conclude
that DJ-1 knockdown has a negative effect on cell proliferation likely through reduced
OXPHOS activity or increased mitochondrial uncoupling (Figures 5.1 and S2).

Interestingly, when looking at the sensitivity of shDJ1 and sh1433f cells to apoptotic versus
necrotic cell death, we observed a clear tendency of shDJ1 cells towards necrotic cell death
with little or no sensitivity for apoptosis. It has been shown that apoptotic cell death is
dependent on the availability of ATP, whereas regulated necrosis is favoured when ATP
levels are low (Nikoletopoulou et al., 2013; Vanden Berghe et al., 2014). On the other side,
mitochondrial hyperpolarisation is often involved in apoptotic cell death (Skulachev, 2006).
Hyperpolarisation can also be caused by an accumulation of mitochondrial Ca®*, which is
transferred from the ER via ER-mitochondria contact sites (Raturi and Simmen, 2013).
Interestingly, DJ-1 was shown to promote these contact sites, thereby increasing the
accumulation of Ca®* in mitochondria (Ottolini et al., 2013). It is therefore possible, that the
lack of induction of apoptosis in shDJ1 cells is due to a deficiency of Ca?* accumulation in
mitochondria. In addition, a link between DJ-1 deficiency and enhanced sensitivity to
mitochondrial permeability transition (mPT) was proposed in an earlier study (Giaime et al.,

2012). mPT is a form of mitochondrial uncoupling that is often linked to necrotic cell death
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(Skulachev, 2006) and increased mPT in DJ-1-deficient cells could explain the tendency of

this cell line to undergo necrotic cell death.

5.4 Summary and discussion

Fast proliferating cells need an efficient energy supply to maintain their growth. We have
shown that the stable knockdown of 14-3-38 enhances the mitochondrial membrane
potential in HEK293T cells and increases the proliferation of these cells in an oligomycin-
sensitive manner (see Table 5.1 for overview). In contrast, DJ-1 knockdown cell lines show a
reduced membrane potential and decreased proliferation rate. The enhanced proliferation of
14-3-3B knockdown cells was maintained even under hypoxia, indicating an oxygen-
independent advantage in proliferation. No differences were observed between the
knockdown cell lines and Scr in ATP levels and lactate production except for hypoxia-

induced increase of lactate in DJ1-deficient cells relative to Scr.

Table 5.1 — Overview of functional results summarising the differences between knockdown and Ctl cell
lines under nomoxia and hypoxia. Increase is indicacted by +, decrease is indicated by -, and = refers to non-

significant differences. KD - knockdown

DJ-1 KD vs Ctl 14-3-3B KD vs Ctl
Experiment Nor Hyp Nor Hyp
AWV, - +
ATP levels = = = =
Lactate levels = + = =
Proliferation - = (-)1 + +
Viability = + = =
Oligomycin sensitivity = (-)2 = + +

1 - reduced when considering enhanced viability
2 - at higher concentrations of oligomycin (see Figure S2)
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Lactate levels usually rise as a result of enhanced glycolysis or a deficiency of mitochondria
to metabolise glycolytic NADH (Solaini et al., 2010). During hypoxia, HIF1 activation is a
potent mediator of metabolic adaptation resulting in up-regulation of glycolysis and down-
regulation of OXPHOS activity. However, HIF1-dependent gene expression is prevented
under normoxia due to HIF1a-hydroxylation by peptidyl prolyl hydroxylases (PHD) and
subsequent recognition by the Von Hippel Lindau (VHL) ubiquitin ligase (Solaini et al., 2010;
Wheaton and Chandel, 2011; Wise et al., 2011). Interestingly, it was shown that the hypoxia-
induced activation of HIF1a and subsequent gene expression is compromised in DJ-1-
deficient cells (Vasseur et al., 2009). On the other hand, DJ-1 was shown to directly prevent
the interaction of HIF1a to VHL and therefore should mediate protein stability upstream of
hypoxia-mediated stabilisation of HIF1a (Parsanejad et al., 2014). Furthermore, aberrant
ROS production is a potent inhibitor of HIF 1a-destabilising PHDs (Fong and Takeda, 2008).
DJ-1 deficiency was shown to result in enhanced mitochondrial ROS production, possibly via
incorrect assembly of complex | and decreased formation of respiratory super-complexes
(Heo et al., 2012). Therefore, the effect of DJ-1 on HIF1a-mediated gene expression is not
entirely resolved. Furthermore, the particular effect of hypoxia on cell signalling is highly
dependent on the cellular context and would therefore require a separate investigation

(Sermeus and Michiels, 2011).

Interestingly, the response of DJ-1-deficient cells with respect to lactate production was
significantly different under hypoxia compared to their responbse to ATP synthase inhibition.
Under hypoxia, shDJ1 cells showed significantly higher lactate levels than Scr, whereas
under oligomycin treatment, lactate levels were unchanged between both cell lines.
Importantly, while both treatments inhibit mitochondrial energy metabolism, hypoxia acts
mainly through O,-mediated inhibition of the ETC whereas oligomycin down-regulates the
activity of the ATP synthase. In the context of mitochondria, both treatments have profoundly
different effects on the mitochondrial membrane potential. Inhibition of the ETC at complex VI

(cytochrome C oxidase) through hypoxia results in a build-up of reduced complexes, which
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enhances the chance of pre-mature electron transfer to molecular oxygen and increases the
production of mitochondrial ROS (Chandel and Schumacker, 2000; Solaini et al., 2010).
Furthermore, the reduced activity of the ETC decreases the AW,,. Both, ROS and low AW,
induce the opening of the permeability transition pore, which further dissipates AW, (Alavian
et al., 2014; Jonas et al., 2015; Szabo et al., 1992) and ultimately renders the mitochondria
metabolically dysfunctional. The increased lactate production observed in shDJ1 cells
suggests that these cells are more sensitive to hypoxia induced AW, dissipation, which is in
line with reports of increased AW, activity in DJ-1 deficient cells as well as with our
unpublished results showing DJ-1-mediated increased mitochondrial coupling. On the other
hand, oligomycin inhibition slows the activity of the ATP synthase thereby decreasing the
dissipation of the proton gradient across the IMM. Furthermore, oligomycin protects against
the opening of the mPTP (Chavez et al., 2005; Shchepina et al., 2002). This suggests that
oligomycin treatment, especially at sub-maximal levels, can protect from mitochondrial
dysfunction through preventing AW, dissipation thereby ameliorating the mitochondrial

dysfunction caused by DJ-1 knockdown.

Surprisingly, despite the role of OXPHOS in enhancing the proliferation of 14-3-3f3
knockdown cells, hypoxia did not ameliorate the differences in growth rate. This indicates an
oxygen-independent effect of 14-3-38 knockdown on mitochondrial energy metabolism,
which could be mediated by enhanced mitochondrial coupling through enrichment of
mitochondrial DJ-1. This is supported by the findings indicating a role of DJ-1 in decreasing
mitochondrial permeability transition pore opening (Giaime et al., 2012). Furthermore, our
own preliminary results suggest decreased leak channel activity and enhanced activity of the
ATP synthase in the presence of wildtype DJ-1 but not the PD-associated mutant protein

(unpublished data from our lab).

Finally, our experiments show that mitochondrial energy production is not entirely inhibited in

the presence of 1% oxygen. Indeed, physiological concentrations of O, are below 21%
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atmospheric level ranging for example between 1% to 5% in the brain (Erecinska and Silver,
2001). Furthermore, studies in neurons have shown that low oxygen levels (2% to 5%) can
promote mitochondrial function, both through cell signalling and possibly through reduced
ROS production (Tiede et al., 2011; Zhu et al., 2012). This suggests that future research in
cell sciences should aim to better mimic in-vivo oxygen and nutrient supply, especially when

investigating mitochondrial pathways and cell metabolism.
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6.1 Conclusions

6.1.1 Background and rational

DJ-1 is an important regulator of many cellular activities, including proliferation and
metabolism (Im et al., 2012; Kim et al., 2009; Klawitter et al., 2013; Requejo-Aguilar et al.,
2015; Shi et al., 2015; Vasseur et al., 2009), regulation of neurotransmitter production
(Ishikawa et al., 2009; Ishikawa et al., 2010), maintenance of redox homeostasis (Clements
et al., 2006; Cuevas et al., 2015; Im et al., 2012; Malhotra et al., 2008; Vasseur et al., 2009)
and mitochondrial function (Giaime et al., 2012; Goldberg et al., 2012; Hao et al., 2010; Heo
et al., 2012; Junn et al., 2009; Kaneko et al., 2014a; Kaneko et al., 2014b; Krebiehl et al.,
2010; Ottolini et al., 2013; Thomas et al., 2011). The effect of DJ-1 depends on the cellular
context resulting in either enhanced proliferation (Kim et al., 2014; Kim et al., 2009; Wang et
al., 2014) or protection from cell death (Aleyasin et al., 2010; Canet-Aviles et al., 2004;
Dongworth et al., 2014; Fan et al., 2008; Kim et al., 2005b; Martinat et al., 2004; McNally et
al., 2011; Sekito et al., 2006; Taira et al., 2004; Waak et al., 2009). Therefore, a role of DJ-1
as an oncogene has been proposed. Furthermore, loss of function mutations in the gene
result in early-onset Parkinsonism (Bonifati et al., 2003; Taipa et al., 2016), a disorder known
to involve mitochondrial dysfunction as one of the key pathologic processes (Bender et al.,
2006; Keeney et al., 2006; Langston et al., 1983; Schapira et al., 1989; Schapira and Jenner,
2011; Subramaniam and Chesselet, 2013; Surmeier et al., 2016). The centrally located
Cys'® residue of DJ-1 was shown to be prone to oxidative modification (Canet-Aviles et al.,
2004; Witt et al., 2008) and is thought to be involved in regulation of the binding of DJ-1 to at
least some of its substrates (Cao et al., 2014; Kato et al., 2013; Ren et al., 2011; Zhou et al.,
2006). Furthermore, oxidation of Cys'® correlates with enhanced levels of DJ-1 in
mitochondria and is thought to protect these organelles from dysfunction (Canet-Aviles et al.,
2004). On the other hand, mutation of Cys'® to serine did not compromise the ability of DJ-1
to accumulate in mitochondria (Junn et al., 2009) indicating that oxidation of Cys'® is not

critical for mitochondrial translocation. Although oxidative stress enhances mitochondrial
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levels of DJ-1 it is not clear whether the oxidation of Cys'® occurs in the cytosol prior to
translocation to the mitochondria. Importantly, mitochondria naturally produce small amounts
of ROS as a by-product of oxidative phosphorylation and ROS may itself regulate the
function of DJ-1. Furthermore, the mitochondrial intermembrane space is a highly oxidative
environment (Herrmann and Riemer, 2010; Hu et al.,, 2008) and it seems likely that the
translocation of DJ-1 to this compartment would result in oxidative modification of DJ-1
thereby altering its function. On the other hand, DJ-1 regulates the mitochondrial redox state,
which was shown to control the balance between oxidative metabolism and glycolysis (Shi et

al., 2015). This suggests a role for DJ-1 as a feedback regulator of metabolism.

Interestingly, a study targeting DJ-1 to various subcellular compartments in dopaminergic
neuroblastoma cells revealed that mitochondrially targeted DJ-1 is most protective against
oxidative insult induced by H,O, (Junn et al., 2009). This indicates that targeting of neuronal
DJ-1 to mitochondria may be a new therapeutic strategy for neuroprotection against oxidative
stress in neurodegenerative conditions, including Parkinson’s disease. Despite extensive
knowledge of its functions, very little is known regarding the mechanism, through which DJ-1
is regulated. In particular, besides a requirement for the N-terminus and monomerisation
(Maita et al., 2013), no mechanism has been described to date that explains the preferential
accumulation of DJ-1 in mitochondria under certain physiologic conditions. A molecular
understanding of this mechanism would enable us to directly target DJ-1 to mitochondria,
thereby enhancing mitochondrial metabolism and decreasing the sensitivity to mitochondrial

pathways of cell-death.
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Figure 6. 1 Metabolic regulation by DJ-1 and 14-3-3(3. A) Schematic of the effect of 14-3-33 and DJ-1 on
mitochondrial energy metabolism during normal cell physiology and the effect of hypoxia on DJ-1 localisation.
14-3-3p stabilises transient cytosolic dimers of DJ-1 in a phosphorylation-dependent manner, which inhibits
mitochondrial import. Hypoxia disrupts the interaction between 14-3-33 and DJ-1 thereby triggering cytosolic
monomerisation and facilitating mitochondrial import of DJ-1. Inside mitochondria DJ-1 forms stable, SDS-
resistant dimers, which contributes to accumulation of DJ-1 in mitochondria in a trapping mechanism. B) The
balance of cellular energy metabolism as a function of the localisation of DJ-1.
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6.1.2 Results and conclusions

We have established a novel protein-protein interaction between DJ-1 and the B-isoform of
the 14-3-3 protein and found that this interaction regulates the accumulation of DJ-1 in
mitochondria. Our experiments suggest that 14-3-3B binds to DJ-1 via phosphorylated Ser'®".
Furthermore, other structural components are likely to be involved in binding because
mutation of Ser'®' to alanine failed to completely abolish the interaction. Interestingly, one of
the most severe PD mutations DJ-1"°®" resulting in decreased DJ-1 stability (Anderson and
Daggett, 2008) is located 5 residues downstream of Ser'®’. This PD mutation is linked to
major structural derangements and would likely effect the binding of interaction partners
(Anderson and Daggett, 2008). The phospho-protein binding 14-3-3 proteins are structurally
and mechanistically conserved (Fu et al., 2000; Obsil and Obsilova, 2011; Yaffe et al., 1997)
but show an enormous functional flexibility (Coblitz et al., 2006; Kleppe et al., 2011; Meek et
al., 2004; Shimada et al., 2013) with dynamic re-arrangement, when cellular conditions are
changing (Weerasekara et al., 2014). In line with this, we found that the binding between DJ-
1 and 14-3-38 is partially disrupted by hypoxia, suggesting that the interaction participates in
metabolic adaptation of the cells to hypoxic stress. Indeed, we could show that 14-3-3(3
inhibits the accumulation of DJ-1 in mitochondria under normal conditions and that this
function of 14-3-3B is disrupted by hypoxia. This is consistent with the finding that hypoxia
abrogates the binding between both proteins and suggests that 14-3-3f is a regulator of
DJ-1 localisation. Interestingly, disruption of the transient DJ-1 dimer in the cytosol was
proposed to occur prior to the translocation of DJ-1 into mitochondria (Bjorkblom et al., 2014;
Maita et al., 2013) and mutation of key residues within the dimer interface was shown to
enhance mitochondrial levels of DJ-1 (Maita et al., 2013). 14-3-3 proteins form dimers with
each other (Obsil and Obsilova, 2011; Yaffe et al., 1997; Yang et al., 2006) and can mediate
or stabilise dimer formation of phosphorylated proteins. Therefore, we propose that
stabilisation of a transient cytosolic DJ-1 dimer by binding to 14-3-38 is the mechanism,
through which DJ-1 is sequestered in the cytosol under normal conditions. Most PD
mutations of DJ-1 were found to disrupt dimer formation in vitro (Repici et al., 2013) and are
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found constitutively localised to mitochondria, including the DJ-1"%" mutant (Cali et al.,
2015). We have shown that DJ-1"%F does not bind to 14-3-3B. These findings are consistent
with our model that 14-3-38 negatively regulates the levels of mitochondrial DJ-1 in our
system. Unfortunately, very little is known about the localisation and dimerisation properties
of DJ-1 in vivo. Importantly, 14-3-3 proteins are mediators of cell signalling events through
their binding to phosphorylated proteins, thereby conveying signalling events into functional
changes (Datta et al., 2000; Gardino and Yaffe, 2011; Jang et al., 2009; Johnson et al.,
2010; Kleppe et al., 2011; Kosaki et al., 1998; Muslin et al., 1996; Pozuelo Rubio et al., 2003;
Sato et al.,, 2002; Shinoda et al., 2003; Tzivion et al., 2001). Preliminary studies using
inhibitors directed against kinases, including PDK1, an upstream activator of Akt (Li et al.,
2013) with binding sites on DJ-1, and GSK3, a hypoxia-sensitive kinase that was shown to
regulate mitochondrial Ca** uptake (Gomez et al., 2016), did not alter the binding between
DJ-1 and 14-3-33 (results not shown). Nevertheless, the phosphorylation-dependent
interaction that occurs between the two proteins in vitro suggests that cell-signalling cues are

implicated in the regulation of the subcellular localisation of DJ-1.

Our experiments have shown that the translocation of DJ-1 resulted in accumulation in
mitochondria with little or no effect on cytosolic levels of DJ-1. This may be explained by the
maintenance of cytosolic levels at a steady state by changes in expression and degradation,
while mitochondrial localisation could inhibit degradation of DJ-1. To date, no mitochondrial
protease is known to degrade DJ-1, whereas cytosolic levels of DJ-1 are controlled by the
ubiquitin-proteasome system (Gorner et al., 2007; Song et al., 2016). Interestingly, the
proteasomal degradation of DJ-1 was shown to be promoted by structural changes caused
by either oxidation (Song et al., 2016) or destabilising mutations of the C-terminal helix-kink-
helix motif (Gorner et al., 2007). Although the 14-3-3-binding residue Ser'®' of DJ-1 is
adjacent to the helix-kink-helix motif, we could not observe a significant effect of 14-3-3 on
the stability of DJ-1. However, the negative effect of the helix-kink-helix motif on protein

stability may be limited to specific mutants of DJ-1, such as the instable PD-linked mutant
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DJ-1-"%" (Anderson and Daggett, 2008), since the effect of this motif on protein stability has

not been shown with wildtype DJ-1 yet.

Given the role of DJ-1 (Giaime et al., 2012; Kim et al., 2005a; Meiser et al., 2016; Requejo-
Aguilar et al., 2015; Shi et al., 2015; Vasseur et al., 2009) and 14-3-33 (Bunney et al., 2001;
DeYoung et al., 2008; Gwinn et al., 2008; Kleppe et al., 2011; Kosaki et al., 1998; Liao et al.,
2005; Pozuelo Rubio et al., 2004; Pozuelo Rubio et al., 2003; Puri et al., 2008;
Schoenwaelder et al., 2016; Shumway et al., 2003; Vander Haar et al., 2007; Weerasekara
et al., 2014) in regulation of metabolism we hypothesised that the interaction between these
proteins has a metabolic function. This idea was supported by the hyperpolarization of the
mitochondrial membrane potential in the 14-3-38 knockdown cells and their enhanced
sensitivity to oligomycin. On the other hand, DJ-1 knockdown had a negative effect on AW,
which is consistent with other studies (Giaime et al., 2012). 14-3-33 knockdown causes the
translocation of DJ-1 into mitochondria, which suggests that DJ-1 may be the factor that
causes the increase of AW, in the 14-3-3B knockdown cells. Although we cannot exclude
additional DJ-1-independent mechanisms, our findings argue for a role of 14-3-3f in down-
regulation of mitochondrial energy metabolism through sequestration of DJ-1 in the
cytoplasm. DJ-1, on the other hand, enhances mitochondrial energy metabolism possibly
through inhibition of mitochondrial ROS (Canet-Aviles et al., 2004; Giaime et al., 2012;
Goldberg et al., 2012; Meiser et al., 2016) as well as enhanced ETC activity (Hayashi et al.,
2009; Heo et al., 2012). We therefore propose that the binding between DJ-1 and 14-3-3]3

regulates the balance of cellular energy metabolism at the level of OXPHOS activity.

6.1.3 Impact

The regulation of cellular energy metabolism is important to ensure an adequate response of
the cell to nutrient and oxygen supply as well as to growth stimuli and cell activation. In the
case of differentiated cells, OXPHOS is the main energy-producing pathway (Agathocleous
and Harris, 2013; Hom et al., 2011; McGraw and Mittal, 2010; Wahl et al., 2012). However,

when cells enter the cell cycle mitochondrial metabolism is partially diverted at the level of
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the TCA cycle, which produces amino acids for cell growth (Ahn and Metallo, 2015;
DeBerardinis et al., 2008; Vander Heiden et al., 2009; Wallace, 2012). Under such a
condition, glycolysis may become an important supplier of energy for the cell. The prime
example of this scenario occurs in cancer cells that usually sustain high glycolytic activity and
lowered OXPHOS under aerobic conditions, the so-called Warburg effect (Warburg, 1956).
We now know that mitochondria are not generally dysfunctional in cancer cells, but rather
serve the role of biosynthetic factories instead of the conventional function as power plants
(Ahn and Metallo, 2015; Cairns et al., 2011; Sullivan et al., 2015; Vander Heiden et al., 2009;
Wallace, 2012). Interestingly, both DJ-1 (Kim et al., 2005a; Kim et al., 2009; Nagakubo et al.,
1997; Wang et al., 2014) and 14-3-3 proteins (Cao et al., 2015; Gardino and Yaffe, 2011;
Morrison, 2009; Shumway et al., 2003) are considered oncogenes, due to their positive effect
on cell proliferations and resistance to death stimuli. Hence, the finding that 14-3-33 and DJ-
1 have opposing effects on metabolism appeared contradictory. However, kinase signalling
is often impaired in cancer (Cairns et al., 2011) and it is possible that at least in some
tumours, binding of DJ-1 to 14-3-3f3 is impaired in the absence of cellular stress. If this is the
case, the functions of DJ-1 and 14-3-3f become independent of each other to promote
different aspects of tumour formation, such as protection from ROS (Clements et al., 2006;
Im et al.,, 2012) and resistance to cell death (Datta et al., 2000; Zha et al., 1996),
respectively. According to our data, the dissociation of DJ-1 from 14-3-38 enhances
mitochondrial levels of DJ-1, which correlates with increased mitochondrial function and
protection against ROS-induced cell death. Because the binding of DJ-1 to 14-3-3p has an
inhibitory effect on the mitochondrial function of DJ-1, it seems likely that this interaction is
disrupted at least in some types of cancer. If this is the case, restoring the interaction
between both proteins through pharmacological intervention of the phosphatase or kinase
activity that regulate DJ-1 binding to 14-3-33 may be a suitable strategy to reduce tumour

growth and to enhance the sensitivity of cancer cells to radiotherapy.
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Energy metabolism is also highly regulated in differentiated cells in order to match ATP
production to the energy requirements of the cell as well as to adapt metabolism to varying
substrate levels. In general, OXPHOS is thought to meet the basal energetic needs, whereas
glycolysis can rapidly and transiently provide the cell with additional ATP. When ATP
requirements increase for longer periods, mitochondrial biogenesis is initiated to ameliorate
the energy deficiency (Jornayvaz and Shulman, 2010; Scarpulla et al., 2012; Wu et al.,
1999). Neurons, however, are believed to depend mainly on mitochondrial energy
metabolism, particularly during activation (Pellerin and Magistretti, 2012) and therefore
energetic requirements have to be regulated by other means. Importantly, glucose is the
main substrate for neuronal energy metabolism but in contrast to astrocytes or muscle cells,
neurons do not regulate glucose uptake through the expression level of the glucose
transporter at the plasma membrane (Mergenthaler et al., 2013). Furthermore, neurons have
little or no capacity to store energy in form of fatty acids or glycogen and rely therefore on a
constant supply of glucose from the blood. Therefore, the balance between ATP production
and utilisation is met directly at the level of mitochondria. This may occur by various
mechanisms including the activity- and calcium-dependent regulation of substrate flux
through TCA cycle and ETC (Del Arco et al., 2016; Denton, 2009; Llorente-Folch et al.,
2015), the Ca®*- and ROS-sensitive uncoupling of oxidation from phosphorylation (also
known as mitochondrial uncoupling) (Gorlach et al., 2015; Jonas et al., 2015), as well as the
dynamic movement of mitochondria to hot spots of neuronal activity (Mironov, 2007; Wang
and Schwarz, 2009). Meanwhile substrate flux and mitochondrial dynamics are aimed at
enhancing ATP levels, mitochondrial uncoupling is a rescue mechanism that protects
mitochondria from over-activation at the cost of energy dissipation. Finally, mitochondrial
biogenesis and degradation are important for meeting long-term amendments to energetic
requirements and to remove dysfunctional mitochondria (Liesa and Shirihai, 2013). The latter
is particularly important because dysfunctional mitochondria increase the stress burden of a
cell and are vulnerable to the release of apoptotic factors (Suen et al., 2008; Van Laar and

Berman, 2013). Due to the formation of ROS as a by-product correlating with mitochondrial
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activity, as well as the related mitochondrial uncoupling, mitochondrial energy production can
become limiting to neuronal activity. We propose that dynamic translocation of DJ-1 into
mitochondria may provide a mechanism, through which neurons regulate their oxidative
metabolism. DJ-1 enhances mitochondrial tolerance to high Ca** levels (Ottolini et al., 2013)
and reduces ROS (Shi et al., 2015), thereby increasing both substrate flux (Shi et al., 2015)
and mitochondrial coupling (Giaime et al., 2012). On the molecular level DJ-1 was shown to
enhances complex | activity (Hayashi et al., 2009; Heo et al., 2012) and studies from our lab
have shown binding and activation of the ATP synthase by DJ-1 (data not shown). This
simultaneous regulation is beneficial since it stimulates both AW, formation through
enhanced substrate entry into the ETC as well as AY,, dissipation through the final ATP
producing mechanism.

However, when energy demands are low, mitochondrial uncoupling may be relevant to
dissipate ETC-stimulating high intra-mitochondrial calcium thereby avoiding unwanted
substrate depletion. Furthermore, mitochondrial uncoupling decreases high AW, which
otherwise may contribute to excess ROS formation and mitochondrial fatigue. Hence, down-
regulation of mitochondrial energy metabolism during low activity is equally important for
neuronal health and survival as up-regulation of OXPHOS when energy needs are high.
Several other factors have been described to fulfil such a regulatory role on OXPHOS. Bcl-x.
for example, was shown to enhance the efficiency of mitochondrial energy production
through the closure of a leak channel at the ATP synthase, thereby enhancing mitochondrial
coupling (Alavian et al., 2011; Chen et al.,, 2011). Interestingly, in plants 14-3-3 proteins
where shown to directly inhibit mitochondrial and chloroplast ATP synthase by binding to the
B subunit of Fy. This mechanism was proposed to facilitate the adaptation of energy
metabolism to changing environmental conditions, such as during dark adaptation of
chloroplasts (Bunney et al., 2001). A similar mechanism has not been described for
mammalian mitochondria yet. Instead, we have shown that 14-3-3f inhibits mitochondrial
metabolism indirectly through sequestration of DJ-1 in the cytoplasm. Importantly, targeting

of DJ-1 to mitochondria was shown to enhance the protective effect of DJ-1 against oxidative

211



6 Conclusions and future directions

stress in a dopaminergic cell line. We therefore propose that mitochondrial targeting of DJ-1
by interfering with the binding to 14-3-3f may be suitable as a new therapeutic strategy for
neuroprotection in PD. Dopaminergic neurons affected in PD show increased ROS
formation, possibly due to enhanced cytosolic calcium levels and a concomitant over-
activation of mitochondrial energy metabolism (Surmeier and Schumacker, 2013; Surmeier
et al., 2016). Furthermore, dopaminergic neurons from the substantia nigra pars compacta
have a very elaborate axonal network with significantly more synapses then other
dopaminergic neurons (Pacelli et al., 2015). These features are likely to pre-dispose these
neurons to mitochondrial deficiency and energetic failure. In addition, other Parkinson’s
disease causative protein variants have been shown to interfere with mitochondrial function
(Devi et al., 2008; Morais et al., 2014; Narendra and Youle, 2011; Su et al., 2015; Wang et
al., 2012), placing mitochondria in the spotlight of PD pathogenesis. Interestingly, a DJ-1-
derived peptide enclosing residues 12 to 24 fused to the HIV tat protein translocation
sequence (TAT) was shown to provide neuroprotection in the 6-hydroxydopamine and MPTP
mouse models of PD (Lev et al., 2015). Although the intracellular localisation of this peptide
was not investigated in this study, the TAT sequence is known to mediate translocation into
mitochondria in the absence of a mitochondrial targeting sequence (Rapoport et al., 2008).
Hence, it is possible that the protective effects observed with this peptide are at least partially
due to a positive effect on mitochondrial function. However, the peptide only comprises a-
helix 1 of DJ-1 and it is unlikely that this relatively small sequence can replace all of the
protective activities that have been ascribed to DJ-1. Therefore, targeting of the full-length
DJ-1 to mitochondria may provide additional and possibly superior protection against

neuronal insult.

6.2 Future directions

Our experiments consistently demonstrate that translocation of DJ-1 into mitochondria is
regulated by 14-3-33 and hypoxia. Furthermore, our functional experiments have shown that

both proteins differentially regulate mitochondrial energy metabolism and we speculate that
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this is mediated by mitochondrial localisation of DJ-1. The enhanced mitochondrial energy
metabolism under conditions where DJ-1 is enriched in mitochondria is consistent with the
literature showing a direct effect of DJ-1 on OXPHOS (Hayashi et al., 2009). However, to this
point we cannot exclude a DJ-1-independent effect of 14-3-38 knockdown on mitochondrial
metabolism. To answer this question mitochondrial energy metabolism would have to be
tested when the cells are deficient for both DJ-1 and 14-3-33. Meanwhile the shRNA-
mediated double knockdown by both transient transfection and viral transduction has been
achieved in HEK cells, both methods failed to produce consistent results when using
mitochondrial membrane potential assays with TMRE (data not shown). A stable knockdown
using bicistronic expression of both shRNAs on the same selectable plasmid could be

performed to avoid transfection- or transduction-induced stress.

In order to consider targeting of DJ-1 to mitochondria a rational target for the development of
a pharmacologic treatment against Parkinson’s disease, several open questions have to be
addressed. Firstly, the regulation of the interaction between DJ-1 and 14-3-38 has to be
characterised in more detail. Particularly, the kinase and phosphatase that regulate the
phosphorylation-dependent binding of DJ-1 to 14-3-3B need to be identified, not only to
understand the biological pathway but to be able to modulate the localisation of DJ-1 in vivo.
Many kinases are structurally and pharmacologically well characterised, which may be of
advantage for the development of new treatments. Secondly, a more detailed analysis of
secondary structural components of DJ-1 that induce or inhibit the binding of 14-3-33 may be
helpful for structure-guided development of small molecule inhibitors. And finally but most
importantly, it is of utter importance to test the sub-cellular localisation of DJ-1 in human
brain. Many studies report a mostly cytosolic localisation of DJ-1 with translocation occurring
under stress conditions. However, these studies were exclusively performed in cell culture,
where cells are grown under a surplus of substrates and oxygen levels that are far above the
native situation inside the brain. Furthermore, under physiologic conditions in the brain SNpc

dopaminergic neurons are constantly firing, which imposes an increased energy demand on
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mitochondria. Therefore, the native localisation of DJ-1 in brain needs to be tested in tissue
sections at subcellular resolution. Importantly, it was reported that the levels of DJ-1 in
idiopathic PD is decreased compared to healthy control. Although it is not clear to date what
causes the decline of DJ-1 in the brain of PD patients, one could speculate that impaired
translocation of DJ-1 to mitochondria and a lack of subsequent stabilisation might be
responsible for this observation. Furthermore, if translocation of DJ-1 is impaired in idiopathic
PD, then this is likely to cause mitochondrial deficiency, one of the hallmarks of PD. The
subcellular localisation of DJ-1 in human brain can be determined using immunofluorescent
co-labelling of DJ-1 and mitochondria in post-mortem brain of PD patients and healthy
controls. To address the question whether DJ-1 turnover is indeed different in mitochondria
and the cytosol, stable isotope labelling in cell culture (SILAC) with subsequent cellular

fractionation may be a suitable method (Boisvert et al., 2012; Larance et al., 2013).
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Figure S1 — Effect of EGF on the interaction of DJ-1 with 14-3-3B. Flag immunoprecipitation from DJ-1™"8

containing HEK293T lysates. Cells were starved for 24h with 1% FBS and treated with 1pg/ml EGF for 1h
prior to IP. WB and quantification of 14-3-3f and myc. Values are displayed as % relative to 14-3-3
monomer/myc of Ctl. Monomer refers to the single or double band at 25 kDa and dimer refers to the single

band at 50 kDa. EGF: epidermal growth factor.
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Figure S2 — Oligomycin dose response in stable knockdown cell lines. Stable HEK293T Scr and knockdown
cell lines were seeded in 96-well replicate plates. Medium was replaced after 24h (day 0) and the cells were
treated for two days with various concentrations of oligomycin. Cells were fixed on day 0 and day 2 after
treatment and cell proliferation relative to day 0 was assessed by SRB assay. The data represents 8

replicates of one experiment.
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Figure S3 — Cell size and internal complexity of stable knockdown cell lines. Stable HEK293T Scr and
knockdown cell lines were kept for 24h in normoxia (Nor) or hypoxia (Hyp) prior to harvesting. Cells were
subjected to flow cytometry. Cell size estimated by forward scatter and internal complexity estimated by
the side scatter were plotted relative to Scr Nor. The data represents the mean = SEM of 3 independent
experiments (One-way ANOVA with Sidak’s test for multiple comparison, Nor: n = 12, Hyp: n = 9, *p<0.05,
**p<0.01).
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Figure S4 — Antibody specificity. Whole western blot of HEK293T Scr clones were incubated with 14-3-3f3

(A) and DJ-1 (B) antibody. 14-3-3f antibody shows one specific band with an apparent molecular weight of

27 kDa, corresponding to the size of 14-3-3f protein. DJ-1 antibody shows specific bands at 25 kDa (double

band, black arrowhead) corresponding to the size of monomeric DJ-1 and at 50 kDa (transparent

arrowhead) corresponding to the size of dimeric DJ-1.
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9.1 Introduction

DJ-1 and 14-3-3p are highly expressed in the brain, where they positively contribute to cell
viability (Bonifati et al., 2003; Cao et al., 2015). As shown in the chapters 3 and 4 of this
study, 14-3-3p exerts a negative effect on mitochondrial localisation of DJ-1 in a human
embryonic kidney cell line (HEK). Mitochondrial DJ-1 has been proposed to be
neuroprotective after stroke (Kaneko et al., 2014a; Kaneko et al., 2014b) and under oxidative
stress conditions (Junn et al., 2009). Furthermore, mitochondrial dysfunction is thought to be
a key pathologic event in Parkinson’s disease, the second most common neurodegenerative
disorder (Bindoff et al., 1989; Langston et al., 1983; Parker et al., 1989; Schapira et al.,
1990). Restoring mitochondrial function by targeting neuronal DJ-1 to mitochondria could
provide a new therapeutic avenue to neuroprotection in PD. | therefore asked whether

reduction of 14-3-3 enhances the level of mitochondrial DJ-1 in neurons.

9.2 Material and Methods

9.2.1 Neuronal isolation and culture

All animal procedures were carried out according to the guidelines of Imperial College
London Central Biomedical Services and the Home Office. The evening before neuronal
isolation 10 cm cell culture dishes were coated with poly-D-lysine over night at room
temperature followed by two washes with PBS. An E18 pregnant Sprague Dawley rat was
sacrificed according to the Home Office Schedule 1 procedure using CO, inhalation followed
by cervical dislocation. E18 embryos were dissected out of the amniotic sacs and culled by
decapitation. The sculls were transferred to cold dissection medium. The following steps
were performed under aseptic conditions in a laminar flow hood using a low magnification
dissection microscope and sterile micro-dissection forceps. Using fresh dissection medium in
a petri dish on ice the brains were removed from the scull. The cortical hemispheres were
isolated and the hippocampi and meninges were removed. The cortices were minced in a

fresh petri dish in dissection medium using sterile scissors, transferred to a 15 ml conical
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tube and left to settle for 1 min on ice. The dissection medium was removed and the cortices
were incubated with 5 ml papain for 2 min in a 37°C water bath. During the incubation, the
tube was regularly inverted to increase papain penetration into the tissue. The tissue was
placed back on ice and left to settle for 1 min. The papain was removed, 5 ml inactivation
medium was added and the tube was inverted. The tissue was left to settle for 2 min on ice
before inactivation medium was removed. 2 ml complete neurobasal medium was added and
neurons were dissociated by pipetting 10 times through a fire-polished glass Pasteur pipette.
Medium was topped up to 5 ml and the cells were spun for 5 min at 400xg and 4°C to
remove all papain. The supernatant was removed, the cells were resuspended in 10 mi
complete neurobasal medium and filtered through a cell strainer to remove any remaining
tissue clumps. Cells were counted and adjusted to 450,000 cells/ml. 10 ml cell suspension
was plated per 10 cm dish and maintained at 37°C and 5% CO,. At DIV3 and DIV6 half the

medium was replaced with fresh complete neurobasal medium.

Table 9.1: Plasmids used for cloning and lentivirus pseudo-particle production

ID insert promotor source
Cas9 endonuclease
A : EFS (Cas9), Addgene
pL-Crispr.EFS.GFP gcl::rgmbled guideRNA U6 (GRNA) ID: 57818
Cas9 endonuclease
pL-Crispr.EFS.GFP-r1433p2  r1433p guideRNA #2 LEJ';S (g,jig)’ cloned
GFP (GRNA)
pcDNA3.1-Gag/Pol HIV Gag/Pol polyprotein  CMV ng:%erfr\‘/;fs?gs
pcDNA3.1-VSV-G VSV glycoprotein CMV Elizabeth Jonas,

Yale University

HIV: human immunodeficiency virus, VSV: Vesicular stomatitis virus

Table 9.2: 14-3-33 guideRNA and primers used for pL-Crispr.EFS.GFP-r1433 cloning

#  guideRNA sequence Sense primer Antisense primer

1 GTAGGTGCCCGCCGTTCTTCC %/?EEGTAGGTGCCCGCCGTTC QéégigAAGAACGGCGGGC
5 TGACTCGCCAGGAAGAACGG Eﬁ;gggGACTCGCCAGGAA Qéq‘_\gggGTTCTTCCTGGCG
3 GATGCTGGAGATGACTCGCC %égggATGCTGGAGATGAC ééﬁ%gGCGAGTCATCTCCA
4 GCCTACACACCCGATTCGCCT %éé%%%CTACACACCCGAT é?ﬁgégGCGAATCGGGTGT
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9.2.2 Cloning of rat 14-3-3p targeting Crispr/Cas9 vectors
The design of guideRNAs targeting rat 14-3-33 was performed with the online tool available

at http://crispr.mit.edu/. As input the complete coding sequence from 14-3-3 was used

(Gene bank ID: D17446.1). Four of the top scoring gRNAs were selected, #1-3 targeting
exon1 and #4 targeting exon3 (Table 9.2). Where the gRNA sequence starts with A, T, or C,
a G nucleotide was added to the 5’ end for efficient transcription from the U6 promotor. This
core sequence served as template for the forward primer, which was generated by fusing the
short sequence CACC to the 5" end. For the reverse primer the reverse complement of the
core sequence including the additional G (were applicable) was generated and the short
sequence ACCC was fused to the 5’ end.

To insert the gRNA sequences into the Cas9 vector 2 ug pL-Crispr.EFS.GFP plasmid was
digested with 1 pl Esp3l FastDigest endonuclease for 45 min at 37 °C in 20 pl final volume
containing 2 pl 10x FastDigest buffer and 1 mM DTT. Re-annealing was prevented by
addition of 1 pl FastAlkaline phosphatase (1U) and incubation for 15 min at 37 °C. The
digested plasmid was purified on a 1% agarose gel for 1h at 100V. The gel was stained in
ethidium bromide for 30 min at room temperate and the DNA was visualised on a UV
transilluminator. The corresponding band was cut out and purified using the GeneJet Gel
extraction and DNA cleanup kit according to the manufacturer’s protocol. For the primer
annealing reaction, sense and antisense primer pairs were mixed 1:1 at a final concentration
of 100 yM/primer in a final volume of 10 pl containing 1 pl 10x T4 DNA Ligase buffer and 0.5
pl T4 polynucleotide kinase (5U). The reaction was performed using the annealing program
outlined in Table 9.3. The annealed primer duplex was diluted 1:500 in molecular biology
grade H,0O and 1 pl was mixed with 40 ng Esp3l-digested Cas9 vector in a final volume of 5
pl containing 0.5 pl 10x T4 DNA ligase buffer and 0.5 pl T4 DNA ligase (2.5U). The ligation
reaction was performed at room temperature for 120 min. The product of this ligation was
directly transformed into Ca?*-competent E.coli Top10 as described in section 2.5.1. Plasmid

DNA was purified from positive colonies and the correct insertion of the gRNA sequence was
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assessed by Sanger Sequencing as described in section 2.5.2 using the following

sequencing primer: primer U6_Seq_fw: TTTGCTGTACTTTCTATAGTG.

Table 9.3: PCR program for primer annealing

PCR program step temperature duration

Primer annealing 1 37 °C 45 min
2 95°C 2.5 min
3 Ramp at 0.1°C/s to 22°C pause

9.2.3 Lentiviral pseudo-particle production

For the production of lentiviral pseudo-particles, a 2" generation lentiviral packaging system
was used. The system included a transfer plasmid containing the gene of interest (pL-Crispr
plasmid) and two plasmids containing the essential components necessary for pseudo-
particle production, the envelope plasmid pcDNA3.1-VSV-G and the packaging plasmid
pcDNA3.1-Gag/Pol (Table 9.1). pcDNA3.1-VSV-G contains the gene coding for the envelope
glycoprotein derived from vesicular stomatitis virus (VSV-G). The pcDNA3.1-Gag/Pol vector
encodes the HIV-derived proteins group-specific antigen (Gag) and reverse transcriptase

polyprotein (Pol).

To produce lentiviral pseudo-particles HEK293T cells were co-transfected with either control
pL-Crispr.EFS.GFP or knockout plasmid pL-Crispr.EFS.GFP-r1433b#2 together with
pcDNA3.1-Gag/Pol and pcDNA3.1-VSV-G plasmids using the calcium phosphate reverse
transfection method. The reverse transfection is based on the conventional CaPO,
transfection described in part 2.1.4 with the main difference that cell seeding and transfection
is done at the same time. A single cell suspension was prepared as described under section
2.1.3. The cell suspension was adjusted to a concentration of 1.2 x10° cells/ml in complete
DMEM. The DNA/CaPOQO, mix was prepared for transfection of a 150 mm round cell culture
plate as described in 2.1.4 using the volumes given in Table 9.4. After precipitation of the

DNA the transfection mix was diluted in 10 ml complete DMEM and placed into the cell
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culture vessel. 16 ml of the adjusted single cell suspension was quickly added to the diluted
DNA/CaPO,4 mix and the dish was placed into the cell culture incubator. After 12 to 16 h the
medium was replaced with fresh complete DMEM. Two days after medium change the cell
supernatant was filtered through a 0.45 ym polyethane sulfon filter (Stericup, EMD Millipore)
using a vacuum pump (Thermo Brand) to yield non-concentrated viral pseudo-particles. The
non-concentrated viral pseudo-particles were precipitated over night at 4°C by adding
5xLenti concentrator solution (Origene) to a final concentration of 20%. The precipitated
pseudo-particles were spun at 3500xg for 30 min at 4°C, the supernatant was discarded and
the pellet was spun as above for 5 min to remove the remaining liquid. The pellet was
resuspended in 1/100 of the original volume in cold PBS to yield concentrated viral pseudo-
particles and stored at 4°C for up to one week. Pseudo-particles were prepared freshly

before every experiment.

Table 9.4: DNA/CaPO, transfection mix for lentiviral particle production. The quantities

are given for transfection of one 150 mm round cell culture plate.

Reagent Volume/amount
DNA
pL-Crispr 26 ug Component 1
pcDNA3.1-Gag/Pol 6.6 ug
pcDNA3.1-VSV-G 2.17 pg
CaCl, 183 pl
H2.0 ad 1.5 ml
2xHBS 1.5 ml Component 2
Total volume 3.0 ml

9.2.4 N27 cell culture and Crispr knockdown validation
The N27 cell line is a rat dopaminergic neuron-like cell line. N27 cells were cultured in
complete RPMI and were sub-cultured every 2 to 3 days. For Crispr-mediated knockdown of

14-3-38, cells were seeded at 5000 cells/cm? in a 6-well plate. 24h post-seeding 2.5 ml of the
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non-concentrated viral pseudo-particles was added to the cell culture medium. After 24h
medium was replaced with fresh complete RPMI. 48h after medium change cells were
harvested by scraping on ice in cold PBS. Cells were spun down at 400xg for 5 min and 4°C.
The supernatant was removed and the cells were lysed in TX lysis buffer and the protein
concentration was determined by Bradford assay (chapter 2). 10 ug protein was used for

western blot analysis of 14-3-3p knockdown and the protein level was determined relative to

a-tubulin, serving as loading control.

9.2.5 Subcellular fractionation of primary neurons

For each cell fractionation 2x10 cm-dishes of cortical neurons were washed with cold 0.9%
NaCl solution and harvested by scraping on ice in cold 0.9% NaCl solution. A tenth of the cell
suspension was placed into a separate microtube, pelleted at 1000xg for 5 min at 4°C and
stored at -80°C for protein expression analysis. The subcellular fractionation was performed
using Qproteome mitochondrial isolation kit according to the manufacturers protocol. In brief,
cells were spun for 10 min at 500xg and 4°C. The supernatant was removed and the cells
were resuspended in 0.5 ml lysis buffer freshly supplemented with protease inhibitor solution.
Cells were incubated for 10 min at 4°C under rotation and spun at 1000xg for 10 min at 4°C.
The supernatant containing the cytosolic fraction was recovered and stored at -80°C. The
pellet containing permeabilised cells was resuspended in 1 ml disruption buffer freshly
supplemented with protease inhibitor solution and cells were disrupted by drawing 10 times
through a G23 blunt end needle. Disrupted cells were spun at 1000xg for 10 min at 4°C. The
supernatant containing the mitochondrial and microsomal fraction was recovered and spun at
6000xg for 10 min at 4°C. The resulting pellet containing the crude mitochondrial fraction was
resuspended in 1 ml mitochondrial storage buffer and spun at 6000xg for 20 min at 4°C. The
final mitochondrial pellet was stored at -80°C. For protein analysis the total cell pellet and
mitochondrial pellet were lysed in 20 pl mitochondrial lysis buffer for 30 min on ice with
occasional vortexing. The lysates were sonicated for 30 sec in a water bath and cleared by
centrifugation at 1000xg for 5 min at 4°C. The protein content of all fractions was analysed by

Bradford assay (see Material and Methods chapter 2.6.1).
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9.2.6 Reagents and kits

All reagents were purchased from Sigma if not stated otherwise.

Reagents

Dissection medium (DM): 33mM glucose (Gibco) in Hank’s buffered salt solution
Papain stock: 10 mg/ml in H,O, sterile filtered, stable at 4°C for 1 year

Papain working solution: 0.1 mg/ml in DM, freshly prepared from papain stock
Inactivation medium: 50% FBS in DM

Complete neurobasal medium: Neurobasal medium (Gibco), 1xB27 supplement (Gibco),
2 mM glutamine (Gibco), 1 mM lactate

Borate buffer: 0.1M borate in ddH,O

poly-D-lysine, MW: 70k-150k: 10 ug/ml in borate buffer

Mitochondrial lysis buffer (pH 7.5): 50 mM Tris, 250 mM NaCl, 10 mM EDTA, 1% (v/v)
TritonX-100

Complete RPMI: RPMI (Gibco), 10% FBS

Complete DMEM: DMEM-AQ (Sigma), 10% FBS

TX lysis buffer (pH 7.5): 1% (w/v) TritonX-100 in TBS

FastDigest Esp3l (BsmBl) (ThermoFisher, FD0454)

T4 Polynucleotide Kinase (ThermoFisher, EK0031)

T4 DNA ligase (ThermoFisher, EL0011), also contains the 10x T4 DNA ligase buffer

FastAP (ThermoFisher, EF0654)

1xTris borate EDTA buffer (TBE) (ThermoFisher, B52): 1:10 dilution in ddH,O

Agarose (ThermoFisher, R0492): 1% (w/v) in TBE, agarose suspension was heated in a
microwave until entirely dissolved, poured into a gel container and left to solidify at
room temperature

Ethidium bromide (ThermoFisher, 15585011): 0.5 pg/ml in ddH,O
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Kits
GenelJet Gel extraction and DNA cleanup kit (ThermoFisher, KO831)

Qproteome Mitochondria isolation kit (Qiagen, #37612)
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9.3 Results: The effect of 14-3-33 on mitochondrial localisation of DJ-1 is cell

type-dependent

9.3.1 Primary neuronal culture from rat cortex

In order to test whether 14-3-3 sequesters DJ-1 in neurons a primary culture system using
E18 rat cortical neurons was established. The neurons were cultured for seven days in vitro
(DIV) to allow synapse formation without compromising neuronal viability (Ichikawa et al.,
1993). During the culture period neurite outgrowth became apparent as early as DIV1 and

gradually extended into large and dense networks at DIV7 (Figure 9.1).

DIVD: & 2 -BIVZ DIV5 | DIV7

Figure 9.1 — Primary neuronal culture from E18 rat cortex. Phase contrast images of
rat cortical neurons at various days in vitro (DIV) after isolation at day 0. Cultures were
maintained for 7 days prior to fractionation. Neurite outgrowth is first observed on DIV 1
(not shown). On DIV 2 small neuronal clusters became apparent and grew larger over the

culture period into highly connected dense networks on DIV 7. Scale bar: 100 pm.

9.3.2 Cas9-mediated gene depletion of rat 14-3-33

To achieve efficient reduction of 14-3-3f protein levels in primary neurons we employed the
Crispr/Cas9 mediated gene disruption. Previous shRNA-mediated knockdown attempts failed
to sufficiently deplete 14-3-3p levels (data not shown). For this approach four different
guideRNAs (gRNA) against rat 14-3-33 were cloned into the pL-Crispr.EFS.GFP vector
replacing the original non-targeting gRNA of the host vector. The original vector (Ctl) and the
four r14-3-3p-targeting vectors were used to produce lentiviral particles and the efficiency of

gene disruption was tested by transducing N27 cells, a rat dopaminergic neuron-like cell line.
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Three days post-transduction the cells were harvested and the 14-3-3f protein levels were
assessed by western blot (Figure 9.2). gRNA# 2 was most efficient and reduced 14-3-3f

protein to 35.4+17.6% relative to Ctl (meantSEM) in three independent experiments.

200+
S r14338 gRNA
X ] * -
= Crispr: Ctl #1 #2 #3 #4
=
T 1001 14330 | g i~ 2°
2
Q 501 a-tub —--—-——_49
0_
Crispr: Ctl #1 #2 #3 #4

r14338 gRNA

Figure 9.2 — Cas9-mediated depletion of 14-3-3f in rat N27 cells. N27 cells were
transduced with Crispr/Cas9 control vector (Ctl) or Crispr/Cas9 vector co-expressing rat
14-3-3p targeting guideRNAs (gRNA). Reduction of 14-3-3p protein levels was assessed
by western blot and normalised against a-tubulin. gRNA #2 consistently reduced 14-3-33
levels and was chosen for knockdown in subsequent neuronal experiments. Data is
derived from 3 independent experiments and presented as meantSEM of % Ctl (n=3,
unpaired t-test, *p=0.0228).

Next, Cas9-mediated knockdown was assessed in neuronal cultures. For this purpose the
concentrated viral pseudo-particles were titrated onto the cortical neurons at DIV4. At DIV7
neurons were harvested and gene disruption was assessed at protein level using western
blot. At the highest concentration corresponding to 10 pl concentrated viral pseudo-
particles/ml medium the level of 14-3-3 was reduced to 38.8% relative to untreated neurons
(Figure 9.3, derived from a single experiment). A dose of 10 pl concentrated viral pseudo-

particles/ml medium was used for subsequent fractionation experiments.
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Figure 9.3 — Cas9-mediated depletion of 14-3-33 in cortical neurons. Neurons were
transduced with Crispr/Cas9 control vector (Ctl) or Crispr/Cas9 vector co-expressing rat
14-3-3p-targeting gRNA #2 at varying concentrations (10, 5, 2.5 pl concentrated viral
pseudo-particles/ml medium) at DIV4. At DIV7 14-3-3p protein levels were assessed by
western blot and quantified relative to a-tubulin. The highest dose reduced 14-3-38 levels to
38.8% of untreated neurons (-). The data is derived from a single experiment. 10 pl

concentrated viral pseudo-particles/ml medium was used for all subsequent experiments.

9.3.3 14-3-33 enhances mitochondrial DJ-1 levels in primary cortical neurons

To test the effect of 14-3-3p on the localisation of DJ-1 in primary neurons the cultures were
transduced with the Cas9 vector carrying r14-3-38 gRNA#2 or non-targeting gRNA control
vector (Ctl). Using 10 pl concentrated viral particles/ml medium, as determined in the
preliminary experiment (Figure 9.3), resulted in reliable reduction of 14-3-33 protein to
22.917.5% relative to Ctl (meantSEM, unpaired t-test, n=4, p=0.0004; Figure 9.4 A).
Transduced neurons were harvested on DIV7 and separated into cytosolic and mitochondrial
fractions. Western blot analysis of DJ-1 and the cytosolic marker GAPDH showed no effect
of 14-3-3p on protein expression (total) or cytosolic levels of DJ-1. However, 14-3-33 had a
significant effect on mitochondrial levels of DJ-1 normalised to the mitochondrial marker
Hsp60 (Figure 9.4 B). To our surprise, 14-3-3p knockdown reduced mitochondrial DJ-1 to
66.8+£9.4% of Ctl (mean+SEM, unpaired t-test, *p=0.0191). This is contradictory to the effect
of 14-3-3p in HEK cells, where the expression level of 14-3-3p negatively correlated with the

levels of mitochondrial DJ-1 (chapter 4, Figures 4.4 and 4.5). This result indicates that the
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role of 14-3-3p in regulating the localisation of DJ-1 is cell type-dependent. It further

demonstrates the requirement of validating novel mechanisms in primary cells.
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Figure 9.4 — Effect of 14-3-38 depletion on localisation of DJ-1 in neurons. 14-3-33
was downregulated in primary rat cortical neurons using lentiviral delivery of r14-3-3§3
targeting Cas9 (KD) or non-targeting control vector (Ctl) and protein depletion was
quantified by Western blot (A). 14-3-3p levels in KD neurons were 22.9+7.5% that of Ctl
neurons (meantSEM, n=4, unpaired t-test, ***p=0.0004). 14-3-33 knockdown did not alter
the total or cytosolic levels of DJ-1 in primary neurons but decreased the amount of
mitochondrial DJ-1 (B) to 66.849.4% of Ctl (mean+SEM, n=4, unpaired t-test, *p=0.0191).

9.3.4 Cell type-specific expression of DJ-1 in mitochondria correlates with
mitochondrial 14-3-3f3

Importantly, the subcellular distribution of DJ-1 is profoundly different between neurons and
HEK cells. We found DJ-1 mostly localised to mitochondria in neurons under basal
conditions. In contrast, DJ-1 in HEK cells was more cytosolic and only accumulated in
mitochondria after hypoxia or depletion of 14-3-3p. Interestingly, the compartmentalisation of
14-3-3p also showed differences between HEK cells and neurons. In HEK cells a very small
fraction of 14-3-3p was found in mitochondria. In neurons, however, a significant portion of

14-3-3p was localised to mitochondria. To address whether there is a correlation between
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Figure 9.5 - Cell type-specific expression of mitochondrial DJ-1 and 14-3-38
correlates. The basal levels of cytosolic and mitochondrial DJ-1 and 14-3-33 from
untreated HEK cells and primary cortical neurons was compared by western blot (A). For
comparison between cell types the ratio of mitochondrial over cytosolic protein was
analysed showing higher mitochondrial localisation of both proteins in neurons compared
to HEK cells (mean £ SEM of mitochondrial over cytosolic protein ratio; Mann-Whitney
test; n=7 for HEK, n=8 for neurons; DJ-1 in HEK: 0.59+0.30 and neurons: 9.27+3.40,
Mann-Whitney U = 3; 14-3-3p in HEK: 0.11+£0.03 and neurons: 0.561£0.19, Mann-Whitney
U = 0; **p=0.0022, ***p=0.0003). Furthermore, mitochondrial over cytosolic ratio of DJ-1

positively correlates with 14-3-3 ratios (C; Linear regression of correlation, R?>=0.853).

the level of mitochondrial DJ-1 and 14-3-3f, unstimulated HEK cells and neurons were
separated in cytosolic and mitochondrial fractions. The level of DJ-1 and 14-3-3p was
assessed in both fractions by western blot and the ratio of mitochondrial over cytosolic
protein was used as an expression of relative distribution (Figure 9.5). Indeed, the level of
mitochondrial DJ-1 is significantly higher in neurons compared to HEK cells (mean+SEM,;
neurons: 9.27+3.40, n=8; HEK: 0.59£0.30, n=7). Similarly, the fraction of mitochondrial 14-3-
3B is significantly higher in neurons compared to HEK cells (meantSEM; neurons:
0.561£0.19, n=8; HEK: 0.111+0.03, n=7; Figure 9.5 B). Correlation analysis further
demonstrates that mitochondrial DJ-1 is high in those cells, particularly neurons, where 14-3-

3B is most enriched in mitochondria (Figure 9.5 C). This result together with the knockdown
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experiment suggests that 14-3-3p positively regulates the mitochondrial localisation of DJ-1

in neurons, possibly through binding of DJ-1 in mitochondria.
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9.4 Discussion and future direction

Using primary cortical neurons as model system our results have shown a preferential
localisation of DJ-1 in mitochondria in these cells (Figure 9.5). This is profoundly different to
the HEK cell line, where DJ-1 only accumulated in mitochondria after hypoxia or depletion of
14-3-3pB. Given the positive effect of DJ-1 on mitochondrial energy production (chapter 5), we
speculate that the different sub-cellular distribution of DJ-1 reflects the diverging energetic
profiles of these two cell types. HEK cells are highly glycolytic (Henry et al., 2011), whereas
neurons rely on OXPHOS as main energy supply (Kasischke et al., 2004; Llorente-Folch et
al.,, 2015; Lundgaard et al., 2015). We speculate that mitochondrial localisation of DJ-1 is
necessary for efficient ATP production in neurons. Loss of function mutations of DJ-1 are the
cause of rare cases of familial Parkinson’s disease (Bonifati et al., 2003), a disorder
characterised by mitochondrial dysfunction (Bindoff et al., 1989; Parker et al., 1989; Schapira
et al, 1990). The etiology of PD is unclear but energetic failure as cause of
neurodegeneration is among the hypothesis that is being discussed in the field (Dranka et
al., 2012; Exner et al., 2012; Matsuda et al., 2009; Pacelli et al., 2015; Pissadaki and Bolam,
2013; Van Laar and Berman, 2013). Genetic mutations account for up to 10% of PD
prevalence (Shulman et al., 2011) and most of the genetic defects were shown to cause
mitochondrial dysfunction (Canet-Aviles et al., 2004; Chen and Dorn, 2013; Devi et al., 2008;
Di Maio et al., 2016; Hayashi et al., 2009; Lazarou et al., 2015; Morais et al., 2014; Ottolini et
al., 2013; Shi et al., 2015; Su et al., 2015; Wang et al., 2012). The majority of PD cases,
however, develop sporadically and deficits in OXPHOS have been shown in both post-
mortem brain sections (Mizuno et al., 1989; Schapira et al., 1989) as well as platelets (Parker
et al., 1989) of PD patients. Interestingly, 14-3-3 proteins have a molecular link to PD
pathology. Several 14-3-3 isoforms, including 14-3-3B, where shown to accumulate in Lewy
bodies (LB) both in mouse (Shirakashi et al., 2006) and human brain (Berg et al., 2003;
Kawamoto et al., 2002) and higher levels of secreted 14-3-3 has been suggested as CSF
biomarker for neurodegeneration (Shimada et al., 2013). This raises the question whether

segregation of 14-3-3 protein into LBs or secretion into the CSF might lower the availability of
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14-3-3 in other, functional parts of the cell. If this were the case, the depletion of 14-3-3p3
could reduce levels of mitochondrial DJ-1 in neurons, similar to the gene depletion in primary
neuronal cultures (Figure 9.4). This in turn would lower the efficiency of mitochondrial energy
production, thereby causing significant energetic stress to neuronal cells. Under conditions of
low mitochondrial activity cells tend to acidify due to lactate production (Gladden, 2004). An
acidic intracellular pH increases the tendency for a-synuclein to form oligomers (McClendon
et al., 2009), the precursors of the pathologic LBs. Unfortunately, little is known regarding the
subcellular localisation of DJ-1 in the substantia nigra of PD patients but one could imagine
how the lack of mitochondrial DJ-1 could fuel a viscous cycle of detrimental events that

ultimately lead to neurodegeneration.

We haven’t specifically tested whether the interaction between DJ-1 and 14-3-3p occurs in
the cytosol or in mitochondria. Of note, immunoprecipitated DJ-1 in HEK cells was observed
as monomer, whereas the endogenous IP from rat brain exclusively immunoprecipitated
dimeric DJ-1 (Figure 3.1). In the fractionation experiments cytosolic DJ-1 is typically resolved
as monomer by western blot, whereas it appears to form stable dimers in mitochondria. This
suggests that the DJ1-1433p complex was likely immunoprecipitated from the cytosol in HEK
cells, but from mitochondria when using brain lysate. To address this question in detail, IP’s
could be performed on mitochondrial and cytosolic isolations from HEK cells and brain
tissue. Alternatively, the proximity ligation assay could be used on fixed cells and brain tissue
to study close proximity of endogenous DJ-1 and 14-3-33. The assay uses an
immunofluorescence read out, which can be combined with conventional staining of

subcellular markers for mitochondria and the cytosol.

Another intriguing question is whether the preferred mitochondrial localisation of DJ-1 is
specific to neurons. Given the important role of DJ-1 for efficient mitochondrial function, one
might speculate that oxidative tissues show higher mitochondrial levels of DJ-1 than

glycolytic tissues. Finally, in view of the crucial role of DJ-1 for the viability of dopaminergic
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neurons of the substantia nigra, | speculate that impaired localisation of DJ-1 contributes to
the energetic deficit and neurodegeneration in sporadic PD patients. | propose to use sub-
cellular immunofluorescence analysis of post-mortem human brain tissue to get a deeper

understanding of the role of neuronal DJ-1 in healthy ageing and during neurodegeneration.
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