Chapter 10

Protein Misfolding and Aggregation:
Implications for Mitochondrial Dysfunction
and Neurodegeneration

Marthe H.R. Ludtmann and Andrey Y. Abramov

Abstract In the early twentieth century, histopathological staining of Parkinson’s
and Alzheimer’s disease patient brains and later other neurodegenerative disorders
revealed large intracellular and extracellular protein aggregates. Despite these path-
ological findings, 100 years later, scientists are yet to fully unravel disease patho-
genesis sufficiently enough to allow early disease detection and development of
therapeutic agents. While genetic and environmental factors are known to cause
protein self-aggregation, recent discoveries have shown that protein intermediates
are more toxic than the protein aggregates, serving as invaluable biomarkers for
early disease detection. Mutations in alpha-synuclein, amyloid precursor, tau, and
huntingtin proteins are known to cause self-aggregation and, via a series of confor-
mational changes, produce oligomers and fibrils before being deposited extra- or
intracellularly. In Alzheimer’s and Parkinson’s diseases, intermediate oligomeric
forms of alpha-synuclein and beta-amyloid have been described not only to alter
calcium homeostasis, which is vital to neuronal signalling, but also to interact with
and alter mitochondrial function and therefore the energetic status of neurons.
Research into the effects on the energy status of brain cells is vital to understanding
the process of neurotoxicity observed in neurodegenerative diseases.
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10.1 Introduction

Most neurodegenerative diseases have been linked to the deposition of misfolded
proteins in the brain. These deposits can be either extra- or intracellularly located
and are associated with an altered biochemistry, often leading to neuronal loss.
Extracellular deposits of beta-amyloid in the form of amyloid plaques and intracel-
lular tau fibrils are histopathological hallmarks in Alzheimer’s disease (AD) [1, 2].
In Parkinson’s disease (PD), misfolded alpha-synuclein aggregates into intracellular
Lewy bodies, while intracellular aggregates of nuclear-encoded mutant huntingtin
protein (Htt) are found in the brain of Huntington’s disease patients. These deposits
consist predominantly of protein fibrils and have long been thought to be the trigger
of cellular dysregulations leading to the pathologies seen in these neurodegenerative
diseases. However, insights gained more recently have revealed that in fact oligomeric
forms of these proteins are more toxic than monomeric or fibrillary forms [3, 4].
Oligomers are cell permeable, allowing them to pass through plasma membranes
and propagate throughout the brain. The propagation hypothesis by which proteins
can spread progressively between cells and interconnecting brain regions in neuro-
degenerative diseases found support when oligomeric forms of alpha-synuclein
were found in the cerebrospinal fluid (CSF) of affected individuals and in neuronal
graft studies [5—7]. Furthermore, beta-amyloid, tau, mutant Htt, and alpha-synuclein
have been shown to directly interact with mitochondria which makes bioenergetic
disturbances in the cell likely and increases neuronal vulnerability [3, 8, 9].

10.2 Alpha-Synuclein

The exact physiological function of alpha-synuclein is yet to be unravelled despite
a presynaptic localisation long being established [10]. However, studies of alpha-
synuclein knockout mice and alpha-synuclein overexpressing models have pro-
posed a physiological function related to neurotransmitter release [11, 12]. The fact
that genome-wide association studies looking for risk factors for the development of
idiopathic PD revealed the alpha-synuclein gene as the biggest risk locus makes
research into this protein and its cellular function invaluable [13].

Alpha-synuclein is an intrinsically disordered protein and contains seven
11-amino acid repeats in the N-terminal that are predicted to form amphipathic
alpha-helices which are highly conserved in vertebrates. Normal, soluble alpha-
synuclein aggregates to form insoluble fibrils via a series of conformational changes
and oligomeric intermediates. Native monomeric forms of this protein are a-helical
structures, whereas misfolded polymers form more highly ordered p-sheet struc-
tures. Mounting evidence suggests that the soluble oligomeric forms generated in
this misfolding process are the most toxic, and these have been directly linked to
neurodegeneration [3, 14]. Interestingly, alpha-synuclein mutations associated with
early-onset, autosomal dominant PD such as A30P (age of onset 54—79 years) and
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AS53T (average age of onset 46 years) are all located in the N-terminus of this pro-
tein and are suggested to increase conformational destabilisation and oligomerisa-
tion which in turn favours protein aggregation and deposition [15-18]. However,
studies have also revealed that these mutations not only increase the risk of alpha-
synuclein misfolding and aggregating but also increase the overall abundance of
wild-type alpha-synuclein. Elevated levels of wild-type alpha-synuclein were found
to be sufficient to cause protein aggregation and development of early-onset PD
(age of onset 35 years) in patients with a duplication of the alpha-synuclein locus
[19, 20].

Studies into the effects of alpha-synuclein on cells in culture have revealed a
multitude of adverse effects. It has been shown that alpha-synuclein can pass
through membranes and associate with mitochondria within 8 min of exposure
highlighting potentially devastating effects to cellular bioenergetics and supporting
the propagation hypothesis [3, 21].

10.2.1 Cellular Effects of Alpha-Synuclein and Its Role
in Neurodegeneration

In vivo and in vitro studies have shown that overexpression of alpha-synuclein alters
plasma membrane ion permeability, and exogenous oligomeric alpha-synuclein can
easily pass across plasma membranes. This altered plasma membrane ion permea-
bility has been shown to increase calcium influx from the extracellular space with
detrimental consequences [3, 21, 22]. Intracellular calcium levels are tightly con-
trolled by the endoplasmic reticulum (ER; main intracellular calcium store) and
mitochondria (responsible for “fine-tuning” calcium transients) (for details see
Chap. 6). Chronic calcium overload or altered handling of calcium fluxes may ulti-
mately damage mitochondria, causing their dysfunction and ultimately the cellular
bioenergetic status (e.g., reducing ATP production). This is particularly important
for dopaminergic neurons which have a particularly high energy demand (for details
see Chap. 6).

In addition to being the major cellular calcium store, the ER plays an important
role in protein synthesis, folding, post-translational modification, and transport.
Disturbances in ER function (ER stress) can have detrimental effects for the neuron
and its survival. In PD, the increased levels of (misfolded) alpha-synuclein are
reported to induce ER stress which in turn triggers downstream activation of the
unfolded protein response [23]. This response can trigger attenuation of protein
translation, altered expression of ER chaperones, and ER-associated degradation
which counteracts the accumulation of misfolded proteins within the ER to protect
against stress and potentially cell death [24]. ER-associated degradation allows mis-
folded proteins to be translocated into the cytosol where they are degraded by cyto-
solic proteasomes as part of the ubiquitin-proteasome system (UPS). In PD, a
downregulation of the UPS and autophagy-lysosome pathways (ALP) has been
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proposed (see Chaps. 11 and 12), which impacts on the cellular clearance of mis-
folded alpha-synuclein. For example, expression of mutant alpha-synuclein (A30P
and A53T) in rat PC12 and neuroblastoma cells was shown to downregulate the
UPS [25-27]. The exact mechanism by which alpha-synuclein oligomers interact
with and downregulate the proteasome is yet to be fully unravelled, but an interac-
tion of alpha-synuclein with either the 20S f subunit or 19S subunits has been pro-
posed [25, 28]. Alpha-synuclein has also been reported to downregulate ALP via an
inhibition of autophagosome formation or a reduction of chaperone-mediated
autophagy [29, 30]. Additional support for the importance of the relationship
between intracellular protein clearance and alpha-synuclein in PD pathogenesis
comes from studies involving the lysosomal enzyme, glucocerebrosidase. Mutations
in this gene can cause Gaucher’s disease, an autosomal recessive disease, character-
ised by the accumulation of glucosylceramide (lipid) into fibrils. Gaucher’s disease
patients may suffer from liver and spleen swelling, osteoporosis, and neurological
defects including myoclonus, cognitive impairments, and convulsions (depending
on the disease type). Furthermore, Gaucher’s disease has been reported to increase
the risk of developing PD. It should also be noted that there is a well-documented
decrease in the activity of the UPS as well as ALP with age leading to overall slower
protein clearance. This reduction in protein clearance and therefore alpha-synuclein
may explain partly the late onset of symptoms in sporadic Parkinson’s disease (see
Chap. 12 for details).

The ER and mitochondria are also known to interact to form the mitochondria-
associated endoplasmic reticulum membrane (MAM) which regulates essential cal-
cium and lipid exchange between these organelles [31, 32]. This interaction supports
the tricarboxylic acid cycle, electron transport chain, and ultimately ATP production.
A recent study by Guardia-Laguarta et al. [33] provided evidence of wild-type alpha-
synuclein co-localisation with the MAM, which together with the calcium dysregula-
tion caused by alpha-synuclein is likely to have an effect on energy generation and
mitochondrial health. In healthy cells, the ER and mitochondria are distributed
throughout axons and dendrites. Considering the multitude of cellular functions sup-
ported by MAM interactions, in particular maintenance of the ETC and ATP produc-
tion, it is not surprising that disruption of MAM will affect cells that have a high energy
demand such as dopaminergic neurons. Indeed, reduced MAM interactions have been
reported by Guardia-Laguarta et al. in cells that have been exposed to alpha-synuclein
[33]. This loss of MAM interactions leads not only to a reduction in MAM function but
also in mitochondrial fragmentation, suggesting an important role not only in mito-
chondrial functioning but also in morphology. These findings warrant further studies
into the interaction of alpha-synuclein and its effect on these organelles.

Alpha-synuclein has also been shown to co-localise with the inner mitochondrial
membrane which harbours the ETC complexes (Fig. 10.1) [34]. In fact, it has long
been known that alpha-synuclein can interact with complex I of the ETC which in
turn induces elevated reactive oxygen species (ROS) production leading to oxidative
stress [35, 36]. ROS can induce the formation of the permeability transition pore
(PTP) which increases the permeability of the inner mitochondrial membrane
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Fig. 10.1 Neurotoxic effects of alpha-synuclein, tau, f-amyloid, and huntingtin proteins. Many of
the proteins which aggregate in neurodegenerative diseases are known to interact with various
intracellular components and different complexes within the mitochondria. (a) Both pf-amyloid
(BA) and alpha-synuclein interact with the endoplasmic reticulum (ER) resulting in ER stress and
altered mitochondria-associated membrane interaction. (b) Alpha-synuclein (in PD) and beta-
amyloid (in AD) are known to interact with complex I of the electron transport chain. (c)
Mitochondrial health can also be compromised by p-amyloid and tau interacting with complex
IV. Similarly huntingtin (Htt (in HD)) has been shown to interact with mitochondria through com-
plex IV. (d) Dysregulation of calcium homeostasis can be induced by protein inclusions. (e) Htt
can also interact with the nucleus itself. These proteins have all been shown to interact with mito-
chondria and induce superoxide production which can ultimately lead to PTP opening and neuro-
nal cell death

allowing ions and solutes to pass more freely. This in turn leads to vast bioenergetic
disturbances, ATP depletion and eventually cell death [37]. Furthermore, increased
ROS can induce mitochondrial DNA mutations leading to mitochondrial damage
and may ultimately lead to cell death [38] (see Fig. 10.1).

10.3 Huntingtin Protein

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease
caused by an abnormal expansion of a CAG repeat located in exon 1 of the hunting-
tin gene. Wild-type huntingtin protein (Htt) localises to the nucleus as well as the
cytoplasm, whereas mutant Htt has been found to localise to the mitochondria [39,
40] (see Fig. 10.1). Studies have shown that wild-type Htt plays a vital role in apop-
tosis, vesicle trafficking, and secretion pathways [41, 42]. It has been found that the
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N-terminal cleavage product of mutant Htt is vital to disease progression as the
cleavage product has been shown to induce cellular changes, whereas inhibition of
caspase-6-dependent proteolysis of full-length mutant Htt protected mutant Htt
mice against neurodegeneration [43].

10.3.1 Cellular Effects of the Huntingtin Protein and Its Role
in Neurodegeneration

The htt knockout mouse model is not viable (death occurs at embryonic day 8),
providing evidence of the importance of this gene product [44]. Mutations in the hft
locus are reported to either result in a gain or loss of function affecting a multitude
of signalling pathways [45]. Vulnerability and degeneration of excitatory cortical
and striatal connections is the first obvious sign of early grade HD.

Mutant Htt co-localises to mitochondria and studies have reported a negative
effect on electron transport chain activity and mitochondrial function. Expression of
an N-terminal fragment of mutant Htt (82 CAG repeats) in mice resulted in a
decreased neuronal mitochondrial membrane potential, suggesting altered mito-
chondrial health. A lower mitochondrial membrane potential may indicate that one
or more of the electron transport chain complexes are not working correctly. In fact,
it was found that both the expression and activity of complex II and complex IV
were reduced [46—48] (see Fig. 10.1). The lower mitochondrial membrane potential
reported in HD results in lowered mitochondrial calcium buffering and efflux. This
leads to a prolonged calcium exposure which increases cellular stress and therefore
susceptibility to excitotoxic (excitatory-mediated cell death) insults. Whether the
mitochondrial calcium dysregulation is a primary or secondary effect caused by the
malfunctioning electron transport chain is yet to be unravelled [49].

Interestingly, the total peroxisome proliferator-activated receptor gamma coacti-
vator-1 a RNA level (PGC-1a) is decreased in postmortem brain tissue from HD
patients. PGC-1a is a transcriptional coactivator that regulates mitochondrial bio-
genesis and respiration, and mutant Htt (111 CAG repeats) was found to interact
with the PGC-1a promoter in striatal cells. Furthermore, overexpression of PHC-1a
rescued not only the mutant Htt-associated mitochondrial phenotypes but also pro-
tected mutant Htt primary striatal cultures from cell death making PGC-1a a key
player in early HD pathogenesis [50].

10.4 Beta-Amyloid

The amyloid precursor protein (APP) is cleaved by B- and y-secretase generating a
range of B-amyloid (BA) peptides between 39 and 43 amino acid residues long. It is
the hydrophobic nature of fA1-40 and PA1-42 which promotes self-aggregation
and neurotoxicity revealing the importance of these forms in neurodegenerative
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disease. A series of conformational changes may occur causing BA aggregation via
dimers, oligomers, protofibrils, and fibrils leading ultimately to the formation and
deposition of amyloid into characteristic plaques. This deposition of BA is thought
to play a central role in the development of Alzheimer’s disease (AD). Accumulation
of PA in extracellular neuronal plaques is the defining feature for a diagnosis of
Alzheimer’s disease in postmortem brain tissue [51].

10.4.1 Cellular Effects of p-Amyloid and Its Role
in Neurodegeneration

Recently, it has been shown that APP/BA, in addition to its known interactions with
the plasma membrane and ER, may also be targeted to mitochondria [52] again sug-
gesting an effect on mitochondrial health (see Fig. 10.1).

Dysregulation of calcium homeostasis has been demonstrated in AD, with A
causing increased cytoplasmic calcium levels, mitochondrial calcium overload, and
dysfunction. Mitochondrial dysfunction has been shown to be one of the earliest
pathological signs, appearing before neurofibrillary tangles can be detected [53].
Studies have described mitochondrial deficiency in cultured cells overexpressing
APP [54] or the spliced form APP;5; [55]. A reduction in complex IV activity has
been demonstrated in mitochondria from the hippocampus and platelets of patients
with AD, as well as in AD animal models and AD cybrid cells [56]. In cortical neu-
rons, PA causes mitochondrial dysfunction, reducing ATP levels [57], mostly
through inhibition of complex I, causing both mitochondrial depolarisation and a
loss of mitochondrial mass [58], while in isolated mitochondria, BA induced respi-
ratory inhibition mostly through inhibition of complex IV [59, 60]. It has also been
proposed that fA may increase mitochondrial ROS production [61] which in turn
causes further mitochondrial impairment [62].

Application of exogenous PA to mixed cultures of neurons and astrocytes
induced two types of mitochondrial depolarisation in astrocytes in the first hours of
incubation — a slow and progressive loss and a transient loss of mitochondrial mem-
brane potential [63]. Both types of fA-induced mitochondrial membrane potential
change induced ROS production/oxidative stress through interaction with NADPH
oxidase and can be blocked by inhibitors of this enzyme [63—-65].

Further, it has been shown that fA-induced oxidative stress leads to activation of
the DNA repair enzyme poly(ADP-ribose) polymerase (PARP). PARP consumes
nicotinamide adenine dinucleotide which in turn decreases substrate availability for
mitochondrial complex I of the ETC, resulting in a bioenergetic collapse and cell
death [66, 67]. Further, provision of mitochondrial substrates (pyruvate and methyl
succinate) reversed PA-induced mitochondrial depolarisation and prevented cell
death [63, 65].

Studies have linked PA directly with cyclophilin D which is a key regulator of
the PTP. Cyclophilin D is essential for PTP formation since inhibition was shown to
inhibit PTP opening. PTP opening depletes mitochondrial calcium, elevates the
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tosolic calcium, and increases ROS levels, ultimately leading to depletion of cellu-
lar ATP and cell death [68]. BA was found to reduce the threshold for mPTP opening
and molecular inhibition of cyclophilin D was able to rescue this phenotype. In
deed, inhibition of cyclophilin D was able to improve mitochondrial function and
learning/memory in an ageing Alzheimer’s disease mouse model [69].

10.5 Tau Protein

Tau is a microtubule-associated protein (MAP), encoded by the MAPT gene, and
known to interact with a- and B-tubulin to facilitate microtubule assembly. With
advancing age tau becomes enriched and prone to aggregation in axons and den-
drites [70], while in the brain of AD patients, tau is hyperphosphorylated. This pro-
cess of hyperphosphorylation is known to promote self-assembly, leading to the
formation of oligomers and fibrils which eventually leads to neurofibrillary tangle
(NFT) aggregation. Hyperphosphorylation of tau results also in microtubule desta-
bilisation and compromised axonal transport which can, together with PA, lead to
the pathologies observed in AD.

10.5.1 Cellular Effects of Tau and Its Role
in Neurodegeneration

Gomez-Ramos et al. (2006) have shown that application of exogenous tau to neuro-
nal cells leads to an increase in intracellular calcium levels via a muscarinic receptor-
mediated mechanism which ultimately results in cell death [71]. In addition, limited
studies have provided evidence of a tau-mitochondria interaction but it is thought
that tau may act on mitochondria synergistically with BA as well as independently.
For example, while PA is known to affect mitochondrial complex 1V, tau has been
linked to complex I inhibition suggestive of an influence on mitochondrial dynam-
ics and health [72] (see Fig. 10.1).

Quintanilla et al. [73] proposed that the N-terminal fragment of tau may cause
mitochondrial dysfunction, while truncated tau (Asp-421) induces mitochondrial
fragmentation and elevated mitochondrial superoxide production in immortalised
cortical neurons. Furthermore, a truncated tau N-terminal fragment (NH,-26—44)
was found to act on the adenine nucleotide translocator (ANT) which is responsible
for the translocation of mitochondrial ATP to the cytosol in exchange of ADP. In
addition, Atlante et al. [74] found that the interaction of tau and ANT leads to an
impairment of oxidative phosphorylation and therefore a decrease in ATP produc-
tion. It should be noted that these studies established that it is the truncated
N-terminal tau fragment which exerts these deleterious effects on mitochondrial
health rather than the full-length tau protein. Overall, these studies suggest that
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through a disruption of mitochondrial function and therefore neuronal health, tau is
a major contributor to the pathological changes and neurodegeneration central to the
development of AD.

10.6 Conclusion

Recent studies have provided strong evidence that protein intermediates such as
alpha-synuclein oligomers are more toxic to the cell than protein aggregates. Toxic
protein intermediates can affect mitochondria and the energetic status of the cell.
Disturbances in the energetic status are detrimental to neurons which have a high
energy demand. This highlights the importance of continued research to develop
therapeutic agents that target these early changes and cellular disruptions that occur
before neuronal death and other pathological changes. To achieve early disease
intervention, studies must provide robust biological marker analysis as well as
develop therapeutic agents that are able to cross the blood-brain barrier to prevent
the damage to and changes within the structures of the proteins described above.
Most of the modern therapeutic strategies aim to prevent peptide aggregation or
indeed protect cells with antibodies against oligomeric forms. However, there is an
increasing amount of research being undertaken to prevent/modulate the interac-
tions between these proteins and cellular organelles to delay or prevent subsequent
disruption of mitochondrial dysfunction and hence neuronal loss. Despite this, very
few therapeutic approaches have undergone clinical trials and even fewer have
shown evidence of efficacy making further research into disease onset and progres-
sion essential.
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