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ABSTRACT

In Alzheimer’s disease, neuronal degeneration due to apoptosis has been linked
to overexpression and aberrant amyloidogenic processing of the amyloid precursor
protein (APP), as well as to bioenergetic defects characterized by deficits in the electron
transport chain’s cytochrome ¢ oxidase (COX) which leads to the generation of radical
oxygen species. Several cellular mechanisms underlying the bioenergetic defects have
been proposed. Inhibition of oxidative energy metabolism increased the amyloidogenic
processing of APP, which led to neurotoxicity. Overexpression of APP in cultured
normal human muscle fibres caused a specific decrease in COX activity, followed by
ultrastructural abnormalities of mitochondria. Thus, it appears that energy metabolism
and APP processing are closely linked. However, the mechanisms underlying this
relationship are unclear. We have demonstrated, using the yeast two-hybrid system, that
APP interacts with COX subunit 1 (COX I), and that this interaction involves the
extracellular domain of APP. This suggests a direct interaction between the two proteins,
and that APP may be localized to mitochondria. We demonstrated that APP caused
specific deficits in COX activity, induced the production of radical oxygen species and
lipid peroxidation, and enhanced neuronal apoptosis. However, anti-oxidant enzyme
activity was variable, and probably represented a compensatory reaction to elevated
oxygen radicals. To directly interact with COX, APP must be targeted to, and localized
in, mitochondria. This possibility was tested with an in vifro mitochondrial import assay
which showed that APP is transported to mitochondria in an energy-dependent manner.

Furthermore, dual fluorescence microscopy with chimeric APP-green fluorescent protein,



and immunoelectron microscopy, demonstrated the presence of endogenous APP and
B-amyloid peptide (the neurotoxic cleavage product of APP) in mitochondria of post-
mortem human brain tissue, with increased levels of B-amyloid peptide in AD brains
compared to non-AD brains. Cumulatively, the data supports a model of the direct
involvement of APP and its potentially amyloidogenic derivatives in the generalized
bioenergetic deficit. This then leads to the generation of increased radical oxygen species
and subsequently, neuronal apoptosis, in a self perpetuating cycle of mitochondrial and

cellular degeneration involved in the pathophysiology of Alzheimer’s disease.
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1.0 REVIEW OF LITERATURE

1.1 Histopathology of Alzheimer’s Disease

Alzheimer’s disease (AD) is a cerebral degenerative disorder characterized by
gradual loss of memory, reasoning, orientation and judgment affecting 1% of the
population of the western world (Katzman, 1986), and 5-10% of all people over 65 years
ofage (Hurtley, 1998). Symptoms are correlated with the appearance of amyloid deposits
mainly in the hippocampus and association cortex of the brain (Roth et al., 1966;
Goedert, 1993; Haas and Selkoe, 1993; Kosik, 1994; Trowjanowski and Lee, 1994). The
brains of AD patients contain many extracellular, amyloid neuritic plaques (NP), which
are dense, heterogeneous, extracellular deposits, largely composed of the 39-43 amino
acid beta-amyloid peptides (BAP), the cytotoxic cleavage products of the beta-amyloid
precursor protein (APP) (Figure 1). AD brains also contain neurofibrillary tangles (NFT;
intracellular accumulation of abnormally phosphorylated microtubule-associated protein
tau, arranged into paired helical filaments [PHF)), dystrophic neurites (enlarged neuronal
processes filled with PHFs), and show profound synaptic loss and gliosis (activated
microglia and reactive astrocytes) (Glenner and Wong, 1984 aand b; Masterset al., 1985
a and b; Masters and Bayreuther, 1988; Games et al., 1995; Lamb, 1997).

The classic NP consists of a central BAP-immunoreactive amyloid core
surrounded by dystrophic neurites (Cummings et al., 1998). Amyloid is deposited in

cerebral blood vessels (cerebral amyloid angiopathy [CAA]) as well as in diffuse and



>
>
*oPPPY
bbdbddd

695
C L i "'a :3\
- &2\
4”’ .': \
f"’ > \
‘,n"” \.
o Q0 -9
B a *- 2 -2
' ¥ 0 Y -4
... IVl [wmmmlwvn]r v IVITLVMLERKQ. ..
il G/\Q [ /N :
..
NL f \ . FGI o
Swedish Hendnks  Ouich nr
double muaon  mulabon mutations
mykabon

Figure 1 Schematic representation of the human B-amyloid precursor protein (APP).
Various isoforms of APP are produced by alternative splicing of pre-mRN As to exclude
the OX-2 antigen domain (amino acids 345-364 of APP,,,) to produce APP,,, the
Kunitz-type protease-inhibitor domain (amino acids 389-344 of APP,,) to produce
APP,,,, or both domains to produce APP,; a-secretase-mediated cleavage of a
proportion of cellular APP molecules at Lys®*’-Leu®®® of APP,,, (BAP Lys'*-Leu'’)
precludes the formation of BAP. Intracellular processing of APP by - and y-secretases,
however, yields intact BAP, consisting of 28 amino acids derived from the extracellular
domain and 12-14 amino acids from the transmembrane domain. A number of point
mutations in the APP molecule have been identified in the vicinity of the PAP sequence.
These mutations co-segregate with family pedigrees predisposed to early onset FAD, and
are characterized by alterations in the formation and deposition of PAP. (Price et al.,
1998).



neuritic plaques (Olichney et al., 1995; Vinters et al., 1996). Nerve cell loss, particularly
affecting the larger neurons of the superficial cortex, is a consistent feature of AD
(McGeer et al., 1994; Morris, 1995; Terry, 1997; Gomez-Isla et al., 1997). Presynaptic
terminal density is decreased by an average of 45% at the time of autopsy (McGeeret al.,
1994), and synapses are greatly reduced in the region of NPs (Terry et al., 1991).
Extraneuronal ghost tangles may be seen in the entorhinal cortex and represent the

insoluble residue of neurons that have died (Morris, 1995).

1.2 Genetic Factors

AD occurs in two forms: (i) the rare, early onset familial AD (FAD), an
autosomal dominant disorder caused by mutations in the genes encoding three integral
membrane proteins, APP, presenilinl (PS1) and presenilin 2 (PS2), whose precise
functions are unknown (Goate ef al., 1991; Chartier-Harlin et al., 1991; Murrell, 1991;
Hendricks et al., 1992; Mullan et al., 1992; Levy-Lahard, 1995; Rogaev ef al., 1995;
Sherrington er al. 1995; Hardy, 1997; Price and Sisodia, 1998), and (ii) the common
sporadic, non-familial AD, in which the non-mutated forms of all three proteins are
probably involved (Dewji and Singer, 1997).

Down Syndrome (DS) patients over the age of 30 almost universally have AD-
type pathology in the brain, and the prevalence of dementia increases with age
(Wisniewski ef al., 1985). Patients with DS have three copies of chromosome 21, which

bears the gene for APP, and have increased production of BAP (Govoni et al., 1996;



Hardy, 1997).

Several missense mutations of the APP gene have been described in a limited
number of early-onset AD families. The mutations occur near the beginning and the end
of the BAP sequence within the APP gene. They affect APP processing in different
ways, but all increase the production of PAP (Goate ef al., 1991; Chartier-Harlin et al.,
1991; Hardy, 1997), particularly the form with 42 amino acids (BAP,,), which has the
greatest association with neurotoxicity (Mann et al., 1996; Lendon et al., 1997; Hardy,
1997; Cummings et al, 1998).

Several missense mutations of the PS1 gene on chromosome 14 account for most
cases of FAD. These mutations also increase the production of BAP,, (Sherrington et al.,
1995; Mann er al., 1996; Hardy, 1997). A small number of families have mutations of
the PS2 gene on chromosome 1 (Rogaev et al., 1995; Levy-Lahard et al., 1995 aand b),
which also increases production of BAP,, (Mann et al., 1997).

A major genetic risk factor for late-onset sporadic AD is possession of the apoE
€4 allele (apoE-4) (Corder et al., 1993), which is associated with increased deposition
of BAP (primarily BAP,;), an apparent facilitated configurational change from diffuse to
aggregated amyloid in a beta-pleated sheet configuration (Gomez-Isla et al., 1996), and
an increased frequency of NPs and CAA (Gomez-Isla et al., 1996; Olichney et al., 1996).
A mutation in the gene encoding a,-macroglobulin (a,M) also increases the susceptibility
to develop AD, possibly by allowing PAP to accumulate to abnormally high levels
(Marx, 1998).

There is an increased risk for AD in offspring of AD affected women, suggesting

4



one risk factor for AD is maternal inheritance. This could be related to inheritance of
mitochondrial DNA (mtDNA) (Edland et al., 1996), as it is known mitochondrial

function is impaired in AD.

1.3.0 Amyloid Precursor Protein

APPs are synthesized as N- and O-glycosylated integral transmembrane proteins
which span the lipid bilayer once. There is a large amino (NH,)-terminal extracellular
domain, a transmembrane domain (TMD) and a short 47 residue long cytoplasmic
domain (Dyrks et al., 1988; Weidemann et al., 1989) (Figure 1). Different transcripts of
APP arise from alternative splicing of APP mRNA, the major transcripts having 695
residues (APPy,;), 751 residues (APP,,), and 770 residues (APP,,,) (Kang et al., 1987;
Tanzi et al., 1988; Kitaguchi et al., 1988; Ponte ef al., 1988; Oltersdorf et al., 1989; Van
Nostrand et al., 1989).The boxes above the APP schematic in Figure 1 (containing
numbers 770 and 751) represent the amino acid sequences missing from APP;s, that

when spliced into APP, generate the isoforms, APP,,;, and APP,, (Price et al., 1998).

1.3.1 Suspected functions of APP

One problem in understanding the pathophysiology of AD is that the biological
functions of APP are unknown. Suspected functions of membrane-bound APP include
inhibition of extracellular serine proteases (Oltersdorf ez al., 1989), inhibition of platelet

coagulation factor XlIa (Smith et al., 1990), involvement in cell adhesion (Schubertez al.,



1989; Breen ef al., 1991; Small et al., 1992; Jin et al., 1994), neurite outgrowth and
extension (LeBlanc ef al., 1992; Milward et al., 1992; Koo et al., 1993; Small et al.,
1994; Jin et al., 1994; Qiu et al., 1995), synaptic plasticity (Mattson et al., 1993 a), and
synaptotrophic effects (Mattson et al., 1993 a; Mucke et al., 1994). The secreted form of
APP (sAPP), the large NH,-terminal fragment produced by normal, non-amyloidogenic
proteolytic cleavage within the BAP sequence region by a-secretase (Figure 1), stabilizes
intracellular free Ca®>* ({Ca’'],) and protects neurons against excitotoxic insults (Mattson,
1994). This suggests sAPPs are important for modulating activity-dependent processes
throughout the brain. It was shown that sAPP activated high conductance potassium (K*)
channels that caused a decrease in [Ca '], (Furukawa et al., 1996), thereby suppressing
[Ca?']; responses to the excitatory neurotransmitter, glutamate (Glu), and modulating the
effects of Glu on neurite outgrowth and cell survival (Mattson et al., 1993 a; Mattson,
1994). This may explain the effects of APP on synaptogenesis (Roch et al., 1994) and
synaptic plasticity (Huber ef al., 1993).

APP may function as a cell surface receptor, connected to various intracellular
pathways via its cytoplasmic domain interacting with intracellular effector molecules. Its
structure is similar to that of the extracellular matrix protein receptors, the integrins, and
its carboxy (COOH)-terminal region bound an intracellular protein, APP-BP1, which

may be involved in the cellular ubiquitination pathway (Chow et al., 1996).

132 Processing of APP

A fundamental event in the pathogenesis of AD is the enhanced, aberrant,

6



amyloidogenic processing of APP, which causes excessive production of neurotoxic AP
species. A constitutive, non-amyloidogenic, proteolytic cleavage of APP, by an
uncharacterized a-secretase, occurs in the trans-Golgi network or other end-stage
compartments of the protein secretory pathway (Sambamurti et al., 1992; De Strooper
et al., 1993; Kuentzel et al., 1993), including caveolae (Ikezu et al., 1998), or at the cell
surface (Sisodia, 1992). The a-secretase generates the soluble 90-110 kDa sAPP (the
ectodomain of APP) and a membrane-bound 9 kDa COOH-terminal derivative. The
sAPP COOH-terminal site of cleavage is at amino acid 16 of the BAP sequence, which
means the NH, terminus of BAP is not produced by normal non-amyloidogenic
proteolytic cleavage (Wiedemann et al., 1989; Sisodia et al., 1990; Esch et al., 1990;
Anderson et al., 1991; Sisodia, 1992; Haas and Selkoe, 1993).

BAPs are generated by endoproteolytic cleavage of APP (amyloidogenic
processing) by uncharacterized endopeptidases called - and y-secretases, at the amino
and carboxy termini, respectively, of the BAP sequence of APP (Haas and Selkoe, 1993).
The initial step in the abnormal processing of APP in AD occurs at the NH,-terminus of
the BPAP sequence, generating a potentially amyloidogenic COOH-terminal fragment
containing the BAP sequence, the transmembrane, and cytoplasmic domains of APP
(Estus et al., 1992) (Figure 1). It is believed this cleavage occurs in the medial-golgi
network and endosomal/lysosomal pathways (Shoji ef al., 1992; Caporaso et al., 1992;
Estus et al., 1992; Golde et al., 1992; Haas et al., 1992; Knops et al., 1992; Perez et al.,
1996; Thinakaran et al., 1996), or in the secretory pathway proximal to the cell

membrane (Busciglio et al., 1993; Haass et al., 1993; Seubert et al., 1993). The B-

7



secretase cleavage is thus the first step in Alzheimer’s-type amyloidogenesis, and sets the
stage for the next cleavage by y-secretase. The latter cleaves between residues 40 and 41,
or residues 42 and 43 (cleavage between residues 43 and 44 can also occur) of the
COOH-terminal fragment (Kosik, 1999). The y-secretase cleavage site requires exposure
by membrane damage, such as induced by lipid peroxidation (Dyrks et al., 1992).
Cleavage of the COOH-terminal amyloid fragments by y-secretases to release the 39-43
amino acid BAP species probably occurs in the endosome/lysosome pathway (Busciglio
et al., 1993), although it appears that the endoplasmic reticulum (ER) may be the site of

generation of BAP,, but not BAP,, in neurons (Hartmann et al., 1997).

1.4.0 Pathophysiology of APP and BAP

The formation and slow accumulation of the cytotoxic BAP in NPs in the
hippocampus and adjoining areas of the brain, altered metabolism of APP,
overexpression of APP, reduced glucose uptake into brain cells, impaired oxidative
phosphorylation (OXPHOS) due to mitochondrial dysfunction, oxidative damage to
cellular proteins, lipids and nucleic acids, neuronal excitotoxic mechanisms, and
apoptosis have all been implicated in the neurodegenerative process of AD (Mattson,
1993[a] and 1994; Mark et al., 1995; Dewji and Singer, 1996; Keller et al., 1997;
Shoulson, 1998).

There are numerous BAP species with extensive NH,- and COOH-terminal

heterogeneity (Murphy et al., 1999). About 90% of secreted BAPs are the soluble forty



amino acid long BAP,,, and 10% are the 42 and 43 residue PAP,, and BAP,;, which are
highly fibrillogenic, readily aggregated, and neurotoxic (Jarrett and Lansbury, 1993;
Yankner, 1996 ; Mann et al., 1996 & 1997; Lansbury, 1997; Mattson, 1997). The major
BAP species in cell culture media and cerebrospinal fluid (CSF) were found to be BAP,,
(50-70%), although some BAP,, (5-20%) was also present, as well as lesser amounts of
other peptides, including BAP,, (Murphy et al., 1999). Self-association occurs faster for
the longer, more hydrophobic form of BAP (BAP,, versus BAP,,) (Jarrett ef al., 1993;
Snyder et al., 1994), it assembles more rapidly into filaments in vitro (Jarrett et al.,
1993), and is prone to aggregate into amyloid fibrils. The amyloid fibril is the neurotoxic
form of BAP, with the soluble and non-fibrillar aggregates mostly being non-toxic (Pike
et al., 1993; Lorenzo and Yankner, 1994). BAP,, and BAP,; peptides are deposited early
and selectively in plaques (Roher et al., 1986; Iwatsubo et al., 1994; Lemere et al., 1996),

and are deposited earlier in the disease process than BAP,, (Saido et al., 1995).

1.4.1 Evidence supporting BPAP pathogenicity

The production and accumulation of BAP is accepted as being the primary event
involved in the pathogenesis of AD (Cordell, 1994; Selkoe, 1994 a), and the abnormal
accumulation of BAP is thought to be due partially to increased generation of APP and
to abnormal processing of it (Selkoe, 1994b and c). A primary pathogenic role for APP
and BAP is suggested by the findings that aggregated BAP is directly toxic to cultured
nerve cells and clonal cell lines (Yankner et al., 1989 and 1990; Koh et al., 1990; Pike

etal., 1991 and 1993; Mattson et al., 1992; Loo et al., 1993; Behl et al., 1992 and 1994),



increased accumulation of BAP,, in the brain causes amyloid neurotoxicity leading to
dementia (Yankner et al., 1990), BAP,, is more abundant in AD brain tissue than in age-
matched controls (Selkoe, 1994 d), and all FAD mutations influence APP processing in
amanner that results in elevated production of the highly amyloidigenic BAP,, and BAP,,
peptides (Price er al., 1998). All mutations causing FAD must alter the proteolytic
processing of APP, such as by altering y-secretase activity (Scheuner et al, 1996; Murphy
et al, 1999). This may result in decreased production of the neuroprotective sAPP

(Mattson et al, 1993).

1.4.2 Pathogenic mechanisms of PAP

In relation to the pathophysiology of AD, it is known that PAP and B-amyloid
fibrils disturb the integrity of cell membranes, generate reactive oxygen intermediates
(ROI) and the accompanying cytotoxic cellular oxidant stress, increase susceptibility to
Glu-induced excitotoxic stress, promote microglial activation and cytokine release, and
eventually cause neuronal cytotoxicity and cell death (Yankner et al., 1990; Davis et al.,
1992; Araujo and Cotman, 1992; 1993; Koo et al., 1993; Pike et al., 1993; Haass and
Selkoe, 1993; Kosik, 1994; Trowjanowski and Lee, 1994; Hensley et al., 1994; Behl et
al., 1994; Klegeris et al., 1994; Lorenzo and Yankner, 1994; Meda et al., 1995; Benzi
and Moretti, 1995; Cotman and Anderson, 1995; Busciglio and Yankner, 1995).

BAP’s induction of plasma membrane lipid peroxidation, impairment of ion-
motive ATPases and Glu uptake, uncoupling of G-protein-linked receptors, and

generation of reactive oxygen species (ROS), all contribute to loss of [Ca®*]; homeostasis
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that contributes to cell death (Mark et al., 1996).

One way BAP adversely affects neuronal function and survival is by its reported
stimulation of the production of hydrogen peroxide (H,0,), which led to oxidative
damage and cell death (Behl et al., 1992 and 1994). Oxygen radicals produce injury to
neuronal membranes and to mtDNA (Mecocci et al., 1994), make neurons more
vulnerable to dysfunction produced by Glu (Beal, 1992), and contribute to aggregation
and deposition of BAP (Beal, 1995). BAP also induces activation of microglia leading
to secretion of toxic free radicals and cytokines, which may further damage neurons
(Meda et al., 1995).

Proposed mechanisms for BAP’s deleterious effects include direct neurotoxicity
(Yankner et al., 1989 and 1990), and induction of Ca’* metabolism derangements leading
to enhanced excitotoxicity (Mattson et al., 1992 and 1993 b; Mattson, 1994 a),
membrane permeability enhancement (Simmons and Schaeider, 1993), and formation of
Ca” channels that lead to abnormally high cytosolic Ca?* concentration and subsequent
cell death (Arispe et al., 1993). BAP forms free radical peptides and aggregates that
destabilize [Ca**); and make neurons vulnerable to metabolic insults (Mattson, 1994 a).
The disturbed Ca** homeostasis and increased intraneuronal Ca** concentration induced
by BAP may activate intracellular proteases, lipases, and other enzymes, leading to cell
death (Mattson ef al., 1993 b; Hardy and Higgins, 1992; Khachaturian, 1994).

Senile plaques (NPs) contain a high concentration of microglia that express class
A scavenger receptors (SR) (Wisniewski et al., 1989; Christie et al., 1996), and glycated

matrix proteins that are ligands for class A SRs are present in Alzheimer lesions (Smith
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et al., 1994; Vitek et al., 1994). It is postulated that deposition of B-amyloid fibrils
induces microglia to adhere to B-amyloid fibrils via their class A SRs, probably in an
attempt to clear them from the extracellular milieu. The high density of SR ligands in
these BAP deposits causes immobilization of microglia that come into contact with them,
and induces these microglia to secrete cytokines, ROS and nitrogen species that injure
neighbouring neurons (El Khoury et al., 1996). It has previously been shown that SRs
participate in the production of ROS (Hartung ef al., 1986).

Advanced glycation end products (AGEP) could play an important role in the
etiology of AD. AGEPs produce modified structures that form protein cross-links, and
are known to generate ROIs (Vitak et al., 1994; Yan et al., 1994; Ledesma et al., 1994).
Protein cross-linking inhibits the physiological function of many proteins, and AGEPs
may contribute to the transformation of the soluble form of BAP into its insoluble
version. Their induction of oxidative stress may also contribute to their suspected role
in the pathogenicity in AD (Thome et al., 1996).

The receptor for advanced glycation end products (RAGE) is one receptor
postulated to mediate the interaction of BAP with endothelial cells and neurons, resulting
in cellular oxidant stress, and with microglia, resulting in cellular activation (cytokine
production, chemotaxis, haptotaxis). Interaction of BAP with neurons and vascular cells
caused oxidant stress and subsequent deleterious effects on cellular function and organic
homeostasis (Yan et al., 1996).

BAP aggregates and amyloid fibrils have also been found inside cells (Knauer et

al., 1992; Fuller et al., 1995; Yang et al., 1995; Tumer et al., 1996; Wild-Bode et al.,
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1997; Xia et al., 1997; Xu et al., 1997; Tierari et al., 1997; La Ferla et al., 1997), and
BAP can be generated in the ER (Wild-Bode et al., 1997; Tienari ef al., 1997) and be
taken up by endocytosis (Knauer ef al., 1992; Yang et al., 1995; La Ferla et al., 1997;
Urmoneit et al., 1997). Therefore, BAP may target intracellular molecules (e.g. ERAB),
mediating cellular stress and ultimately apoptosis, due to increased amounts of BAP (Yan

etal., 1997).

1.S Bioenergetic Defects

It has been known for some time that there are specific bioenergetic defects in
multiple tissues in AD patients (Swerdlow et al., 1997), and that a bioenergetic
mechanism may be a primary event in the pathogenesis of AD (Blass et al., 1988; Blass
and Gibson, 1991; Beal, 1992; Hoyer, 1993; Mutisya et al., 1993; Swerdlow et al.,
1994). Defects in glucose utilizatior. and citric acid cycle metabolism have been
described in AD (Parker and Parks, 1995).

Abundant evidence indicates that abnormalities of cerebral metabolism are a
major factor underlying the pathogenesis of AD. Many reports have shown that
reductions in AD brain occur in the pyruvate dehydrogenase complex (the link of
glycolysis to the Kreb's cycle), the alpha-ketoglutarate dehydrogenase complex (the link
of Kreb's cycle to glutamate metabolism) and COX of the mitochondrial ETC (the link
of the Kreb's cycle to oxygen utilization). Additional results indicate that the reductions

can also be secondary to other causes including oxidative stress. A variety of data suggest
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that the mitochondrial insufficiencies contribute significantly to the pathophysiology of
AD (Gibson et al., 1998).

A key process in AD is decreased glucose turnover and a subsequently decreased
oxidative phosphorylation, linked directly to secondary amyloid formation and nerve cell
atrophy (i.e. disturbances of OXPHOS and glucose turnover induce PAP production)
(Roberts et al., 1991; Meier-Ruge and Bertoni-Freddari, 1997). The reduced OXPHOS
causes the generation of BAP and the loss of neuronal synapses, because APP is not
inserted into neuronal membranes in the absence of sufficient ATP. This leads to the
generation of BAP and to amyloidosis (Meier-Ruge and Bertoni-Freddari, 1997).

Blood glucose levels are abnormally low in Alzheimer's dementia, and it was
found that the fasting plasma glucose level was significantly reduced (about 20%) in
patients with Alzheimer's dementia compared to those without the disease (Itagakiet al.,
1996). In vivo imaging of AD patients using positron emission tomography (PET)
showed progressive reduction in brain glucose metabolism and blood flow in relation to
dementia severity. The reductions reflect physiological down-regulation of gene
expression for glucose delivery, OXPHOS, and energy consumption in brain
(Chandrasekaran et al., 1996). In a study (using PET) measuring the cerebellar and
cerebral metabolic rate for glucose (CMRglc) in AD and age-matched normal control
subjects, it was found that, in severe AD, both cerebellar and cerebral glucose
metabolism were significantly reduced (Ishii et al., 1997). Plasma protein glycation
specifically derived from glucose was evaluated in moderate and severe AD patients and

compared with an age-matched control group. The results suggested an eventual
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impairment in glucose peripheral use or an increase in protein glycation rate associated
with AD (Riviere et al., 1998).

Deficits in energy metabolism are a major cause of amyloidogenic processing of
APP. Inhibition of cytochrome ¢ oxidase (COX, Complex IV) of the electron transport
chain (ETC) caused amyloidogenic processing of APP (Gabuzda et al., 1993; Iverfeldt
et al., 1993). ATP depletion markedly induced the production of a potentially
amyloidogenic 11.5 kDa COOH-terminal derivative of APP in the secretory pathway
(Gabuzda et al., 1994). In COS cells, metabolic stress due to glucose deprivation caused
a 26% decrease in soluble APP (sAPP) secretion. Sodium azide, an inhibitor of COX,
decreased sAPP release in a concentration dependent manner (maximum -75%). These
results suggest that the inhibition of energy metabolism can influence APP processing
leading to a decreased secretion of non-amyloidogenic fragments of APP (Gasparini ef
al., 1997), and an increased generation of potentially amyloidogenic fragments (Gabuzda

et al., 1994).

1.6 COX Deficit

The mitochondrial ETC’s cytochrome ¢ oxidase (Complex IV, COX) is a thirteen
subunit multimeric enzyme, located in the inner mitochondrial membrane. Only three of
its subunits (COX [, COX II, COX HI) are encoded by mtDNA (Edland ez al., 1996).
COX is involved in the mitochondria generation of ATP by the process of oxidative

phosphorylation (Wallace, 1999).
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COX was shown to be catalytically depressed and kinetically abnormal in AD
cerebral cortex, fibroblasts and platelets, suggesting the enzyme may be structurally
altered. It was, however, expressed at normal levels (Parker et al., 1990; Kish et al.,
1992; Mutisya et al., 1993 and 1994; Parker et al., 1994 a and b; Beal, 1995; Parker and
Parks, 1995).

The COX and other ETC activities were assayed in platelet mitochondria isolated
from patients with AD. Five of 6 patients had striking 50% reductions of platelet activity.
Other ETC catalytic activities were not significantly different than control values. It was
postulated that AD may be a systemic illness, a primary defect in COX may be
pathogenically important in its production, and the mitochondrial genes encoding COX
subunits may be important in producing the defect (Parker ez al., 1990; Parker, 1991). In
another assay, mean platelet COX activity in AD patients was significantly less (~18%)
than in controls. Complex Il (ubiquinol:cytochrome ¢ oxidoreductase), complex II
(succinic dehydrogenase), and citrate synthase were all assayed as internal controls and
were not significantly different in controls and Alzheimer patients. This points to a
relatively specific loss of platelet COX activity in Alzheimer disease patients (Parker et
al.,1994 a).

Fibroblasts from AD patients have also displayed decreased COX activity. The
results from determining the basal oxygen consumption rate (QO,) supported the
hypothesis that subtle dysfunctions of oxidative energy-producing processes are present
in fibroblasts from sporadic AD patients. In tissues, such as the brain, that rely heavily

on oxidative metabolism for their function, similar alterations may trigger molecular
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mechanisms leading to cell damage (Curti et al., 1997). The ETC activities in
mitochondria isolated from autopsied brain samples from AD patients and from controls
with and without known neurologic disease demonstrated a generalized depression of
activity of all ETC complexes, being most marked in COX activity. These findings agree

with the proposition that the ETC is defective in AD brain, and the defect centers about
COX (Parker et al., 1994 b ). The activity of COX in homogenates of autopsied brain
regions of patients with AD and controls showed that mean COX activity in AD brain
was reduced in frontal (-26%), temporal (-17%), and parietal (-16%), though not
significant) cortices. The reduction of COX activity, which is tightly coupled to neuronal
metabolic activity, was proposed to be explained by hypofunction of neurons, neuronal
or mitochondrial loss, or possibly by a more primary, but region-specific, defect in the
enzyme itself. [t was concluded that the absence of a COX activity reduction in all of the
examined brain areas does not support the notion of a generalized brain COX
abnormality. Although the functional significance of a 16-26% cerebral cortical COX
deficit in human brain is not known, a deficiency of this key energy-metabolizing enzyme
could reduce energy stores and thereby contribute to the brain dysfunction and
neurodegenerative processes in AD (Kish et al., 1995). Parker and Parks (1995) showed
that purified AD brain COX displayed anomalous kinetic behavior compared with
control brain COX, in that the low Km binding site was kinetically unidentifiable. For
purposes of comparison, COX was also purified from a standard beef heart preparation
and was found to display normal kinetic behavior. It was thus proposed that AD brain

COX may be structurally abnormal and may, in agreement with other findings, make an
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important contribution to the bioenergetic defect seen in AD (Parker and Parks, 1995).
Mutisya et al. (1994) measured the activities of Complexes [-IV in frontal, temporal,
parietal, and occipital cortices of AD brains. Complexes I-III showed a small decrease
in activity in the occipital cortex only. The most consistent change was a 25-30%
reduction of COX in four cortical regions examined. Reichmann et al. (1993)
demonstrated a marked decrease in COX, and lesser deficits in Complex I and III
activities, in homogenate and purified mitochondrial fractions from AD patients
compared with controls. Another study that evaluated the level of COX in various brain
regions of post-mortem AD and control patients, found that there was reduced COX
levels and activity in all cortical areas examined, suggesting a generalized suppression
of oxidative metabolism throughout the cortex (Wong-Riley et al., 1997).

Alteration in mitochondrial COX gene expression might underlie the reduction
in COX activity in AD. There was found to be a selective reduction in mRNA levels for
the mitochondrial-encoded COX II subunit, both in regions with NFTs, senile NPs, and
neuronal loss and regions relatively spared from these neuropathological changes. The
data suggested that the reduction in COX activity in brain regions from individuals with
AD may be a result of an alteration in mitochondrial COX gene expression that extends
beyond neurons directly affected by structural pathology (Simonian and Hyman, 1994).
Supporting the above findings, brains from five patients with AD showed a 50%-65%
decrease in mRNA levels of COX subunits I and II in the middle temporal association
neocortex, but not in the primary motor cortex, as compared to five control brains

(Chandrasekaran et al., 1994). There was also found to be a 50% decrease in mRNA
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levels of mtDNA-encoded COX I and III in post-mortem AD brains, in an association
neocortical region (midtemporal cortex), but not in the primary motor cortex unaﬂ‘ected
in AD. There were 50-60% decreases in mRNA levels of nuclear DNA (nDNA)-encoded
COX IV and the beta-subunit of the F,F,-ATP synthase in midtemporal cortex, but not
in the primary motor cortices of the AD brains (Chandrasekaran et al., 1997). Follow up
work demonstrated that COX II mRNA from post-mortem brain tissue was markedly
reduced in the entorhinal cortex and the hippocampal formation compared with control
brains. In the hippocampus, reductions were in regions severely affected by AD
pathology as well as in regions that were relatively spared (Chandrasakaran ef al., 1998).
These data suggest that the decrease in COX I, I and III subunits mRNA in affected
brain regions may contribute to reduced brain oxidative metabolism in AD (COX is a
marker for oxidative metabolism) (Chandrasakaran et al., 1994). As well, it appears
reduced neuronal activity and downregulation of OXPHOS machinery cause coordinated
decreases in expression of mitochondrial and nuclear genes in the association cortex of
AD brains (Chandrasekaran et al., 1997), and reduced mitochondrial energy metabolism
reflects loss of neuronal connections (Chandrasekaran et al., 1998).

Cybrids have been used to study OXPHOS. Cybrids are formed by the
transferring of mitochondria from living patients to mitochondria-deficient cells (p°
cells). The resulting cybrids enable one to determine whether any observed defects in
OXPHOS in a patient’s tissues are attributable to alterations in a patient’s mtDNA, as the
patient’s mitochondria now function in the presence of a different nuclear genome (Beal,

1997). Neuroblastoma AD cybrids demonstrated a 52% decrease in COX activity, an
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elevation of ROS levels, increased basal cytosolic [Ca”*] and an enhanced sensitivity to
inositol-1,4,5-triphosphate-mediated release. It was suggested that the subtle alterations
in Ca® homeostasis and ROS generation might lead to increased susceptibility to cell
death under circumstances not ordinarily toxic (Sheehan et al., 1997). AD cybrids were
shown to have increased levels of ROS in the presence of increased, compensatory free
radical scavenging enzymes. It was postulated a primary biochemical defect (COX
dysfunction) creates a secondary biochemical defect (increased ROS generation), both
being relevant to neurodegeneration (Swerdlow et al., 1997; Beal, 1997).

COX may also play a critical role in specific groups of neurons involved in
learning and memory (Parker et al., 1994 b). Inhibition of COX in rats resulted in their
cognitive impairment and abnormal hippocampal LTP (Bennett et al., 1992). And there
is some correspondence between the expression of mRNA of COX I, COX II and COX
Il and cell groups involved in AD, which may allow for a widespread modest depression
of COX activity to produce focal CNS disease (Chandrasakaran ef al., 1992 a and b). It
is known COX failure would cause depression of ATP synthesis and bioenergetic
impairment, and such impairment resulting from primary ETC dysfunction has been
shown to cause late onset and focal CNS disease (Wallace ef al., 1988; Parker et al.,
1989 a and b, and 1990 b; Gato et al., 1990; Shapira et al., 1990; Shoffner et al., 1990
and 1991; Howell et al., 1991). COX abnormalities have also been linked to other

disorders characterized by cortical degeneration (Prick et al., 1983; Danks, 1983).
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1.7 Overexpression of APP

In AD, the abnormal accumulation of BAP is thought to be due partially to
increased generation of APP and to abnormal processing of it (Selkoe, 1994 band c). The
pathogenic mechanisms of plaque formation include alterations in APP gene expression.
There is augmented expression of APP gene transcripts in Down’s Syndrome and in
specific areas of the brain in AD (Higgans et al., 1988; Cohen et al., 1988; Neve et al.,
1988; Johnson et al., 1990). Duplication of the APP gene on chromosome 21 is sufficient
for amyloid deposition and subsequent development of Alzheimer-type neuropathology
(Hyman, 1992). Post-mitotic neurons overexpressing full-length APP showed
degeneration in vitro (Yoshikawa et al., 1992).

Marked increase in APP gene expression accompany environmental risk factors
for AD, such as brain trauma, temporary ischemia and heat shock. The process is
potentiated by an ischemic Glu release that opens cellular Ca® channels, inhibiting
glucose turnover and ATP production, and which is accompanied by the generation of
BAP (Roberts et al., 1991; Meier-Ruge and Bertoni-Freddari, 1997). It has been
postulated that increased expression of the APP gene may alter the processing of the
protein, producing more insoluble BAP (Nalbantoglu et al., 1997).

There is a relationship between APP overexpression and abnormalities of COX
and mitochondrial structure (Shigenaga et al., 1994). The overexpression of APP via an
adenovirus vector in cultured normal human muscle fibres caused decreased COX

activity and structural abnormalities of mitochondria, in a dose- and duration-dependent
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manner. Decreased COX activity preceded the mitochondrial structural changes (Askanas

et al., 1996).

1.8 Oxidative Stress

Oxidative stress is an important factor in the development of AD, as an
etiopathogenic oxidative stress hypothesis has been supported by several experimental
findings (Olanow and Arendash, 1994; Beal, 1995; Harman, 1995; Benzi and Moretti,
1995). Oxidative stress refers to the cytotoxic consequences of oxygen radicals -
superoxide anion ('O,), hydroxy radical (OH), and hydrogen peroxide (H,0,) - which
are generated as byproducts of normal and aberrant metabolic processes that utilize
molecular oxygen (Coyle and Puttfarcken, 1993). The brain consumes a disproportionate
amount of the body’s oxygen, deriving its energy almost exclusively from oxidative
metabolism of the mitochondrial respiratory chain (Halliwell and Gutteridge, 1989).
ROS are continuously produced by mitochondria, and if the cell’s anti-oxidant defense
mechanisms are overwhelmed, oxidative stress occurs (Mecocci ef al., 1998). Many
processes and enzymes in the brain also increase the levels of ROS and radical nitrogen
species, by producing them as by-products of their reactions (Coyle and Puttfarcken,
1993). Oxidative stress damages lipids, proteins and DNA, resulting in necrosis or
apoptosis (Simonian and Coyle, 1996).

Direct evidence supporting increased oxidative stress in AD include (i) increased

brain iron, aluminum and mercury in AD capable of stimulating free radical generation,
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(ii) increased lipid peroxidation and decreased polyunsaturated fatty acids (PUFA)in AD
brain, and increased 4-hydroxynonenal (HNE), an aldehyde product of lipid peroxidation
in AD ventricular fluid, (iii) increased protein and DNA oxidation in AD brain, (iv)
diminished energy metabolism and decreased COX in brain in AD, (v) AGEP,
malondialdehyde, carbonyls, peroxynitrite, heme-oxygenase-1 and superoxide dismutase
1 (SOD-1) in NFTs, and AGEP, heme oxygenase-1 and SOD-1 in senile plaques, (vi)
plus the fact that BAP can generate ROS. Indirect evidence comes from many in vitro
studies showing that free radicals are capable of mediating neuron degeneration and
death, whether or not they are a primary or secondary (e.g. to tissue damage) event
(Markesbery, 1997). It has been demonstrated that AD COX does act as a ROS generator
(Partridge et al., 1994; Lakis et al., 1995; Parker and Parks, 1995), which would account
for the increased levels of lipid peroxidation in AD brain and other indicators of free
radical involvement (Subbaro et al., 1990; Volicer and Crino, 1990). There is a
relationship between the redox state of the cell and the degeneration in AD (Smith et al.,
1991; Behl ez al., 1994 a). When the ETC is inhibited, electrons accumulate in the early
stages of the ETC (complex [ and CoQ), where they can be donated directly to molecular
oxygen to give superoxide anion. This is detoxified by mitochondrial manganese SOD
(MnSOD) and glutathione peroxidase. Chronic ROS exposure leads to oxidative damage
to mitochondrial and cellular proteins, lipids, and nucleic acids, and acute ROS exposure
can inactivate the iron-sulphur centres of ETC complexes I, I, and III, and aconitase of
the Krebb’s cycle, resulting in shutdown of mitochondrial energy production (Wallace

1997 and 1999). It is known BAP causes plasma membrane lipid peroxidation and
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generation of ROS that contribute to cell death (Mark et al., 1996). The neurotoxic
actions of BAP could be blocked by antioxidants (Behl et al., 1992), and relied on the
presence of reactive oxygen intermediates (Behl ef al., 1994).

It has been shown that BAP caused oxyradical-mediated impairment of glucose
transport, Glu transport, and mitochondrial function in rat neocortical synaptosomes.
Several antioxidants prevented the PAP-induced impairment of glucose transport,
indicating that lipid peroxidation was causally linked to the adverse action of BAP. It is
suggested that oxidative stress occurring at synapses may contribute to the reduced
glucose uptake and synaptic degeneration that occurs in AD patients (Keller et al., 1997).

One mechanism of oxidative stress is the nitration of tyrosine residues in proteins,
mediated by peroxynitrite breakdown. The latter is a reaction product of NO and
superoxide radicals. Oxidative stress is linked to NFT formation, and NO excitotoxicity
and expression is linked to the pathogenesis of AD (Good ef al., 1996).

Brain, and specifically neurons, are particularly vulnerable to impairments of
oxidative metabolism because of their tight dependence on continuous oxidation of
glucose to maintain their structure and function. Several studies have shown the brain
areas of greatest vulnerability in AD include those particularly sensitive to oxidative
impairments (Blass and Gibson, 1991). As well, brain cells are at great risk from damage
caused by free radicals. The brain has an extremely high rate of oxygen consumption,
and CNS neuronal membranes are high in PUFASs that are very vulnerable to lipid
peroxidation (Behl ef al., 1994 a). The free radical attack on PUFAs causes lipid

peroxidation and organic peroxy radicals to build up in a self perpetuating cycle. As well,
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the abstracted lipid hydrogen atoms combine with the peroxy radicals to form lipid
hydroperoxides which, in the presence of ferrous ions, decompose to alkoxy radicals and
aldehydes. Thus, the end result is the generation of numerous toxic reactants that rigidify
membranes by cross-linking, disrupt membrane integrity, and damage membrane proteins
(Coyle and Puttfarcken, 1993).

A critical reason why oxidative stress is important in AD, is that the aggregation
of BAP and other amyloidogenic APP-derived peptides depends on radical generation
systems (metal catalyzed oxidation systems) which transform soluble peptides into
insoluble aggregating molecules. This involves radical-induced cross-linking of tyrosyl
hydroxyl groups of the -amyloidogenic peptides, the primary event leading to amyloid
formation (Dyrks et al., 1992). The aggregation of PHFs, like BAP fibrils, is also linked
to increased oxidation. The findings support the notion that the increase in redox
potential and an excess protein oxidation found in aging brain provide a link for the
aggregation of PAP fibres and PHFs (Schweers et al., 1995).

Of relevance to AD, is that energy failure due to anoxia or hypoglycemia caused
a marked efflux of Glu to achieve concentrations in the extracellular space compatible
with neurotoxic effects (Benveniste ef al., 1984; Katchman and Hershkowitz, 1993).
Activation of glutamate-gated cation channels is the most important source of oxidative
stress in the brain. These two mechanisms can act in concert to produce
neurodegeneration (Coyle and Puttfarcken, 1993). In turn, active glutamate receptors
(NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate-kainate) cause a

depletion of ATP and the induction of lactic acidemia (Retz and Coyle, 1982). The acidic
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conditions favor the liberation of cellular Fe** which promotes the Fenton reaction and
the liberation of H,0, (Halliwell and Gutteridge, 1989). Related to this, it is known
NMDA receptor stimulation produces marked elevations in ‘O,” and ‘OH (Lafon-Cazal
etal., 19). As well, NMDA receptor-mediated stimulation of phospholipase A, and the
subsequent release of arachidonic acid (AA) leads to the generation of oxygen radicals
(Dumuis et al., 1988; Lazararewicz et al., 1988). Added to this, AA and oxygen radicals
enhance the release of Glu and inhibits its uptake inactivation by neuronal and glial
transporter processes, promoting a self perpetuating cycle (Pellegrini-Giampietro et al.,

1988; Williams et al., 1989).

1.9 Apoptosis

Accumulating evidence links apoptotic pathways to neurodegeneration in AD.
Histochemical studies report apoptosis to be a pathological feature of AD (Su ef dl.,
1994; Cotman and Anderson, 1995; Lassmann et al., 1995; Smale et al., 1995). The loss
of hippocampal neurons by apoptotic cell death is a prominent feature of AD (Smale et
al., 1995; Cotman and Su, 1996; Li et al., 1997; Su et al., 1997). One potential factor
contributing to the susceptibility of these cells to premature death arises from the
cytotoxic effects of BAP deposition at or near sites of neuronal degeneration. Cultured
human cells, including neurons, undergo apoptosis when treated with BAPs (Loo e? al.,
1993; LaFeria et al., 1995; Forloni et al., 1996), and neurons undergoing apoptosis

generate elevated levels of cytotoxic AP species (LeBlanc, 1995; Gervais et al., 1999).
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This agrees with the proposition that the elevated BAP that occurs due to genetic
predisposition or other physiological factors, provokes partial activation of apoptosis in
susceptible neurons. These sensitized cells then produce more BAP, leading to a self
perpetuating cycle which culminates in the progressive neuronal loss seen in AD
(Gervais et al., 1999)

As well, caspases, the primary mediators of apoptosis, have been shown to be
involved in proteolytic cleavage of APP and in the biogenesis of amyloidogenic BAP
species. Caspase-3 was found to be elevated in dying neurons of human AD brain. It was
demonstrated that caspase-mediated proteolysis occurred in hippocampal neurons in vivo
during acute brain injury (cell death). The caspase-cleaved APP also co-localized with
senile plaques and increased the rate of AP formation in neuronal cells (Gervais et al.,
1999). It was also shown that there was enhanced PAP formation in cells harboring the
Swedish mutation of APP, and that this was dependent on caspase proteolysis at the -
secretase site (Gervais et al., 1999).

It is proposed that cleavage of APP at endogenous caspase consensus sites
corrupts the normal, non-amyloidogenic intracellular processing of APP. The following
steps may then lead to a self perpetuating cycle: caspase-3-mediated truncation of APP
at the COOH terminus, adulteration of normal APP processing with shunting of the
residual polypeptide toward an amyloidogenic pathway, generation of elevated levels of
BAP resulting in BAP-induced neuronal stress, progressive upregulation and/or activation
of caspases, and exacerbated APP proteolysis (Gervais et al., 1999). Thus, APP is a

target for certain caspases and is involved in apoptotic pathways (Gervais et al., 1999;
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Weidemann et al., 1999). Elevated APP levels have been reported in dying neurons
(Bames et al., 1998), which could potentially feed more APP into the cycle (Weidemann
et al., 1999).

It has recently been shown that mitochondria contain a caspase-like enzymatic
activity in addition to three biological activities previously suggested to participate in the
apoptotic process: (a) cytochrome c; (b) an apoptosis-inducing factor (AIF) which causes
isolated nuclei to undergo apoptosis in vitro; and (¢) a DNAse activity. All of these
factors are released upon opening of the PTP. Experimental data suggest that caspase-2
and -9 zymogens are essentially localized in mitochondria and that the disruption of the
outer mitochondrial membrane occurring early during apoptosis may be critical for their
sub-cellular redistribution and activation (Susin ef al., 1999). Loss of mitochondrial
barrier function during neuronal damage from ischemia or other insults (e.g. AD
pathology) therefore may play an important role in making certain caspases available to
participate in apoptosis (Krajewski ef al., 1999). In support of caspases and apoptosis
being involved in AD, the protein levels of both caspase-2 and -3 were significantly
increased in AD brains (Shimohama et al., 1999).

Of consequence to AD, neurons are particularly vulnerable to degeneration by
apoptosis. Inducers of apoptosis (e.g. BAP, oxidative damage, low energy metabolism)
are also present in AD brains. Some neurons in vulnerable regions of AD brain show
evidence of DNA damage, nuclear apoptotic bodies, chromatin condensation, and the
induction of select genes characteristic of apoptosis in cell culture and animal models

(Cotman and Su, 1996). Evidence supporting the involvement of apoptotic processes in
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neurodegeneration in vivo include the finding that apoptotic mediator proteins like Par-4
are increased in neurons of AD brains (Guo ef al., 1998). Expression of mutant APP
carrying FAD mutations have induced apoptosis, indicating that apoptosis may contribute
to neuronal loss in FAD (Yamatsuji et al., 1996 a and b; Zhao et al., 1997). This has been
shown to be dependent on a short stretch within the cytosolic domain of APP, and is a
site where caspase cleavage occurs (Wiedemann et al., 1999). Caspases may thus play
an important role in the generation of BAP as well as in the ultimate death of neurons by
apoptosis in AD (Gervais et al., 1999).

Mitochondrial dysfunction appears to occur in AD (Beal, 1992), and
mitochondria provide a major switch in the initiation of apoptosis. A decrease in
mitochondrial membrane potential (Ay) causes opening of the mitochondrial inner
membrane channel, the PTP, which has been implicated as a critical effector of apoptosis
in a variety of non-neural cells (Zoratti and Szabo, 1995; Petit et al., 1996; Green and
Reed, 1998; Tatton and Chalmers-Redman, 1998). Opening of the MTP causes collapse
of the proton motive force (A¥), swelling of the mitochondrial inner membrane, and
release of death-promoting factors, such as cytochrome ¢, AIF, and latent forms of
caspases (Wallace, 1999). Opening of the PTP and the accompanying death of the cell
can be initiated by the mitochondrion’s excessive uptake of Ca?*, increased exposure to
ROS, or decline in energetic capacity (Zoratti and Szabo, 1995; Liu et al., 1996;
Brustovetsky and Klingenberg, 1996;Green and Reed, 1998; Marzo et al., 1998; Susin
et al., 1999; Eamshaw et al., 1999). Thus, a marked reduction in mitochondrial energy

production and a chronic increase in oxidative stress, as known to occur in AD, could
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theoretically activate the PTP and initiate apoptosis.(Wallace, 1999).

Oxidative stress and apoptosis are closely linked. It is known that H,0, induces
apoptosis in different cells, including rat neurons (Whittemore et al., 1994), and human
neuroblastoma cells (Zhang et al., 1997). BAP can induce both necrotic (Behl et al., 1994
b) and apoptotic cell death, which can also be caused by oxidative damage (Loo et al.,
1993; Hockenbery et al., 1993; Forloni et al., 1993; Watt et al., 1994; Whittemore et al.,
1994; Andersonetal., 1995; LaFerlaet al., 1995). BAP-induced neurotoxicity correlates
with elevated H,0,. A large number of antioxidants and free radical scavengers protected
from BAP toxicity and inhibited peroxide accumulation. BAP increased lipid
peroxidation that could be inhibited by antioxidants (Behl et al., 1992 and 1994 a).
Zhang et al (1997) demonstrated that H,0,-induced apoptosis altered APP processing,
producing an apoptosis-associated 5.5 kDa APP COOH-terminal fragment, suggesting
BAP is a mediator of apoptosis. The generation of H,O, by BAP reduces the flow of
electrons through the ETC. As well, H,0, is converted to the OH’, which interferes with
the ETC directly and via lipid peroxidation of the mitochondrial membrane (Behl et al.,
1994 a). The increased generation of ROS has also been directly linked to neuronal
apoptosis in fetal neurons of Down’s syndrome (Busciglio and Yankner, 1995). Zhang
et al. (1997) postulate that a cycle may exist between H,0,, BAP and apoptosis. BAP
induces increased H,O, levels, which enhances the amyloidogenic, and inhibits the
normal a-secretase, processing of APP, producing more BAP. As well, increased H,0,

and BAP levels induce apoptosis, which stimulates more AP production.
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2.0 ATM AND HYPOTHESIS

To date, deficits in energy metabolism and COX activity, oxidative stress and
lipid peroxidation of biological membranes, overexpression of APP, amyloidogenic
processing of APP and the accompanying excessive production of BAP species, as well
as neuronal degeneration and apoptosis, have all been implicated in the pathogenesis of
AD. However, the exact mechanisms underlying the pathophysiology of AD have yet to
be elucidated. Our initial aim was to identify APP effector binding proteins in order to
deduce a mechanism whereby APP and its amyloidogenic derivatives may be involved
in the pathogenesis of AD. Through the use of a yeast two-hybrid system, it was
discovered that APP interacted with COX I, a catalytic subunit of Complex IV of the
mitochondrial ETC. This finding may, therefore, link APP (and perhaps its
amyloidogenic derivatives), to the deficits in energy metabolism (and specifically
reduced COX activity), that have been well documented in AD. From this finding, our
hypothesis was that APP is targeted to, and resides in, mitochondria, where, under some
circumstances (e.g. overexpression of APP), the direct and aberrant involvement of APP
and its potentially amyloidogenic derivatives with COX I causes (i) deficits in COX
activity (bioenergetic defect), (ii) generation of ROS and its accompanying lipid
peroxidation, (iii) aberrant amyloidogenic processing of APP, and (IV) subsequent
neuronal apoptosis. The pathogenic postulates (i) to (iv) have already been demonstrated
to occur in AD. However, we have tried to tie these aspects together into a working

model, as our hypothesis states.
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To substantiate our hypothesis, we wished to carry out the following experiments:

1. Determine what regions of APP are involved in the interaction, by restriction
enzyme (RE)-based deletions.
2. Demonstrate that overexpression of APP in neuroblastoma cells causes a

selective deficit in COX activity, increased generation of ROS and lipid
peroxidation, and increased apoptosis.

3. Show that APP is targeted to, and localized in, mitochondria.

4. Demonstrate that BAP also resides in mitochondria, suggesting APP is processed

in this organelle.

3.0 MATERIALS AND METHODS

3.1.0 Preparation of Plasmid/APP DNA Constructs

3.1.1 pAS2-1/APP,,q, 4, construct

APP,, cDNA containing 3432 base pairs (bps) plus 15 bps of the 5’ untranslated
region (UTR) was received inserted into the pGEM9zf plasmid (Promega) (Figure 2). To
amplify the pGEM9zf/APP,,, .5, construct, 100 ul E. coli XL1-Blue supercompetent
cells (Stratagene) were transformed with 1 pg pGEM9zf/APP, ;). following the
standard protocol as per Promega. That is, the bacteria/DNA mixture was cold shocked
on ice 0.5 hour (hr), followed by heat shock for 1 minute (min.) at 42°C, and then put on

ice for another 2 min. Next, 1 mililitre (ml) Luria-Bertani (LB) broth was added and the
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Figure2 Schematic of pPGEM9zf restriction map and MCS. The APP 1,5, cDNA was
inserted between the EcoR 1 and Sal 1 RE sites in the MCS of the pPGEM9zf vector. The
sequence shown corresponds to RNA synthesized by SP6 RNA polymerase and is
complementary to RNA synthesized by T7 RNA polymerase. Some sequence reference
points: SP6 RNA polymerase transcription initiation site, (1); T7 RNA polymerase
transcription initiation site, (55); SP6 RNA polymerase promoter, (2909-6); T7 RNA
polymerase promoter, (50-72); multiple cloning sites, (5-54), lacZ start codon, (107);
beta-lactamase (Ampr) coding region, (1264-2124). (Adapted from Promega).
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mixture incubated for 1 hr at 37°C on a rotating incubator (250 revolutions per minute
[rpm]). Ampicillin (amp) (100 pg/ml - this is the concentration used in all future
references to ampicillin, unless otherwise specified) was added and the E.
colilpGEM9z{/APP, .,,s/amp mixture was incubated overnight at 37°C and 250 rpm.
About 300 pl of the incubate was added to 1 litre (L) LB/amp broth, and the mixture
incubated overnight at 37°C and 250 rpm. A plasmid maxiprep (QIAGEN’s Plasmid
Maxi Kit) was performed to purify and extract the pGEM9zf/APP 5,5, DNA, whose
concentration was determined photometrically from the equation:

[DNA] pg/ul = A x 50 (for double stranded DNA) x (1000 [ul

water in cuvette] + ul sample DNA) / (1000 x pl sample DNA).

To verify the DNA isolated by the plasmid prep was the correct plasmid
construct, the DNA was restricted with with Bgl II. Reaction mixture: 20 ul distilled,
deionized water (ddwater), 2 ul buffer, 2 ug pGEM9z{/APP,,1,5,, 2 pul Bgl I1. This was
incubated in a water bath for 3 hr at 37°C, following which, a 0.8% agarose gel electro-
phoresis (AGE) of the Bgl II-restricted pGEM9zf/APP .., was performed.

To prepare the APP,,, fragment for insert into pGEMSzf plasmid (Promega)
(Figure 3), the pGEM9zf/APP,,,;, construct was restricted with Spe I. Reaction
mixture: In each of five tubes, 40 ul ddwater, 5 ul buffer, 5 ug pGEM9zf/APP y43,, 2
ul Spe I. The mixtures were incubated for 3 hr at 37°C, followed by a 0.8% AGE. The
appropriate APP,,;:; DNA was cut from the gel, and the DNA isolated and purified via
QIAGEN's QIAEX Il Gel Extraction Kit.

To prepare the pGEMSzf plasmid to receive the APP .y, insert, the plasmid
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Figure3 Schematic of pGEMSzfrestriction map and MCS. The pGEMSzf plasmid was
restricted with Spe 1, and the Spe 1-restricted APP,,, was ligated into this site, to create
the construct pGEMSzZf/APP ;. Some sequence reference points: T7 RNA
polymerase transcription initiation site, (1); SP6 RNA polymerase transcription initiation
site, (126); multiple cloning sites, (10-113); lacZ start codon, (165); lac operon
sequences, (2824-2984, 151-380); lac operator, (151-201); beta-lactamase (Ampr) coding
region, (1322-2182).(Adapted from Promega).
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was first amplified by transforming 100 ul E. coli XL1-Blue supercompetent cells with
1 ug pGEMSzf DNA, protocol as above. A plasmid maxiprep (QIAGEN’s Plasmid
Maxi Kit) was performed and the plasmid construct verified by RE analysis. The
pGEMSzf plasmid was then restricted with Spe 1 to prepare it to accept the Spe 1-
restricted APP,,,,,,;, fragment. Reaction mixture: In five separate tubes, 70 pl ddwater,
10 ul buffer, 10 pg pGEMS5zf, 3 pl Spe I. The mixtures were incubated overnight at
37°C, and then subjected to 0.8% AGE. The Spe 1-restricted pGEMS5zf band was cut
from the gel, isolated and purified via QIAGEN’s QIA EX II Gel Extraction Kit, and its
concentration determined photometrically.

To prevent the plasmid from self-ligating before accepting the insert, the Spe 1-
restricted pGEMS5zf was de-phosphorylated, as per Promega, as follows. First, the
amount of picomole (pmol) of ends of linear double stranded DNA was calculated,
according to the formula: (ug DNA/Kb size of DNA) X 3.04 = pmol of ends. Reaction
mixture: 10 ul calf intestinal alkaline phosphatase (CIAP) 10X reaction buffer, 0.03 u
CIAP/pmol of ends of DNA (i.e. 0.3 u CIAP per 10 ug of pGEMS5zf), 20 ug pGEMS=f,
ddwater to make a final volume of 100 ul. The reaction mixture was incubated at 37°C
for 30 min, after which, an equal volume of CIAP was added and the mixture incubated
for another 30 min at 37°C. The reaction was then stopped by adding 2.0 ul of 0.5 M
EDTA and heated at 65°C for 20 min. The de-phosphorylated, Spe 1-restricted pGEM5zf
was precipitated and purified with phenol/chloroform/isoamyl alcohol (PCIAA) and
ethanol, as per Promega, as follows: An equal volume PCIAA was added to the DNA

mixture, vortexed for 1 min., and centrifuged at 12,000 rpm for 5 min. The upper
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aqueous layer was transferred to a new tube, to which was added 0.1% 3 M sodium
acetate (pH 5.2) and two volumes of 100% ethanol, followed by storage at -20°C for 30
min, and then centrifugation at 12,000 rpm for 30 min. The supernatant was discarded
and 200 ul 70% ethanol added. This was centrifuged for 15 min at 12,000 rpm. The
supernatant was discarded and the pellet allowed to dry, after which it was re-suspended
in 50 pul ddwater.

The APP,;,55; fragment was ligated into the de-phosphorylated, Spe 1-restricted
pGEMSzf, using Clontech’s Ligation Express Kit, to create the construct,
PGEMSZ/APP ;o »;- Next, 100 ul E. coli XL1-Blue supercompetent cells were
transformed with the whole ligation mixture, as per Promega. Following this, 100 pl of
re-suspended transformed cells were spread onto an LB/amp/isopropylthiogalactoside
[IPTG])/Xgal agar plate (as per Sambrook et al., 1989), and incubated overnight at 37°C.
If the APP DNA was inserted into the plasmid, it would disrupt the LacZ gene, resulting
in white colonies. To determine the correct orientation of the insert, ten white colonies
were selected and each colony was added to separate tubes of 3 ml LB/amp. These were
incubated overnight at 37°C and 250 rpm. After 2 ml of each incubate were pelleted
(5000 rpm for 10 min), a plasmid miniprep (QIAGEN’s Plasmid Mini Kit) was
performed. Each plasmid prep DNA was restricted separately with Sac 1 and Pst 1.
Reaction mixture: 20 pul ddwater, 3 ul buffer, 1 ug DNA, | ul Sac 1 or Pst 1. The
reaction mixtures were incubated for 2 hr at 37°C, after which, a 0.8% AGE was
performed. The contents of the tube from which the correctly oriented E.

coli/pGEMS5zf/APP,,,s; construct originated were added to 1 L LB/amp and incubated
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overnight at 37°C and 250 rpm. This was followed by a plasmid maxiprep (QIAGEN’s
Plasmid Maxi Kit) to isolate and purify the pPGEMSZz{/APP,55; construct.

To prepare the APP 5,5, insert and the GAL-4 binding domain (BD) plasmid,
pAS2-1 Figure 4), to receive the insert, both the pGEMSZ{/APP,y,54; construct and
pAS2-1, which had been previously amplified and purified as above, were
simultaneously restricted with Nco 1 and Sal 1. Reaction mixture: Five separate tubes of
50 pul ddwater, 10 ul buffer, 10 ug DNA, 3 ul Nco 1 and 3 pl Sal 1. The reaction was
incubated overnight at 37°C followed by 0.8% AGE.

The appropriate DNA bands were cut from the gel and the DNA eluted into TAE
buffer by standard membrane electrophoresis procedures. The DNA was purified and
precipitated from the resulting TAE/DNA mixture by PCIAA and ethanol, as per
Promega. The APP,,,,.5; was then ligated into the Nco 1/Sal 1-restricted pAS2-1, using
Clontech’s “Ligation Express Kit”. Following this, the whole ligation mixture was added
to 100 pl E. coli DHS« cells, and the cells transformed as per Promega. The E.
coli/pAS2-1/APP ;<4 pellet was re-suspended in 100 ul LB broth, spread on to an
LB/amp plate and incubated overnight at 37°C. Ten colonies were added to separate tubes
of 5 ml LB/amp and incubated overnight at 37°C and 250 rpm. A plasmid miniprep
(QIAGEN's Plasmid Mini Kit) was performed on each incubate.

To verify the correct construct was present, the pAS2-1/APP,; Was restricted
in separate tubes with Pst 1, Bgl II or Hind ITI. Reaction mixture: 25 ul ddwater, 4 pl
buffer, 2 ug DNA, 2 ul RE. The mixtures were incubated for 2 hr at 37°C, and then

subjected to 0.8% AGE.
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Figure4 Schematic of pAS2-1 restriction map and MCS. (Unique restriction sites are
in bold). Location of Features: 2u origin of replication, (1-1348); TRP1 coding
sequences; Start codon (ATG), (1884-1886); Stop codon, (2256-2258); CYH2 gene,
(3765-4627); Promoter; Fragment from Saccharomyces cerevisiae containing the ADH1
promoter, (4767-5474); GAL4 binding domain polypeptide; Start codon (ATG),
(5502-5504); GAL4 codons 1-147, (5502-5944); MCS, (5970-6015); Transcription
termination signal; Fragment carrying the S. cerevisiae ADH1 terminator, (6031-6223);
Translation stop codon, (6063-6056); Ampicillin resistance gene, (7403-8263). (Adapted
from Clontech).

39



The contents of correct incubates were added to 1 L LB/amp broth and incubated
overnight at 37°C and 250 rpm. A plasmid maxiprep (QIAGEN’s Plasmid Maxi Kit) was
performed to isolate and purify the pAS2-1/APP,, s, construct. Figure 5 shows a

schematic of the APP,,,;; insert.

3.1.2. pAS2-1/APP g 1200 COBStTUCE

To isolate the APP . oo fragment, pAS2-1- APP ..., Was restricted with
EcoR 1 and subjected to 0.8% AGE. Reaction mix: Five separate tubes of 40 ul ddwater,
5 ul buffer, 10 ug pAS2-1, 3 ul EcoR 1. The mixtures were incubated overnight at 37°C.
The pAS2-1 and APP .y, 12020 bands were cut out of the gel, and the DNA extracted with
QIAGEN’s QIEX [l Gel Extraction Kit. To verify the APP ;. 12020 fragment was present,
an additional 0.8% AGE was performed on the fragment alone (data not shown).

To prepare pAS2-1 to accept the APP 7412020 ftagment, previously amplified and
verified pAS2-1 plasmid was restricted with EcoR 1. Reaction mixture: Five separate
tubes of 40 ul ddwater, S ul buffer, 8 ug pAS2-1, 2 ul EcoR 1. Mixtures were incubated
overnight at 37°C, followed by 0.8% AGE and extraction of the DNA from the gel with
QIAGEN’s QIEX II Gel Extraction Kit.

To prevent self-ligation, the EcoR 1-restricted pAS2-1 plasmid was de-
phosphorylated according to Promega, except that five tubes were used, each with about
25 ug EcoR 1-restricted pAS2-1, 0.1 u CIAP, 30 ul CIAP Buffer, 270 pl ddwater. The
de-phosphorylated, EcoR 1-restricted pAS2-1 was purified and precipitated with PCIAA

and ethanol, as per Promega, and the concentration of the de-phosphorylated DNA was
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Figure5 Schematic ofhuman APP,,,,; construct. The APP,,,.,; construct consisted
of nucleotides 1-2254, plus a 15 base pair 5' UTR and a 329 base pair 3' UTR. The
construct included most of the coding region of APP,,,.
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photometrically determined.

The APP 1 1020 fragment insert was ligated into the EcoR 1-restricted and de-
phosphorylated pAS2-1, using Boehringer-Mannheim’s Rapid DNA Ligation Kit, with
following modifications: 50 ng pAS2-1, 500 ng APP,,;,; 15020, 30 pl dilution buffer, 30
ul ligase buffer, 3 ul T4 DNA ligase, and the ligation reaction was incubated at room
temperature for 30 min. Next, 100 ul E. coli DHS5a cells were transformed with the
whole ligation mixture following Promega’s protocol, except that the E. coli/plasmid mix
was incubated overnight at 37°C. The overnight incubate was then spread onto four
LB/amp plates which were incubated overnight at 37°C.

To check for correct ligation, five colonies were selected and each put into
separate tubes of 3 ml LB/amp broth. They were incubated for 48 hr at 37°C and 250
rpm. A plasmid miniprep as per Promega’s Wizard Plasmid MiniPrep Kit was performed
on the pAS2-1/APPyon oo incubates, and the concentration determined
photometrically. To verify correct ligation and orientation, the pAS2-1/APP 00 12020
DNA from each colony was restricted with Sac 1. Reaction mixture: 35 ul ddwater, 3 pul
buffer, 1 ug DNA, 1 ul Sac 1. The reaction was incubated overnight at 37°C, and then
subjected to 0.8% AGE.

An appropriate vial containing the correctly oriented APP insert was transferred
to 1 L LB/amp broth and incubated overnight at 37°C & 250 rpm. A plasmid maxiprep
(Promega Wizard Plasmid Maxi Prep) of the amplified pAS2-1/APP,o 12020 CODStruct
was performed. To re-verify the correct construct, the pAS2-1/APP g 12020 Preparation

was restricted with Sac 1. Reaction mix: 35 ul ddwater, 3 ul buffer, 1 ug DNA, 1 ul Sac
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1. The reaction was incubated for 2.5 hr at 37°C, after which a 0.8% AGE was performed.

3.1.3 pAS2-1/APPrgp 1isss A0d PAS2-1/APP g 12e¢ COnstructs

To create further deletions of APP, the following REs were used:

(i) Bam H1. Reaction mixture: Five separate tubes of 40 ul ddwater, 6 ul buffer, 8 pug
DNA, 4 ul BamH 1, incubated overnight at 37°C. (ii) Pst 1. Reaction mixture: Five tubes
of 45 pl ddwater, S pl buffer, 10 ug DNA, 3 ul Pst 1, incubated for 3 hrat 37°C. A 0.8%
AGE of BamH 1- and Pst 1-restricted pAS2-1/APP ;5 12020 Was performed.

The appropriate gel slices containing the pAS2-1/APP,n.1iss¢ and pAS2-
1/APP 00 120s DNA were cut from the gel, and the DNA extracted by membrane
electrophoresis. The pAS2-1/APP, 51155« and pAS2-1/APP 0 120s fragments were
purified and precipitated by PCIAA and ethanol, as per Promega, and the concentration
determined photometrically. This was followed by ligation of the EcoR 1-restricted
PAS2-1/APP o100, BamH 1-restricted pAS2-1/APP,,q 11554 and Pst 1-restricted
PAS2-1/APP 11208 COnstructs with Boehringer-Mannheim’s Rapid DNA Ligation Kit,
with the following modifications: 30 pul DNA dilution buffer, 700 ng DNA, 30 ul ligase
buffer, 3 ul T4 DNA ligase, and the reaction mixtures were incubated for 1 hr at room
temperature. Next, three tubes of 100 ul E. coli DHSa cells were transformed with the
whole ligation mixtures, using the protocol as per Promega, except for the following
modifications: After adding the DNA to cells, they were stored on ice for 30 min.,
subjected to 42°C for 1 min., and put back on ice for 2 min. The cells were then

transferred to 3 ml LB broth and incubated for 2 hr at 37°C and 225 rpm. 2 ml of the
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incubates were removed and pelleted (centrifuged at 5000 g for S min), followed by
resuspension in 100 pl LB broth. This was spread on LB/amp plates and incubated
overnight at 37°C. Two colonies from each of the three LB/amp plates (transformed with
ligated pAS2-1/APPonit000 PAS2-1/APPpontisss and PAS2-1/APPrgn 10s) Were
selected and put in six separate vials of 5 ml LB broth. The tubes were incubated for 1
hr at 30°C and 250 rpm and then had 10 ul ampicillin added. They were incubated
overnight at 30°C and 250 rpm, after which the incubates were added to 200 ml LB/amp
and incubated overnight at 37°C & 250 rpm. A plasmid maxiprep (Promega’s Wizard
MaxiPrep DNA Purification System) was performed on the incubates and the
concentration of the purified DNA calculated photometrically.

The pAS2-1/APP 10 120s and pAS2-1/APP 0, 11554 CONstructs were verified using
Hind III. Reaction mixture: 22 ul ddwater, 3 ul buffer, 1 ug DNA, 1 pl Hind IIl. The

reactions were incubated ovemight at 37°C, followed by 0.8% AGE.

3.1.4 pCMV/myc/mito/APP g, construct

First, the pPCMV/myc/mito plasmid and the pPGEMS5z{/APP 15, ¢; construct were
amplified and verified to be correct. To amplify pPCMV/myc/mito plasmid, 50 ul of E.
coli DH5a (GibcoBRL) cells were transformed with 1 pg pCMV/myc/mito plasmid
(Invitrogen). Protocol as per GibcoBRL, as follows: 1 pg pPCMV/myc/mito plasmid was
added to 50 ul DHSx competent cells, gently tapping the tube to mix. The cells were
incubated on ice for 30 min, then heat shocked at 37°C for 20 sec, and finally placed on

ice for 2 min. Next, 1 ml of rocm temperature LB was added and the mixture then
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incubated for 1 hr at 37°C & 250 rpm. After 1 hr, the incubate was centrifuged at 14,000
rpm for 10 sec to pellet the cells. The pellet was re-suspended in 100 ul LB broth, and
spread on to an LB/amp plate. Three colonies of E. colifpCMV/myc/mito and four
colonies of E. coli//lpGEMSZ/APP .., Were selected to be added to separate tubes of
5 ml LB broth. These were incubated for 1 hr at 37°C and 250 rpm, at which time 10 pl
ampicillin (50 mg/ml) was added, and the incubates were then incubated overnight at
37C and 250 rpm. 3 ml each of the E. coli/pPCMV/myc/mito and E.
coli//pGEMSZf/APP 5,4, incubates were transferred to 200 ml LB/amp (100 ug/ml)
broth, and incubated overnight at 37°C and 250 rpm. This was followed by plasmid
maxipreps of the incubates (Promega’s Wizard Plus Maxiprep DNA Purification System),
with the concentration of the DNA being determined photometrically. To verify
plasmids, (i) pGEMSzf/APP ,ss; Was restricted with Sac 1, and (ii) pPCMV/myc/mito
was restricted with Sal 1. In both constructs, expected bands were seen on 0.8% AGE
(data not shown).

To isolate the APP 45 insert, the pPGEMSzf/ APP 54, cOnstruct was restricted
with Spe 1.. Reaction mixture: Two separate tubes of S0 ul ddwater, 8 ul buffer,10 ug
DNA, 4 ul Spe 1. The reactions were incubated for 3 hr at 37°C, followed by 0.8% AGE.
The 2.62 Kb APP.,,,.:; band was cut from the gel, and the DNA extracted and purified
with BioRad’s Prep-A-Gene DNA Purification System. The DNA concentration was
determined photometrically. The pBluescript II SK plasmid was then amplified by
transforming 50 ul E. coli DH5« cells with 1 ug pBluescript II SK plasmid, protocol as

per GibcoBRL. After the transformed cells had been incubating for 1 hr at 37°C, 10 ul
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ampicillin (50 mg/ml) were added and cells incubated overnight at 37°C. The 5 ml
incubate of E. coli/pBluescript II SK was added to 500 m! LB/amp broth, and incubated
overnight at 37°C and 250 rpm. This was followed by a plasmid maxiprep of the E.
coli/pBluescript I SK incubate, using Promega’s Wizard plus MaxiPreps DNA
Purification System, after which, the DNA concentration was determined
photometrically.

The pBluescript [ SK was next restricted with Spe 1 to allow it to accept the Spe
1-restricted APP,;,,.,; fragment. Reaction mixture: Two tubes of 50 ul ddwater, 8 pul
buffer,10 ug DNA, 4 ul Spe 1. The reaction was incubated overnight at 37°C, followed
by 0.8% AGE of the Spe 1-restricted pBluescript I SK DNA. The Spe 1-restricted
pBluescript I SK DNA band was excised from the gel, and the DNA isolated and
purified via BioRad’s Prep-A-Gene DNA Purification System. The DNA concentration
was determined photometrically.

To prevent the pBluescript II SK vector from self-ligating during the subsequent
ligation reaction, 14 ug Spe 1-restricted pBluescript I SK was de-phosphorylated, as per
Promega. This amount was calculated to contain 14.18 pmol ends, which at 0.03 u
CIAP/pmol end required a total of 0.43 u CIAP ( 0.5u CIAP was used). The de-
phosphorylated, Spe 1-restricted pBluescript I SK was purified using BioRad’s Prep-4-
Gene DNA Purification Kit.

Next, to create the pBluescript Il SK/APP,,,5s; construct, 4 pg Spe 1-restricted
APP,,0,5; Was ligated into 1 ug de-phosphorylated, Spe 1-restricted pBluescript II SK,

using B-M’s Rapid DNA Ligation Kit. Protocol as in kit, except the reaction was
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incubated for 15 min at room temperature. The whole ligation mixture was then added
to 100 pul E. coli DHS« cells, and the transformation protocol as per GibcoBRL was
followed. The protocol is identical to that described for transformation of S0 pl E. coli
DHS5« cells, except the cells are heat shocked for 45 secs. At the end of the procedure,
100 pl of re-suspended cells was spread onto LB/amp plates and incubated overnight at
37°C. This was followed by a plasmid miniprep to verify the correct orientation of the
insert, and subsequently a large plasmid prep of the appropriate pBluescript II
SK/APP 545 construct (data not shown).

To prepare the pPCMV/myc/mito plasmid to accept the APP,,s4; insert, it was
simultaneously restricted with Sal 1 & Not 1 REs. Reaction mixture: Two tubes of 50 ul
ddwater, 10 ul buffer,10 ug DNA, 3 ul each enzyme. The reactions were incubated
overnight at 37°C, after which a 0.8% AGE was performed. The 4.9 Kb Sal 1/Not 1-
restricted pCMV/myc/mito band was cut from the gel, and the DNA isolated and purified
with BioRad’s Prep-A-Gene DNA Purification System. The DNA concentration was
determined photometrically.

The next step involved removal of the APP ., fragment from the pBluescript
[T SK/APP 55 transcript, to allow the fragment to be ligated into the pCMV/myc/mito
plasmid. To achieve this, the pBluescript I SK/APP,,,s,; construct was restricted
simultaneously with Sal 1 and Not 1, the APP,,,.,; DNA was isolated and purified from
an agarose gel, and subsequently ligated into Sal 1/Not 1-restricted pPCMV/myc/mito,
using Boehringer-Mannheim’s Rapid DNA Ligation Kit. The whole ligation mixture was

added to 100 ul E. coli DH5« cells, and the transformation protocol as per GibcoBRL
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was followed. At the end of the transformation procedure, 100 pl of re-suspended cells
were spread onto LB/amp plates and incubated overnight at 37°C . This was followed by
a plasmid miniprep and RE analysis to verify the correct construct, and a plasmid
maxiprep of appropriate preparation to isolate and purify the pCMV/myc/mito/ APP /5545

construct (data not shown).

3.1.5 PpEGFP-NU/APP . 1179s CORstruct

In summary, this involved cutting the APP,xs insert out of a
pGEM9zf/APP,,, ..., construct with EcoR 1, and ligating it into an EcoR 1-restricted
pEGFP-N 1 plasmid. The APPy;,,; CDNA was received identically inserted into
PGEMO9zf as was APP 9343,

To prepare the APPy1i10s fragment (APPys, bases 1-1795),
pGEMY9z{/APP,, ..., was restricted with EcoR 1. Reaction mixture: Two tubes of 40 pul
ddwater, 5 p buffer, 12 pg DNA, 3 ul EcoR 1. The reaction was incubated overnight at
37°C, and was followed by 0.8% AGE.. The 1.8 Kb band (APP . 117s) Was cut from the
gel and the DNA extracted via membrane electrophoresis. The APPgysn.1i9s DNA
fragment was purified via PCIAA and ethanol as per Promega, and the concentration
determined photometrically.

pEGFP-N1 was amplified by transforming 100 ul E coli DH5a cells with 1 pg
pEGFP-N1 plasmid, and following the transformation protocol as per Gibco BRL. After
the transformation procedure, 50 ul of the 100 ul re-suspended cell pellet was spread on

LB/kanamycin (50 pg/ml) [kanamycin (kan) concentration used in all procedures was 50
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pg/ml] plates and incubated overnight at 37°C. Several colonies were selected and all
added to 1 ml LB/kan broth, which was incubated overnight at 37°C and 225 rpm. The
incubate was transferred to 500 ml LB/kan and incubated overnight at 37°C and 225 rpm.
A plasmid maxiprep (QIAGEN’s Plasmid Maxi Kit) was performed and the
concentration determined photometrically. To verify that it was pEGFP-N1 isolated, the
plasmid prep was restricted with EcoR 1. Reaction mixture: 20 ul ddwater, 2 ul buffer,
1 ug DNA, 1 ul EcoR 1. The reaction was incubated for 1.5 hr at 37°C, after which it was
subjected to a small 0.8% AGE. To re-verify pEGFP-N1, two more restrictions of
pEGFP-N1 with EcoR 1 were carried out, followed by 0.8% AGE. The last restriction
showed only the 4.7 Kb band (data not shown). Confident that the correct plasmid was
present, the 4.7 Kb pEGFP-N1 band was cut from the gel and the DNA extracted via
membrane electrophoresis. The isolated DNA was then purified via PCIAA and ethanol,
as per Promega, following which the concentration was determined photometrically.
To prevent the EcoR 1-restricted pEGFP-N1 DNA from self ligating in the
subsequent ligation steps, it was de-phosphorylated, as per Promega. It was calculated
(Promega) that 15 ug EcoR 1-restricted pEGFP-N1 contained 10 pmol ends. At0.03 u
CIAP per pmol ends of DNA, 0.3 u CIAP was used in the ligation reaction. Reaction
mixture: Four tubes of 15 ug EcoR l-restricted pEGFP-N1, 13 ul ddwater, 5 ul 10X
CIAP buffer, 0.3 u CIAP. The reaction protocol as per Promega was followed. The de-
phosphorylated, EcoR 1-restricted pEGFP-N1 was precipitated and purified via PCIAA
and ethanol as per Promega, with the concentration being determined photometrically.

The next step involved ligation of APP ., 115 into the de-phosphorylated, EcoR
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l-restricted pEGFP-N1. As calculated (Promega), a 1:3 ratio of vector to insert was
equivalent to 1 ug pEGFP-N1 and 1.1 pg APPgy.n.11s- For the ligation, Boehringer-
Mannheim’s Rapid DNA Ligation Kit was used. The kit protocol was followed, except
for the following parameters: 1.12 pg APPgysp; 11795, 1.08 ug pEGFP-N1, 3 ul 1 X dilution
buffer, 13 ul ligase buffer, 1.4 ul T4 DNA ligase, and the reaction was incubated at room
temperature for 1.5 hr.

To amplify the construct, 100 ul E. coli DH5a cells were transformed with the
whole ligation mixture, and then the protocol as per Gibco BRL was followed. The
transformed cells were pelleted (14,000 rpm for 20 sec) and re-suspended in 100 ul LB
broth, which was subsequently spread on an LB/kan plate and incubated overnight at
37°C.

To verify that the ligation was successful, ten colonies were selected and added
to ten separate tubes of 4 ml LB/kan broth. These were incubated overnight at 37°C and
225 rpm, following which, a plasmid miniprep (QIAGEN’s Plasmid Mini Kit) was
performed on each incubate. Having calculated the concentration of the DNA
photometrically, 3 ug DNA from each tube was restricted with EcoR 1. Reaction
mixture: 40 ul ddwater, 6 ul buffer, 3 ug DNA, 3 ul EcoR 1. The reactions were
incubated for 4 hr at 37°C, followed by 0.8% AGE.

To verify that the insert was correctly oriented, the remaining contents of the tube
with the ligated pEGFP-N1/APP ;55 11795 cOnstructs were added to 300 ml LB/kan broth
and incubated overnight at 37°C and 225 rpm. A large plasmid prep of each of the

incubates (QIAGEN’s Plasmid Maxi Kir) was then carried out, followed by restriction
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of 2 ug of each pEGFP-N1/APP¢yn 11795 cOnstruct with BamH 1. Reaction mixture: 60
ul water, 8 pl buffer, 2 ug DNA, 2 ul EcoR 1. The reactions were incubated for 2 hr at
37°C, following which, a 0.8% AGE was performed. To re-verify the constructs, ten
more colonies were selected from the pEGFP-N1/APP,. 1,5 ligation plate and added
to S ml LB/kan (50 ug/ml). These were incubated overnight at 37°C and 250 rpm shake.
A plasmid miniprep (QIAGEN’s Plasmid Mini Kit) was performed on the incubates and
the DNA restricted separately with EcoR 1 and BamH 1. Reaction mixture: 6 pl ddwater,
3 ul buffer, 1.6 pg (20 ul) DNA, 1 ul EcoR 1 or BamH 1. The reactions were incubated
for4 hrat37°C. A 0.8% AGE showed similar overlapping supercoils. Therefore, in order
to get a better separation of the DNA bands, the small AGE was repeated with 1.6%

agarose.

3.1.6 PEGFP-N1/APP gy 114 construct

To produce the shorter pPEGFP-N1/APP gy, 1505 COnstruct (APP,,, bases 1-208),
the pEGFP-N1/APP 5, 11295 COnstruct was restricted with Pst 1. This produced linearized
PEGFP-N1/APP co5n 1208, Which was then sealed by ligation. Reaction mixture: Four tubes
of 150 pl ddwater, 20 ul buffer, 50 pg pEGFP-N1/APPy, 1125, 10 pl Pst 1. The
reactions were incubated ovemight at 37°C, following which, a 0.8% AGE was
performed (data not shown). The 4.9 Kb pEGFP-N1/APP,,,, 1,0s band was cut from the
gel, and the DNA extracted by membrane electrophoresis. The DNA was precipitated and
purified via PCIAA and ethanol, as per Promega, and 1.5 pg of the pPEGFP-N1/APPg;,

mescoOnstruct was ligated using Boehringer-Mannheim’s Rapid DNA Ligation Kit. The
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protocol followed was as per kit, except that the ligation mixture was incubated for 1 hr
at room temperature.

To verify the constructs, pPEGFP-N1/APP o 120s and pEGFP-N1 were restricted
with EcoR 1. Reaction mixture: 25 ul ddwater, 3 pl buffer, 1.7 ug DNA, 1 ul EcoR 1.

The reactions were incubated overnight at 37°C, followed by 0.8% AGEs.

3.1.7 pCMV/myc/mitoGFP plasmid

To amplify the pCMV/myc/mito/GFP plasmid, 100 ul E coli DHS« cells were
transformed with 1 pg pCMV/myc/mito/GFP plasmid, protocol as per Gibco BRL. After
the transformation procedure, the cells were re-suspended in 100 ul LB broth, and 50 pl
of this spread on an LB/amp plate and incubated overnight at 37°C. Three colonies of
the E coli/pCMV/myc/mito/GFP were selected and added to separate vials of 7 ml
LB/amp broth. These were incubated for 5 hr at 37°C and 225 rpm. The contents of one
vial were added to 500 ml LB/amp broth and incubated overnight at 37°C and 225 rpm.
A plasmid maxiprep ( QLAGEN’s Plasmid Maxi Kit) was performed on the incubate, and
the DNA concentration determined photometrically.

To verify the plasmid, the preparation was restricted with Pst 1. Reaction mixture:
24 pl water, 3 ul buffer, 1.2 pyg pPCMV/myc/mito/GFP, 1 ul Pst 1. The reaction was

incubated for 1 hr at 37°C, followed by a 0.8% AGE.
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3.2.0 Yeast Two-Hybrid System

3.2.1 Library-scale yeast two-hybrid assay
Amplification of the pACT2/human brain cDNA plasmid expression library

The pACT?2 library contained 5 X 10° independent clones (or 10® colony forming
units) per mi library. It consisted of normal human brain cDNA s inserted into the GAL-4
activation domain plasmid, pACT2 (Clontech). Initially, 4 ul (40,000 cfu) of the pACT2
library were spread onto each of two hundred 150 mm LB/amp plates, and the plates
incubated at 30°C for 48 hr. On to each plate were spread 5 ml LB/glycerol (25% v/v
glycerol), and the cells scraped into the liquid. All the liquid was pooled and plasmid
maxipreps (QLIAGEN’s Plasmid Maxi Kit) performed to isolate the library pACT2/brain
cDNA.

tion of competent lls

To prepare sufficient yeast cells for the experiment, 200 ul of yeast strain Y190
was spread on to a YPD complete yeast medium plate and incubated for 4 days at 30°C.
YPD medium is composed of 20 g/L peptone, 10 g/L yeast extract, 20 g/L agar and 2%
dextrose, pH 5.8, following Clontech’s Matchmaker Gal4 Two-Hybrid User Manual.
Several of the yeast colonies were scraped into 1 ml YPD medium. After vortexing, cells
were transferred to 150 ml YPD liquid medium (same composition as YPD agar, except
no agar added) and incubated overnight at 30°C and 250 rpm. The incubate was
transferred to 1 L YPD liquid medium and incubated for 3 hr at 30°C and 250 rpm. The

cells were divided into 50 ml tubes and centrifuged at 1,000 x g for 5 min. The super-
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natant was discarded and the cells re-suspended in S00 ml ddwater. The cells were
pelleted (1,000 x g for S min), the supernatant discarded, and cells re-suspended in 8 ml
1 X TEAithium acetate (TE/LiAc). The TE/LiAc was made from stock solutions 10X TE
buffer (0.1 M Tris-HCI, 10 mM EDTA, pH 7.5) and 10X LiAc (1 M lithium acetate,
adjusted to pH 7.5 with acetic acid [Sigma]).
Transformation of veast cells

To atube were added and mixed 1 mg pAS2-1/APP. 543, 0.5 mg pACT2/brain
cDNA, and | mg herring testes carrier DNA (Clontech). The herring testis DNA was first
denatured by placing it in a boiling water bath for 20 min and then immediately cooling
on ice. To the DNA mixture was added the 8 ml of yeast Y190 competent cells, and the
contents mixed by vortexing. Next, 60 ml of polyethylene glycol/LiAc (PEG/LiAc)
solution was added and mixed by vortexing. Each 10 ml PEG/LiAc solution was
composed of 8 ml of 50% polyethylene glycol (Sigma), 1 ml of 10X TE buffer, and 1 ml
10X LiAc. The transformation solution was incubated for 30 min at 30°C and 200 rpm,
following which 7 ml dimethyl sulfoxide (DMSO) (Sigma) was added and gently mixed.
The solution was heat-shocked for 15 min at 42°C, followed by chilling on ice for 2 min.
Next, the cells were centrifuged for 5 min at 1,000 x g, and re-suspended in 10 ml LIX TE
buffer. The transformed cells (200 pl) were spread on to each of fifty 150 mm SD/-His/-
Lew/-Trp/+45 mM 3-AT plates (i.e., aselection and phenotype-testing drop-out minimal
medium lacking amino acids histidine [expressed by Y190], leucine [expressed by pAS2-
1] and tryptophan [expressed by pACT2], and with added 3-aminotriazole [3-AT] to

suppress a leaky His promoter), plus essential nutrients such as a yeast nitrogen base,
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dextrose, and a specific mixture of amino acids and nucleotides. The plates were
incubated at 30°C for seven days to allow good-sized colonies to develop. Forty colonies

(His") grew, which were candidates to contain both pAS2-1 and pACT2 plasmids.

-galactosidase Assa:

To eliminate false positives, the colonies that grew (His positive, His") were
subjected to B-galactosidase colony-lift filter assay, as per Clontech’s MATCHMAKER
Yeast Protocols Handbook. For each plate of transformants to be assayed, a Whatman
#S5 sterile filter was pre-soaked in 5 ml of Z buffer/X-gal solution. Z buffer consisted of
16.1 g/L Na,HPO,, 5.5 g/L NaH,PO,, 0.75 g/L KCl, 0.246 g/L MgS0,, pH adjusted to
7.0. X-gal stock solution contained 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
dissolved in N,N-cismethylformamide at a concentration of 20 mg/ml. Z buffer/X-gal
solution comprised 100 ml Z buffer, 0.27 ml f-mercaptoethanol, 1.67 ml X-gal stock
solution.

A clean dry filter was placed over the surface of each plate, and gently rubbed to
help colonies cling to the filter. The filter was cut to allow for correct orientation. After
the filter was evenly wetted, it was transferred (colonies facing up) to a pool of liquid
nitrogen and completely submerged for 10 sec, after which it was removed and allowed
to thaw at room temperature. The dried filter was placed, colony side up, on the pre-
soaked filter, where it was incubated at 30°C until blue colonies developed in less than
8 hr. Eleven colonies (His" and LacZ") turned blue within 3 hr. These should contain

both the BD and ActD plasmids. The corresponding positive colonies were removed
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from the original plates and spread grid-like fashion on fresh SD/-His/-Lew/-Trp/+ 45
mM 3-AT plates.

To put selection pressure on growth of colonies containing AD/brain cDNA
constructs only (i.e. select for colonies that have spontaneously lost BD/APP 543
constructs), some of the His+/LacZ+ colonies were re-plated on SD/-Lew/+cycloheximide
(cyh) medium. Y190 strain contains a genomic mutant recessive cyh resistant gene. The
BD vector expresses the wild-type dominant cyh sensitive gene, while the ActD vector
contains neither gene. Therefore, only pACT-2/brain cDNA-containing colonies which
have no BD/APP,,,,; constructs will grow on the cyh+ medium. The pACT-2/brain
cDNA clones were extracted from the yeast cells (by F. Amara) & stored at -20C for

future sequencing & protein analysis.

3.2.2 Small-scale yeast two-hybrid assay

Verification of the APP,;,,55:-COX 1 i ion
Following Clontech’s protocol, to make competent yeast cells, 1 ml of YPD broth

was inoculated with several colonies of previously prepared and frozen (-80°C) yeast
strain Y190. After vortexing, it was transferred to 50 ml YPD liquid medium and
incubated overnight at 30°C and 250 rpm. The overnight culture was transferred to 300
ml YPD and incubated for 3 hr at 30°C and 250 rpm. Fifty ml of the above culture were
added to a centrifuge tube and the cells pelleted (centrifuged at 2500 rpm for 5 min). The
supernatant was discarded and the cells re-suspended by vortexing in 25 ml water. The

cells were pelleted again as before. The supernatant was decanted and the now competent
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cells re-suspended in 1.5 ml 1X TE/LiAc.

To separate tubes were added 5 pg each of (i) pAS2-1/APP,, s, (ii)
PACT2/COX I, and (iii) pAS2-1/APP, s plus pACT2/COX 1. To each tube were
added 100 pl (1 mg) Herring testis carrier DNA and 300 ul competent yeast cells. The
contents were mixed by vortexing. 600 ul PEG/LiAc were next added , the contents
vortexed and then incubated for 30 min at 30°C and 250 rpm. Next, 175 ul DMSO were
added and gently mixed in. The tubes were then heat shocked for 15 min in 2 42°C water
bath followed by cold shock on ice for 2 min. The cells were pelleted (centrifuged at
14,000 rpm for 5 sec), the supernatant discarded, and cells re-suspended in 200 pl TE
buffer. The DNA-transformed Y190 suspension (200 ul) was spread onto SD/-Trp plates
for pAS2-1/APP ,y-transformed cells, SD/-Leu for pACT2/COX1-transformed cells, and
SD/-Lew/-Trp/-His/+45 mmol 3-AT plates for pAS2-1/APP,,, and pACT2-transformed
cells. The plates were incubated at 30°C for 4 days to allow colonies to fully develop,

after which, a B-galactosidase colony-lift filter assay was performed on the HIS" colonies.

Small scale yeast two-hybrid assay with the APP deletion constructs

The protocol was the same as that described above except that the transformation
section involved adding to separate tubes 5 ug DNA constructs pAS2-1/APP 0 120205
PAS2-1/APP 1y 11554s PAS2-1/APP 1701 1208s PAS2-1/APP 1 1553, PAS2-1/APP . 1/ 202- The
latter construct consisted of the APP.,,.s; construct with the NH,-terminal 2020 bps
removed, and was prepared by B. Liang. To each tube were also added S5 pg

PACT2/COX I. A B-galactosidase colony-lift filter assay was performed on the above
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colonies that grew.

3.3.0 Assays of APP Stably-transfected Neuroblastoma Cell Line

3.3.1 Neuroblastoma cell culture

The neuroblastoma SK-N-SH cells (ATCC) were grown in Neurobasal A medium
(Gibco BRL), supplemented with 10% fetal bovine serum (Gibco BRL), 1% L-glutamine
(Sigma), 1% gentamycin (Gibco BRL). Each | ml criovial of quickly thawed
neuroblastoma SK-N-SH cells was added to a sterile 50 ml centrifuge tube, and to each
tube was slowly mixed 47 ml of complete Neurobasal A medium. Next, 12 ml of this
neuroblastoma/culture medium mixture was added to separate culture flasks, which were
then incubated at 37°C in humidified atmosphere ( 5% CQO,/95% air). The plasmids to be
used expressed the geneticin-resistant gene G418, which was used as a selection agent
to produce the stably transfected cell line. Cells were routinely passaged (trypsin/EDTA)

at 70-80% confluence, and the medium changed as required.

3.3.2 Transfection of neuroblastoma cell line

The transfection reagent used to transfect the neuroblastoma cells was
Boehringer-Mannheim’s FuGENE 6 Transfection Reagent, a blend of lipids (non-
liposomal formulation) and other components in 80% ethanol. The protocol followed
was basically that recommended by the manufacturer, as follows: The neuroblastoma
cells were subcultured 24 hr before transfection, which ensured they were 50-80%

confluent in the culture flasks. To 970 ul of medium was added 30 pul FuGENE 6
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Transfection reagent, and the mixture incubated at room temperature for 15 min. The
DNA (12 pg) was added to a second centrifuge tube. Drop by drop, the diluted FuGENE
6 reagent was added to the DNA. The tube was gently tapped to mix the contents and
incubated at room temperature for 30 min. This mixture was then added drop by drop to
the neuroblastoma cells in 12 ml of medium in culture flasks, gently swirling the medium

to mix. The cells were then returned to the incubator.

3.3.3 Isolation of mitochondria from the neuroblastoma cell line

The protocol was based on Vander Heiden ef al. (1997). The medium was
vacuum aspirated from the culture flasks growing the neuroblastoma cells, and then 5 ml
of 1 X trypsin/EDTA added for 2-3 min. Next, 10 ml of complete medium was added, and
the cells centrifuged at 2500 rpm for 5 min to pellet the cells. The neuroblastoma cells
were re-suspended in 0.8 ml ice-cold Buffer A (250 mM sucrose, 20 mM HEPES, 10
mM KCI, 1.5 mM MgCl,, | mM EDTA, 1 mM EGTA, | mM DTT, 17 ug/mi PMSF, 8
ug/ml aprotinin, 2 pg/mi leupeptin, pH 7.4), followed by ultrasonic homogenization on
ice. The homogenate was centrifuged at 750 x g for 10 min to pellet unlysed cells and
nuclei. The supernatant was centrifuged at 10,000 x g for 25 min. The resultant
mitochondrial pellet was re-suspended in buffer A. The supernatant was centrifuged at

100,000 x g for 1 hr, the resulting supernatant being the cytosolic fraction.

33.4 COX activity assay in APP-transfected neuroblastoma cell line

A reduced, approximately 5 mM cytochrome c solution was prepared, excess
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solid ascorbic acid was added and the mixture allowed to stand for 10 min. A Sepharose
G50 column was prepared and equilibrated with 500 ml assay buffer (20 mM K,PO,, pH
7.0), any excess being allowed to drain. The reduced cytochrome ¢ was pipetted into the
column, which was allowed to drain. More assay buffer was added to the column, and
the elution of cytochrome ¢ followed visually, and collected in about 250 ul aliquots.
Prior to the COX assay the absorbance reading was checked at 550 nm, and
rechecked after the addition of sodium dithionate, to ensure cytochrome ¢ was fully
reduced. For this assay, 990 ul of assay buffer was added to a cuvette and the Ay, set to
zero. To the buffer 10 pl reduced cytochrome ¢ was added and mixed by inversion. The
assay mixture consisted of 50 ug mitochondrial protein, 0.2 mg dodecyl-maltoside (20
ul of a 10 mg/ml aqueous solution), 10 ul of reduced cytochrome c, and assay buffer to
make 1 ml. The buffer and dodecylmaltoside were added to a cuvette, and the A4, set to
zero. Reduced cytochrome ¢ was then added, and the cuvette equilibrated at 30°C for 3
min. Next, the mitochondrial protein was added, and mixed twice by gentle inversion.

The absorbance was recorded over 90 sec.

3.3.5 Complex I activity assay in APP-transfected neuroblastoma cell line

The mitochondrial protein solution was diluted to a concentration of about 2
mg/ml in sucrose-TRIS-ATP buffer, and 200 ul of this was added to an eppendorf tube
and ultrasonically homogenized in ice. The assay was performed on 50 pg mitochondrial
protein. The assay volume was 1 ml, which consisted of 97 ul assay buffer (25 mM

K,PO,, pH 8.0,0.25 mM K’EDTA, | mM KCN, 100 uM NADH). The buffer-containing
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cuvette was warmed to 30°C for 3 min., and the reaction initiated by adding 3 ul of 20
mM ubiquinone in ethanol. The NADH oxidation was followed for 3 min at 340 nm.

The 1 min reading was taken as average.

3.3.6 Detection of apoptosis in APP-transfected neuroblastoma cell line

The neuroblastoma cells were subcultured on coverslips in wells containing 2 ml
Neuralbasal A medium. When the cells were 50-80% confluent, the culture medium was
removed and the slips immersed in cold (2-8°C) 1X phosphate buffered saline (PBS)
(Sigma). The incubation reagent was prepared and was composed of 10 pl of 10X
binding buffer, 10 ul of propidium iodide (Genzyme) to check for cell necrosis, 1 ul of
Annexin V conjugate (Genzyme), 79 ul ddwater, to make a total volume of 100 ul. The
1X PBS wash was removed from the slips, and excess liquid blotted away. 100 ul of the
incubation reagent was added to each sample, and incubated for 15 min at room
temperature in the dark. The cells were then washed twice for 2 min each wash with 50

ml 1X binding buffer, followed immediately by fluorescence microscopy.

3.3.7 Assay for ROS levels in APP-transfected neuroblastoma cell line

Cultures were washed with Dulbecco’s modified eagle’s medium (DMEM)
(Sigma) and allowed to take up 10 pg (dichlorofluoroscein diacetate (DCF-DA) (added
as 10 nM stock in DMSO) for 1 hr. The cultures were washed twice with Hank’s
buffered saline solution (HBSS) (Sigma) and 5 pg/mli propidium iodide (Genzyme) was

added to exclude debris and dead cells before data collection. The cultures were then
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washed again with HBSS, and cellular fluorescence was viewed in HBSS using a Leitz
microscope with fluorescence filters. In some cases, to provide standardized quantitation
of cell numbers, the nucleus-specific fluorescent dye Hoechst 33342 (Molecular Probes)
was added at 1 pg/ml at the time of addition of DCF-DA. Cultures were compared, with
stable transfectants and control conditions blind to the investigators. Fluorescence was
determined quantitatively by counting from first bright field micrographs, and then under

fluorescence microscopy. Results were expressed as percent fluorescent cells.

3.3.8 Assay of glutathione peroxidase activity in APP-transfected neuroblastoma
cell line
The reaction mixture consisted of 0.25 mM zert-butyl hydroperoxide, | mM GSH,
1.4 units glutathione reductase, 1.43 mM NADPH, and 1.5 mM KCN in a 100 mM
potassium phosphate buffer (pH 7.0) (Sigma). Volume = | ml - mitochondrial
supernatant volume. tert-butyl hydroperoxide was used as substrate in order to measure
selenium-dependent glutathione peroxidase, the only isoform found in brain. Blank

values, obtained without addition of samples, were subtracted from assay values.

3.3.9 Assay of superoxide dismutase activity in APP-transfected neuroblastoma
cell line

Assay consisted of adding 25 ul of 24 mM pyrogallol in 10 mM HCI, 10 pl of 30
puM catalase (25,000 U/mg), 50 ug mitochondrial protein, and assay buffer (50 mM

TRIS-HCI plus 1 mM diethylenetriamine pentaacetic acid (pH 8.2)) to make 3 ml
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(Sigma). Absorbance was read at 420 nm. The blank contained 25 ul pyrogallol, 10 ul

catalase, and 2.965 ml buffer.

3.4.0 Classic In Vitro Mitochondrial Import Assay

3.4.1 TnT in vitro transcription-transiation system

As supplied by Promega, the reaction mixture consisted of 25 ul rabbit
reticulocyte lysate, 2 ul TnT reaction buffer, 1 pl TnT SP6 RNA polymerase, 1 pl of 1
mM amino acid mixture minus methionine, 40 microcurie (uCi) **S-methionine (1000
Ci/mmol at 10 mCi/ml), 1 ul RNasin ribonuclease inhibitor (at 40 uCi/ml), 1 pg
PGEMSZI/APP 14,555, 15 pl RNA-free ddwater. The ingredients were mixed on ice and
the reaction mixture incubated for 2 hr at 30°C. At the end of the incubation, 10 ul of
TnT reaction was then added to10 pul of gel loading sample buffer (S0 mM Tris.Cl (pH
6.8), 10% glycerol, 2% sodium dodecyl sulfate (SDS), 0.1% bromophenol blue, 100 mM
DTT) (Sigma), and the remainder stored at -20°C. The sample was heated at 100°C for
2 min to denature the protein, and was then loaded on to a 10% SDS-polyacrylamide gel
and subjected to electrophoresis (10% SDS-PAGE), protocol and material as per
Sambrook et al., (1989), with Gibco-BRL’s BenchMark Protein Ladder as a marker (5
ul in 15 pl of sample buffer). After the samples had run the length of the gel, the gel
removed from the apparatus. The portion containing the protein ladder segment was
excised and fixed and stained with Coumassie blue, as per Sambrook et al., (1989). The

gel was then dried and photographed.
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The rest of the gel was placed on dry Whatman 3MM paper, and then wrapped
in plastic wrap, and dried in a heated, vacuum drier. The gel was subjected to
autoradiography for 4 hr. A dominant main band of just under 100 kDa was seen, which
approximates the expected size of APP. For the experiment, six TnT reactions were

performed and pooled at the end.

3.4.2 Isolation of rat mitochondria

Mitochondria were isolated from rat livers based on Giulivi ef al., (1998). Two
rat livers (about 30 g total) were excised from anesthetized rats and washed in 0.25M
sucrose. Each liver was homogenized in about 50 ml MSHE buffer (0.25 M mannitol,
0.07 M sucrose, 0.5 mM EGTA, 0.1% fatty acid-free bovine serum albumin (BSA), 2
mM K*-HEPES, pH7.4) (Sigma) at 4°C. The homogenate was centrifuged for 10 minat
6000 x g, and the resulting supernatant centrifuged at 10,000 x g for 15 min to isolate the
mitochondrial pellet. To further purify and isolate the mitochondria, the pellet was re-
suspended in 5 ml MSHE plus 20 mi of 30% Percoll in 225 mM mannitol, | mM EGTA,
25 mM HEPES, 0.1% bovine serum albumin, and centrifuged for 30 min at 95,000 xg.
The mitochondria were collected from the low dense yellow-brown band. The
mitochondria were washed twice in MSHE at 6,300 x g for 10 min to remove the percoll.
The purified mitochondria were then washed twice in 150 mM KCl at 12,000 x g for 5
min, followed by two washes in MSHE at 12.000 x g for 5 min. The mitochondria were
finally re-suspended in 1 ml MSHE, and the concentration of mitochondrial protein

determined by the Bradford assay.



3.4.3 In vitro mitochondrial import assay

The protocol for the classic mitochondrial import assay was based on Glick
(1992), Glick et al. (1992), and Casari et al. (1998). To remove ribosomes, the TnT
reaction was centrifuged at 100,000 x g for 15 min. The import reaction was divided into
three different conditions: (i) **S-APP,, plus mitochondria, (ii) **S-APP,, plus
mitochondria plus trypsin, (iii) **S-APP,,, plus mitochondria plus trypsin plus
valinomycin.
Reaction 1. 50 ul TnT reaction were added with 51.3 pug mitochondrial protein to 200
pul import buffer (0.6 M sorbitol, S0 nM K*-HEPES, pH7.0, 50 mM KCl, 10 mM MgCl,,
2.5 mMEDTA, 2 mM KH,PO,, 2 mM ATP, 1 mg/ml BSA, fatty acid free) (Sigma), and
incubated for 1 hr at 12°C, after which the reaction was terminated on ice.
Reaction 2. Two import reactions were run. After the import reaction 0.25 mg/m! and
0.5 mg/ml trypsin (Sigma) were added to the two separate reactions and incubated on ice
for 20 min. 1 mg/ml of trypsin inhibitor (Sigma) was then added and incubated on ice for
10 min.
Reaction 3. 1 pg/ml valinomycin (dissolved in ethanol) plus 50 mM KClI (Sigma) was
added to 51.3 ug mitochondrial protein in 200 pul import buffer and put on ice for 10 min.
20 pl TnT reaction was then added, and the import reaction allowed to occur as above.
This was followed by the trypsin and trypsin inhibitor treatments as above.

Samples from all four reactions were then centrifuged for 10 min at 12,000 x g
at 4°C, followed by resuspension in 100 pl import buffer and 1 mg/ml trypsin inhibitor.

All reactions were then centrifuged at 12,000 x g for 10 min and re-suspended in 180 pl
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import buffer. To this, 20 ul of 50% trichloroacetic acid (TCA) (Sigma) was added and
the mixtures heated at 60°C for 5 min. The samples were then put on ice for 5 min,
followed by centrifugation at 12,000 x g for S min. The supernatant was removed and the
pellets re-suspended in 40 pl SDS-sample buffer. The samples, along with the TnT
reaction as a standard and a Rainbow protein marker, were then subjected to 12% SDS-
PAGE. To decrease background radioactivity, after electrophoresis, the gel was boiled
for S min in 5% TCA, followed by a 5 min boil in water and then a 5 min soak in | M

Tris base. The gel was then vacuum-dried and subjected to autoradiography.

3.5 Treatment of Neuroblastoma Cells with MitoTracker Probes

The same protocol applies to MitoTracker Green FM and MitoTracker Red
CMXRos (Molecular Probes). The powdered dyes were first dissolved in DMSO (Sigma)
to make a final concentration of 1 mM. Several concentrations were tested for best
resolution (20-500 mM) and it was found 20 mM or less to be most efficient.

The neuroblastoma cells were grown on coverslips in supplemented Neurobasal
A medium (as described previously) until 50-80% confluent. At this stage, the medium
was removed and replaced by pre-warmed (37°C) probe-containing medium, and
incubated for 45 minutes in the cell culture incubator. During the testing experiments to
determine the optimum probe concentration, the cells were now examined by
fluorescence microscopy. For the experiment proper, the cells were next fixed. First, the

cells were washed at 37°C with PBS. They were then fixed for 15 min at 37°C using
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freshly prepared 3.7% paraformadehyde in HBSS, following which, they were rinsed
several times with PBS. The cells were then examined by fluorescence microscopy, using

the appropriate filter sets for each probe.

3.6.0 Immunoelectron Microscopy

3.6.1 Immunoelectron microscopy to detect APP in mammalian tissue

Ultrathin sections from human and rat brain cortex and human kidneys were cut
from tissue embedded in epoxy resin that had been fixed in Kamovsky’s fixative
followed by post-fixation in 1% osmium tetroxide. Gold grid mounted sections were pre-
treated with 11% sodium metaperiodate for 1 hr. After several washes with distilled
water, the sections were blocked with a universal blocking buffer (DAKO) for 5 min.
The sections were then incubated with mouse anti-human APP (NH, terminus) antibody
(Zymed) (diluted 1:5 in antibody dilution buffer [DAKO]) for 90 mins. Control sections
were incubated with anti-mouse immunoglobulin G (IgG) antibody, diluted 1:10. After
several washes in PBS, sections were incubated with goat anti-mouse gold-conjugated
IgG (diluted 1:5) for S hrs. Gold particle size was 10 nm (Cedar Lane Labs). All
incubations and washes were conducted at room temperature. Following several washes,
the sections were fixed in glutaraldehyde and treated with 3% uranyl acetate for 5 min.
prior to visualization. Labelled sections were viewed with a Phillips 201 transmission

electron microscope, and representative areas were photographed.
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3.6.2 Immunoelectron microscopy to detect APP and BAP in human brain
Ultrathin sections from temporal cortex of AD (n =4) and non-AD patients (n =
4) (National Neurological Research Specimen Bank, V.A. Medical Centre, LA) were cut
from tissue embedded in epoxy resin that had been fixed in Kamovsky’s fixative
followed by post-fixation in 1% osmium tetroxide. Nickel grid mounted sections were
pre-treated with 11% sodium metaperiodate for 1 hr. After several washes with distilled
water, the sections were blocked with a universal blocking buffer (DAKO) for 5 min.
The sections were then incubated with mouse anti-human APP (NH, terminus) antibody
(Zymed) (1:5 dilution in antibody dilution buffer [DAKO]) for 90 mins. Control sections
were incubated with anti-mouse IgG antibody, diluted 1:5. After several washes in PBS,
sections were incubated with goat anti-mouse IgG gold-conjugated antibody (diluted 1:5)
for 2 hrs. Gold particle size was 10 nm (Cedar Lane Labs). All incubations and washes
were conducted at room temperature. Following several washes, the sections were fixed
in glutaraldehyde and treated with 3% uranyl acetate for 5 min prior to visualization.
Labeled sections were viewed with a Phillips 201 transmission electron microscope, and
representative areas were photographed. Similarly, BAP was visualized using rabbit anti-
human BAP antibody (Zymed, dilution 1:50), and gold conjugated (5 nm), goat anti-

rabbit IgG (British Biocell, dilution 1:50).
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4.0 RESULTS

The APP constructs that were used as bait proteins in the yeast two-hybrid assay
were prepared as described. First, the pAS2-1/APP,,,s,; construct was prepared. To
verify the originating pGEMO9zf/APP, ., construct, it was restricted with Bgl IL
APP 0.5, has one Bgl II site at bp 1994, while the plasmid pGEM9zf has no Bgl Il sites.
The one DNA band of about 6.5 Kb was seen on the agarose gel (data not shown).

To isolate the APP,y,.s, fragment for insert into the pGEMS5zf plasmid, the
pGEMO9zf/APP,,;,;, construct was restricted with Spe I. APP,,,,;, has one Spe [ site at
bp 2583, while pPGEM9zf has an Spe 1 site in the MCS NH,-terminal to the APP insert.
Thus, there were two bands of about 3 Kb (pGEM9zf plasmid) and 2.58 Kb (APP,9443)
(data not shown)..

The pGEMS5zf plasmid was then restricted with Spe 1 to prepare it to accept the
Spe 1-restricted APP;q43, fragment. The pGEMSzf plasmid has only one Spe I site in
the MCS, and therefore there was only one band of 3 Kb seen on AGE (data not shown).
To verify the correct orientation of the APP,,,,s4; insert after ligation into the pGEMSzf
plasmid, the pGEMSz{/APP s, construct was restricted separately with Sac I and Pst
L. Sac 1 has one site in APP,y,5; at bp 1813, and one site in the MCS of pGEMS5zf.
Therefore, for Sac 1-restricted pGEMS5zf/APP 43, correct orientation produced two
bands of 0.8 Kb and 4.9 Kb, and the incorrect orientation produced two bands of 1.85 Kb
and 3.86 Kb. Pst 1 has four sites in APP,,ss3, at bps 208, 238, 1438, and 1655. It has

one site in the MCS of pGEMS5zf. Therefore, for Pst 1-restricted pGEMSZ{/ APP 1795543,
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the correct orientation produced four bands visible 0f 0.22 Kb, 0.95 Kb, 1.2 Kb and 3.32
Kb., while the incorrect orientation produced four bands visible 0f 0.22 Kb, 0.23 Kb, 1.2
Kb and 4.04 Kb (data not shown).

To prepare the APP s, insert and the GAL-4 binding domain (BD) plasmid,
PAS2-1, to receive the insert, both the pPGEMSZz{/APP,,<4; construct and pAS2-1, were
simultaneously restricted with Nco 1 and Sal 1. There is one Nco 1 and one Sal 1 site in
the MCSs of each plasmid. In the pGEMS5zf plasmid, the Nco I site is 5' to the Spe 1 site
(and therefore the APP insert), while the Sal 1 site is 3’ to the Spe 1 (and therefore APP
insert) site. Therefore, for Nco 1/Sal 1-restricted pGEM5z{/APP ., there were two bands
of 2.66 Kb (APP,q,s5;) and 3 Kb (pGEMS5zf plasmid). For the Nco 1/Sal 1-restricted
pAS2-1, there was one band of 8.4 Kb (linearized plasmid) (data not shown).

After ligation of APP,yq,ss; into pAS2-1, the constructs were verified by
restricting pAS2-1/APP.,,,.s; in separate tubes with Pst 1, Bgl II or Hind III. Pst 1-
restricted pAS2-1/APP,,,55; showed six bands 0f0.003 Kb, 0.018 Kb, 0.03 Kb, 0.22 Kb,
0.93 Kb and 1.2 Kb. Bgl II has one site in pAS2-1 at bp 3969, and one site in APP 54
at bp 1994. Therefore, Bgl [I-restricted pAS2-1/APP,;,,54; showed two bands 0 4.56 Kb
and 6.43 Kb. Hind I has four sites in pAS2-1 at bps 2397, 3284, 5477, 6224, and no
sites in APP,qs5;- Therefore, Hind Ml-restricted pAS2-1/APP,,s; demonstrated four

bands of 0.89 Kb, 2.19 Kb, 3.36 Kb and 4.57 Kb (data not shown).
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4.1 Yeast Two-Hybrid Technology

Eukaryotic transcription factors (TF) contain two physically and functionally
separable domains - an NH,-terminal DNA-binding domain and a COOH-terminal,
acidic activation domain. The BD specifically binds to a promoter or other cis-regulatory
element. The ActD directs RNA Polymerase II to transcribe the gene downstream of the
DNA binding site. The physically divided TF can function normally, as long as a bridge
is provided that localizes the ActD to the BD bound to the promoter. The bridge is
formed by the interaction of one protein expressed as protein X (e.g APP) fused to a BD
with another protein expressed as protein Y (e.g brain cDNA) fused to an AD, where
proteins X and Y normally interact in cells. (Figure 6). In the yeast assay, an interaction
between two human proteins brings together the modular BD and ActD of the yeast
GAL4 TF, which causes the activation of transcription of a reporter gene in the yeast
host.

The yeast strain used in the assay, Y190, has two reporter genes, LacZ and HIS3,
as separate constructs integrated into its genome. The LacZ gene encodes the bacterial
enzyme beta-galactosidase, which causes colonies to turn blue when exposed to a
specific substrate. The HIS3 gene encodes an enzyme in the histidine biosynthetic
pathway, and acts as a nutritional marker for yeast cells grown on histidine-deficient
medium. As well, Y190 is auxotrophic for tryptophan and leucine, two amino acids
encoded by the BD and ActD plasmids, respectively. This allows selective growth by the

yeast cells on histidine-, tryptophan- and leucine-deficient medium by only those yeast
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Figure 6 Schematic diagram of the MATCHMAKER GAL4-based two-hybrid
systems. (Adapted from Clontech catalog).
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cells transfected with both plasmids (Figure 7).
Figure 8 summarizes the findings of the screening of the human brain cDNA
expression library. Screening of 10° double transformants resulted in 40 HIS3 positive

colonies, of which 11 were subsequently shown to be both HIS3 and LacZ positive.

4.2 Analysis of Pesitive Clones

Two clones (A-2 and A-14) that showed the strongest protein-protein
interactions, based on the speed and intensity of the P-galactosidase blue color
development, were selected for further analysis. They were sequenced at the fusion site
and shown to be in-frame with the GAL4-pACT2 ActD. A-14 comprised 680 bases with
an open reading frame ending at 606, encoding a protein of 202 amino acids. A-2 was
of the same gene but longer by 938 bases.

To identify homologous proteins, the BLAST data base of the National Centre
for Biotechnology Information was searched. Both cDNA clones shared over 99%
identity with the family of cytochrome c oxidase enzymes of the mitochondrial ETC.
Sequence analysis (Devereux et al., 1984) of Match clones identified them as complete
and partial COX subunit I gene sequences coupled to tRNAS" (Anderson et al., 1981).
A-14 was found to be identical to the last 606 bps of COX I plus the adjacent (in the
mitochondrial genome) tRNAS", while A-2 was composed of the whole COX I sequence
attached to tRNAS". The A-2 COX I gene sequence comprised bps 5899-7444 of the

mitochondrial genome, while A-14 consisted of bps 6837-7444 (see Figure 9).
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10° double transformants screened
l
40 colonies, His+
l
11 colonies, His+ and LacZ+

l

Two clones, A-2 and A-14 were independently isolated.
These clones encode complete and partial cDNA sequences of human brain
mitochondrial cytochrome ¢ oxidase subunit 1 (COX I) coupled with the complete
cDNA sequence of tRNAS™™

Figure 8 Matchmaker two-hybrid screen. pAS2-1/APP was used to screen a whole
human brain cDNA library. Among the interacting clones, A-2 and A-14 encode
sequences of COX I and tRNAS* (Anderson et al., 1981).
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4.3 Verification of specificity of APP/COX I interaction

To establish that the interaction of APP,,55; and COX I was specific, yeast Y190
cells were transformed in separate experiments with pAS2-1/APP,y,s; alone,
pACT2/COX I alone, and the two constructs together, using Clontech’s Matchmaker
Gal4 Two-Hybrid User Manual for small-scale transformation, followed by Clontech’s
B-galactosidase colony-lift filter assay. Neither pAS2-1/APP,,, nor pACT2/COX I by
themselves activated B-galactosidase activity, indicating that neither APP,,, nor COX I
contained a latent transcriptional activator. Only when the GAL4-BD/APP 5,45, gene
was co-transformed with the GAL4-ActD/COX 1 did activation of the LacZ reporter gene
occur. Thus, it appears APP,,,s; and COX I do not interact non-specifically with other
proteins using the yeast MATCHMAKER system. The specificity of the APP-COX I
interaction was also confirmed by Amara and Junaid (manuscript in revision) by the lack
of B-galactosidase activity when the APP-related constructs or COX I were expressed
alone, or when APP,,, was co-expressed with COX Il and COX III, while the three major

isoforms of APP interacted with COX I (Table 1).

4.4.0 Preparation of APP Deletion Constructs

To determine what general region of APP,,, is involved in the interaction with
COX I, REs were used to delete portions of the APP,,, cDNA, as described. The

resulting constructs were tested for interaction with COX I using the MATCHMAKER
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— A-14 06102 white
pAS2-1 A-14 04100 white
PAS2-VAPP . | A-14 301125 biue
PAS2-VAPP,. | A-14 289 +1.1 biue
pAS2-1/APP, | A-14 31633 blue
PAS2-VAPP,. | Cox2 0.7 £0.1 white
pAS2-1/APP,. | Cox3 0403 white

Table | Interaction of APP and COX 1 in yeast. Amyloid precursor protein plasmids
(PAS2-1/APPs) cloned into a GAL4 DNA binding domain fusion vector were tested for
their ability to interact with COX [-GALA4 activation domain fusions. Positive results
were measured as the development of blue color on X-gal filter lifts of colonies
expressing both activator and DNA binding constructs relative to colonies expressing
each construct alone. Filter results (column 4) were confirmed by quantitative liquid
culture assay (column 3). Negative results (white colonies) were obtained for the
interaction between GAL4-binding domain/APP,,, and GALA4-activation domain/COX
Il and COX II. (Courtesy Amara and Junaid [manuscript in revision]).
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yeast two-hybrid assay and B-galactosidase colony-lift filter assay.

44.1 pAS2-1/APP2020 construct

The pAS2-1/APP g 12553 COnstruct has EcoR 1 sites at bps -15 of the 5’ UTR of
APP and at bp 2020 of APP. Therefore, EcoR 1 restriction removed a segment of APP
from pAS2-1/APP,,,\ 1255 that contained the first 2020 base pairs of APP plus 15 bps
of the 5' UTR. Two bands of 9 Kb (pAS2-1 plus COOH-terminal APP) and 2.035 Kb
(the APP,0, 12020 band, comprising APP.,,, bps 1-2020) were seen on the agarose gel
(Figure 10). This NH,-terminal APP segment was inserted into the pAS2-1 plasmid to
create the construct, pAS2-1/APP 5 12020-

To verify the correct ligation and orientation of the APP,4,, 1020 fragment into
pAS2-1, the pAS2-1/APP 1m0 cOnstructs were restricted with Sac 1. The pAS2-
1/APP 1,00 12020 CODStruct has two Sac 1 sites: one at bp 3298 of pAS2-1, and one at bp
1813 of APP 5 o0 Therefore, correctly oriented constructs produced two bands of
4.52 Kb and 5.92 Kb, and incorrectly oriented constructs showed two bands of 0.9 Kb
and 7.75 Kb (data not shown). To re-verify the correct construct, the pAS2-1/APP,0n.
T2020 PrEparation after amplification was restricted with Sac 1. The 4.52 Kb and 5.2 Kb

bands were seen (Figure 11).

PAS2-1/APP o 1155 A0d PAS2-1/APP. .\ 129 CODStTUCtS
To create smaller APP deletion constructs, pAS2-1/APP 12020 Was restricted

separately with BamH I and Pst I. The pAS2-1/APP 9 120 construct has two BamH 1
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Figure 10 Restriction enzyme digestion of pAS2-1/APP ;54,553 With EcoR 1. Lane 1.
Unrestricted pAS2-1/APP ;744553- Lane 2. 1 Kb DNA ladder (GibcoBRL). Lanes 3-7.
EcoR |-restricted pAS2-1/APP 114,53 DNA stained with ethidium bromide in 0.8%
agarose gel.
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Figure 11 Sac 1 restriction enzyme digestion of pAS2-1/APP 7, 12020 COnstruct. Lane
1. 1 Kb DNA ladder (GibcoBRL). Lane 2. Unrestricted pAS2-1/APP,,0;.1202. Lanes 3
& 4. Sac 1-restricted pAS2-1/APP ;4\ 12020 Verification that construct was in correct
orientation. DNA stained with ethidium bromide in 0.8% agarose gel.
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sites: one in the MCS of pAS2-1, COOH-terminal to the APP insert, and one at bp 1554
of the APP insert. Therefore, the BamH 1-restricted pAS2-1/APP 1 12020 Yielded two
bands of 0.47 Kb and 9.97 Kb (data not shown). The pAS2-1/APP 1 12020 COnstruct has
five Pst 1 sites: one in the MCS of pAS2-1 COOH-terminal to the APP insert, and four
sites in APP 12020 at bps 208, 238, 1438, and 1655. Therefore, the Pst 1-restricted
PAS2-1/APP ;05 12020 Yielded five bands of 0.03 Kb, 0.2 Kb, 0.4 Kb, 1.2 Kb and 8.64 Kb
(data not shown). BamH 1 produced pAS2-1/APP . 11554 (APP insert containing bps
1-1554), and Pst 1 produced pAS2-1/APP 1y 120s (APP 1, insert containing bps 1-208).

After ligation of the pAS2-1/APP g 1205 ad pAS2-1/APP 4y, 11554 CONStructs,
they were verified using Hind III restriction. In both constructs, Hind III has no sites in
the APP inserts, but has four sites in pAS2-1 at bps 2397, 3284, 5477 and 6224.
Therefore, the Hind II-restricted pAS2-1/APP . 1205 cOnstruct yielded four bands of
0.89 Kb, 0.94 Kb, 2.19 Kb and 4.57 Kb. The Hind III-restricted pAS2-1/APPon; 11554

construct produced four bands of 0.89 Kb, 2.19 Kb, 2.31 Kb and 4.57 Kb (Figure 12).

4.4 Yeast Two-hybrid Assay With APP Deletion Constructs

To determine with which APP constructs COX I interacts, and thus determine
what general region of APP,, is involved in the interaction, a small scale yeast two-
hybrid assay was performed, followed by a p-galactosidase colony-lift filter assay. All
constructs were positive except for pAS2-1/APP_ 1, 12020 This suggests the APP-COX

I interaction involves the first 208 NH,-terminal nucleotides of APP,,,. These results
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4.0 Kb

2.0 Kb

1.0 Kb

Figure 12 Hind III restriction of constructs pAS2-1/APPrqy.120s & PAS2-1/APP 0.
1sss- Lane 1. 1 Kb DNA ladder (Biorad). Lane 2. Unrestricted pAS2-1/APP ;5 1595- Lane
3. Hind m‘restricted pASZ-l/APin_m. La.[le 6- Um’estl’icted pAsz" 1/APP770,;\—_T1554‘

Lane 7. Hind IM-restricted pAS2-1/APP 4, 1,55, Lane 8. High molecular weight DNA
marker (Biorad). The two constructs were verified. DNA stained with ethidium bromide

in 0.8% agarose gel.
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were supported by a repeat small scale yeast two-hybrid assay. Plasmids examined were
PAS2-1/APP o 120200 PAS2-1/APP 1 25e3, and pAS2-1/APP 1,505, all with pACT2
added, plus pAS2-1/APP 1,53 alone. Only pAS2-1/APP 1y 12020 and pAS2-1/APP 543
showed significant values for B-galactosidase activity (data not shown). This confirmed
that at least the NH,-terminal 2020 amino acids are involved in APP’s interaction with

COX L

4.5.0 APP and Mitochondria

For APP to interact with a facultative mitochondrial protein, we postulate that the
interaction must take place in the mitochondria, and that therefore, APP must be targeted

to, and localized in, mitochondria.

4.5.1 Mitochondrial targeting signal

If APP is targeted to and localizes in mitochondria, it should contain a
mitochondrial targeting sequence. Computer analysis of the APP leader peptide sequence
using the PSORT Il program (see http://psort.nibb.ac.jp/cgi-bin/okumura), suggested the
first 1 7 amino acids are a possible mitochondrial targeting sequence (MITDISC), and that
the cleavage site for the mitochondrial pre-sequence occurs between residues 17 and 18
in the sequence ARALEV (Gavel). These results were supported by the SignalP (see
htip:genome.cbs.dtu.dik/htbin/nph-webface) program which suggested APP has a signal

sequence consisting of the first 17 amino acids. These findings are consistent with a high
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probability of intra-mitochondrial sorting of APP (Gavel and von Heijne, 1990). Based
on this analysis, we tested our hypothesis that APP resides in mitochondria and under
certain conditions, impairs the activity of COX, enhances the production of ROS and its
attendant lipid peroxidation, and induces apoptosis in mammalian cells, specifically, a

neuroblastoma cell line.

4.6.0 Assays on Neuroblastoma Cells Overexpressing APP

To examine the role of APP overexpression in AD, SK-N-SH neuroblastoma
cells were stably transfected with various APP constructs, and the following parameters
were examined; (i) complex I and complex IV enzyme activities of the ETC, (ii) levels
of ROS production and lipid peroxidation, (iii) anti-oxidant enzyme activities of
superoxide dismutase and glutathione peroxidase, and (iv) the degree of apoptosis
induced. The pShooter expression vector, pCMV/myc/mito, which expresses a
mitochondrial targeting sequence, was used as the transfecting vector to successfully
express APP in mitochondria. In addition, the expression vector pCI-neo (Promega),
which allows generalized expression of APP, was also employed by Amara and Junaid.

The effects of targeting APP to mitochondria on the various parameters
mentioned were determined by inserting APP,,,5s; CDNA into pCMV/myc/mito to
create the construct pPCMV/myc/mito/APP 555 T isolate the APP.,,,s4; fragment, the
pGEMSZz{/APP,,,..:; construct was restricted with Spe I. The construct has two Spe 1

sites: one 39 bps 5' to the amino terminus of the APP insert, and one at bp 2583 of the
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APP insert. Therefore, the Spe 1-restricted pGEMSzf/APP,,,,.,, produced two bands of
2.62 Kb (the APP.,,;; insert) and 3 Kb (pGEMSzf plasmid) on an agarose gel(data not
shown).

The pBluescript I SK was next restricted with Spe 1 to allow it to accept the Spe
1-restricted APP,,s5; fragment. There is only one Spe 1 site in pBluescript II SK in the
MCS, which was seen on AGE (data not shown). After ligation of the APP,y ¢4,
fragment into the pBluescript Il SK phagemid to create the pBluescript Il SK/APP,;,,.4,
construct, the correct orientation of the insert was verified by RE analysis (data not
shown).

To prepare the pPCMV/myc/mito plasmid to accept the APP 4y, insert, it was
simultaneously restricted with Sal 1 & Not 1 REs. There is one site each for Sal 1 and
Not 1 in the MCS of pCMV/myc/mito. Therefore, two bands of 0.02 Kb (MCS segment)
and 4.94 Kb (Sal 1/Not 1-restricted plasmid) were present on AGE (data not shown). The
pBluescript II SK/APP,,o,s4; construct was also restricted with Sal I and Not I to yield
the APP.,,4;; fragment, which was ligated into the Sal /Not [-restricted pPCMV/myc/mito
plasmid to create pCMV/myc/mito/APP;q,sq;- This construct was verified by RE

analysis (data not shown).

4.6.1 Assays of COX and Complex I enzymatic activities

COX activity assay

The assay involved following the oxidation of cytochrome ¢, and the protocol was

based on Parker er al. (1994 b). Activity was calculated as a first order rate constant,
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calculations being based on the equation:
Velocity = k|[cyt c] uM/sec,
where k = first order rate constant = 2_3log A, (at time 0) /A,
(at time O + time 1 min) min™.
The cytochrome c concentration was deduced by the equation:

[eyt. €] = Ass/ 0.029.

(Extinction or absorbance coefficient for cytochrome ¢ is 29mM™).

Complex 1 activity assay
To compare the effects of APP on other enzymes of the ETC, the activity of

Complex 1 was also assayed by following the oxidation of NADH. Calculations were
based on the following:
(i) The molar extinction coefficient of NADH is 6.81 mM™.
(ii) [NADH] = A;,, / Ext. Coef.
(iii) Rate = initial NADH] added (100 uM) - [NADH] at time 1 min (utM/min).
The assay was then repeated in the presence of 2.5 uM rotenone, which inhibits

Complex 1 activity. Final rate was calculated as that without rotenone - that with

rotenone.
Results of COX and complex I enzyme activity assays

There was a markedly reduced level of total COX activity in the cells

overexpressing mitochondria-targeted APP compared with other transfectants (Table 2).
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untransfected transfected cells
cells
Enzyme
coatrol pcineo pclneo/APP pmyc/mito pmyc/mito/APP
Complex 1
nmol min"'+S.E.M. 0.52+0.02 0.48+0.03 0.50+0.01 0.49+0.01 0.54+0.02
Complex IV
Sec/mg protein+S.EM. | 0.093+0.002 | 0.085:0.001 | 0.090£0.012 | 0.080+0.002 | 0.035:0.001

Table2 Complex I and complex IV enzyme activities in neuroblastoma cells
overexpressing APP. The specified values represent the means of complex I and
Complex IV activities +/- S.EM. of ten replicates. Activity was measured by
spectrophotometry. The human neuroblastoma cells were stably transfected with different
plasmid constructs in contrast to untransfected cells.
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In contrast, no significant change was observed for complex I activity between the SK-N-
SH transfectants. It is noteworthy that nuclei-targeted APP or mitochondria-targeted a-1
antichymotrypsin (a B AP plaque-associated protein) overexpression did not significantly
affect COX activity in SK-N-SH stable transfectants (data not shown). This suggests that
the accumulation of APP in mitochondria plays a crucial role in specifically mediating

decreased COX activity.

4.6.2 APP overexpression and apoptosis in neuroblastoma cell line

Using Genzyme’s TACS Annexin V Apoptosis Detection Kit, there was found to
be a prominent rise in apoptosis in cells transfected with pCMV/myc/mito/APP
(Mitochondrial expression of APP), compared with either vector alone
(PCMV/myc/mito) or untransfected cells (Figure 13). In contrast, there was no significant
difference in the extent of apoptosis in cells transfected with pCI-neo/APP (generalized
cellular expression of APP), compared with vector alone (pCI-neo) or untransfected cells
(data not shown) (Amara and Junaid [manuscript in revision]). These results suggest that
overexpression of APP on its own, may not be sufficient to induce apoptosis in neurons

without the accumulation of APP in mitochondria.

4.6.3 APP overexpression and ROS production in neuroblastoma cell line
To determine the role of ROS in APP-mediated neuronal apoptosis, it was
examined whether neuroblastoma cells targeted with overexpression of APP would

generate increased levels of ROS. To detect ROS, the non-fluorescent dye 2',7'-
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Figure 13 Targeting APP into mitochondria potentiates apoptosis. SK-N-SH cells
were a. untransfected, b. stably expressing pPCMV/myc/mito, and c. stably expressing
pCMV/myc/mito/APP. Plasmid constructs were assayed for induction of percentage
apoptosis by Annexin conjugate according to the manufacturer’s instructions (Zymed).
In apoptotic assays the percentage of necrotic cells was negligible (<4%). Late apoptotic
cells were stained red/green. Scale bar: 100 zm. d. Percentage apoptosis index. The mean
+/- S.E.M. of 10 replicates as calculated for >200 cells is shown. Asterisks: P, 0.01. The
images were enhanced in size 2.0-4.0 fold. Cells were transfected using FuGENE 6,
according to the manufacturer’s instructions, and stably selected in 600 rg/mi G418
(Invitrogen).
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dichlorofluoroscein diacetate (DCF-DA)was used, which interacts with intracellular ROS
to generate the fluorescent 2',7'-dichlorofluoroscin product (Rozenkranz ef al., 1992).
Fluorescence microscopy demonstrated no significant difference between levels of DCF
in control cells transfected with pCI-neo and pCI-neo/APP (Figure 14 a,c). In contrast,
there was markedly increased ROS generation in pCMV/myc/mito/APP stably
transfected cells compared with pCMV/myc/mito, and with untransfected cells (Figure

14 b,d).

4.6.4 APP overexpression and the formation of lipid peroxidation

To confirm that increased free radical generation resulted in cellular damage in
pCMV/myc/mito/APP transfectants, lipid peroxidation based on loss of fluorescence
from incorporated cis-parinaric acid (CPA) was determined. Lipid peroxidation in pCI-
Neo/APP cells was not significantly different than that detected in normal control or SK-
N-SH pCI-neo transfectants (Figure 14 e), but was significantly greater in
pCMV/myc/mito/APP SK-N-SH transfectants compared with pCMV/myc/mito
transfectants and untransfected SK-N-SH cells (Figure 14 f). These results suggest that
a defect in metabolism of ROS in mitochondria-targeted APP overexpressed SK-N-SH

cells leads to apoptosis.

4.6.5 Anti-oxidant enzyme assays
To assess the possibility that enhanced ROS production may be due to an APP-

mediated effect on ROS scavenger enzymes, the activation of free radical scavenging
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Figure 14 Induction of ROS and lipid peroxidation in SK-N-SH cells. a. SK-N-SH
cells (I) untransfected, stably expressing (II) pCI-neo and (III) pCl-neo/APP were
exposed to 10 pg 2',7", dichlorofluoroscein diacetate for 1 hr. The cells were washed with
HBSS and viewed with a fluorescence microscope using fluoroscein optics. Arrow heads
indicate some of the intracellularly appearing fluorescence. Scale bar: 100 um. b. (I) SK-
N-SH cells untransfected, and stably expressing (II) pCMV/myc/mito, and (III)
pCMV/myc/mito/APP were treated with DCF-DA as described above. Scale bar: 100 pm.
Fields were chosen to illustrate representative fluorescence micrographs. ¢/d. Values are
expressed as percent of the DCF level in normal cultures (100%) and represent the mean
+/- S.E.M., n > 400 cells. e/f. Lipid peroxidation is indicated by the percent decrease in
cis-parinaric acid (CPA) fluorescence. Values are the mean +/- S.E.M., n > 400 cells.
Asterisks: P < 0.001. The images were enhanced in size 1.5-2.0 fold.
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enzymes, glutathione peroxidase and superoxide dismutase, were examined in the

neuroblastoma cells.

Glutathione peroxidase assay
Glutathione peroxidases catalyze the reduction of hydroperoxides (ROOH) by
glutathione (GSH):
ROOH + 2GSH - ROH + H,0 + GSSG
GSSG is reduced by the reaction catalyzed by glutathione reductase:
GSSG + NADPH + H' - 2GSH + NADP
Glutathione peroxidase activity was measured at 37°C by a coupled assay system
in which the oxidation of reduced glutathione (GSH) was coupled to NADPH oxidation
catalysed by glutathione reductase, following a protocol based on Carmagnol et al.
(1983). Specific activity was determined as the amount of enzyme that catalyzed the

transformation of 1 nmol of NADPH/min. Rate = nmol NADPH transformed /min.

Superoxide dismutase assay
SOD activity is assayed by tracking the inhibition of pyrogallol autooxidation.

The protocol used was based on Marklund (1985). Calculations were based on the
equation:
% inhibition = (A A sample - A A pyrogallol) / A A pyrogallol

where pyrogallol gives a A A =0.02/min.
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Results

APP overexpression had no significant effect on the activity of glutathione
peroxidase (Carmagnol et al., 1983) in the stably transfected (Figure 15 a) cells
compared to control cells, but there was a significant increase in SOD activity (Nagi et
al., 1995) in the pPCMV/myc/mito cells compared to other transfectants and control cells
(Figure 15 b). Thus, only mitochondria-targeted APP once again had an effect. This
action may be a sign of a compensatory response by the enzyme to increased ROS

production.

4.7.0 Evidence for the Physiological Location of APP in Mitochondria

For APP to interact with a mitochondrial enzyme, APP must be targeted to and
localized in mitochondria. To examine this, three experiments were performed: (i) a
classic in vitro mitochondrial import assay, (ii) fluorescent microscopy of neuroblastoma
cells transiently transfected with chimeric APP-GFP constructs, and (iii) immunoelectron
microscopy of brain tissue from AD and control patients to visualize the location of

endogenous APP and BAP.

4.7.1 Classic in vitro mitochondrial import assay
The aim was to show that **S-methionine-labelled APP is imported into
mitochondria (isolated from rat livers) in an energy-dependent manner. It is known that

proteins to be imported into mitochondrial are synthesized in the cytoplasm in a
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Figure 15 Comparison of the free radical scavenging enzyme activities. a. Glutathione
peroxidase, and b. Superoxide dismutase (SOD) in SK-N-SH neuroblastoma cells stably
transfected with different plasmid constructs and control cells (untransfected).
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precursor form, whose mitochondrial targeting sequence is cleaved after import,
generating one or more shorter mature forms. The experimental conditions allow APP
to be imported into mitochondria (if it has a mitochondrial targeting sequence). The
mitochondrial preparations are then treated with trypsin to completely digest any
unimported APP. This will determine if any APP was imported into mitochondria, and
therefore spared from typsin proteolysis. It will also allow determination of the
approximate size of the imported fragment (s) and therefore, show whether a portion
(e.g., targeting sequence) has been cleaved off within the mitochondria. In a separate
experiment, the import reactions were also pre-treated with valinomycin, a potent
inhibitor of COX. Because valinomycin destroys the ability of mitochondria to produce
any energy, no APP should be imported into mitochondria, if such importation is energy-
dependent.

Therefore, from the experimental setup, expected bands include: (i) TnT product
(*°*S-APP) lane. One band representing the precursor APP,,. (ii) Mitochondrial import
reaction without typsin treatment (APP,,, plus mitochondria lane). Two or more bands
representing precursor APP_,, plus one or more mature shorter forms of APP,,, with the
mitochondrial targeting sequence cleaved off. (iii) Mitochondrial import reaction
followed by trypsin treatment (APP,, plus mitochondria plus trypsin lane). One or more
mature bands, but no precursor APP,,, band. The APP within the mitochondria is
inaccessible to the trypsin, whereas the precursor APP is accessible and fully cleaved.
(iv) Pre-treatment of import reaction with valinomycin (APP,,, plus mitochondria plus

trypsin plus valinomycin lane). No bands, as there is no energy to import APP. This
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shows that the import of APP into mitochondria is energy-dependent.

In agreement with predictions, results showed (Figure 16) that there was one band
present when the TnT reaction product was assayed (precursor APP), two main bands
after mitochondrial import (precursor plus mature APP), one main band when trypsin
was added to the import reaction (mature, mitochondrial APP), and no bands in the
presence of valinomycin. The import reaction also showed evidence of much smaller
bands. These may be proteolytic products of APP, suggesting that APP is processed
within mitochondria. The results suggest that APP is targeted to and resides in

mitochondria, where it may be further processed into smaller species.

4.7.2 Dual color in vivo fluorescence microscopy of neuroblastoma cell line
Chimeric APP-GFP products, expressed from the pEGFP-N1 plasmid (which

contains no mitochondrial targeting sequence), were utilized to visualize whether APP

transiently overexpressed in SK-N-SH neuroblastoma cells is located within

mitochondria. Chimeric protein coding regions were created by in-framed fusion of APP

with GFP in the vector, and five such constructs were designed as follows:

i pEGFP-N1 alone

ii pCMV/myc/mito/GFP (COX VHI mitochondrial ¢DNA, positive control
encoding a mitochondrial targeting sequence) (Rizzuto ef al., 1992)

iii PEGFP-N1/APP g, 115 (almost complete coding region)

iv PEGFP-N1/APP g0 120s (APP, NH,-termonal nucleotides 1-208)

v mutant pEGFP-N1/APP,, ; (deletion mutant of APP, lacking nucleotides 1-
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Figure 16 Mitochondrial import in vitro. Lane 1. Translation product of full-length
APP_, (i.e. **S-methionine-labelled APP). Lane 2. Same as Lane 1, loading 1/5. Lane 3
35S-APP in presence of mitochondria. Lane 4. **S-APP in presence of mitochondria and
trypsin, 500 ug/mi. Lane 5. **S-APP in presence of mitochondria and trypsin, 250 pg/mi.
Lane 6. **S-APP in presence of mitochondria and trypsin (400 ug/mi), preceded by
valinomycin treatment.
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111, i.e. the putative mitochondrial signal).

To isolate the APPgysp 115 fragment, pPGEM9z{/APP ..., Was restricted with
EcoR 1. For pPGEM9z{/APP 4., there are three EcoR 1 sites, at bps -15 of 5' UTR, plus
1795 and 2851 of the APP insert. Therefore, EcoR 1-restricted pGEM9z{/APP /3,
yielded three bands of 1.06 Kb, 1.81 Kb (= APP . 117s), and 3.34 Kb (data not shown)

The pEGFP-N1 plasmid was amplified and verified by EcoR 1 restriction . There
is one EcoR 1 site in the MCS of pEGFP-N1. Therefore, EcoR 1-restricted pEGFP-N1
yielded one band of 4.7 Kb (data not shown). Additional 2 Kb and 0.5 Kb supercoil
bands were seen. The manufacturer stated that additional supercoil bands were a normal
feature of the pEGFP-N1 plasmid. To re-verify pEGFP-N1, two more restrictions of
pEGFP-N1 with EcoR 1 were carried out, the last restriction showing only the 4.7 Kb
band (data not shown).

Following ligation of the APP ., (95 fragment into EcoR 1-restricted pEGFP-
N1 to produce the pEGFP-N1/ APP . 11795 CONStruct, an insert was verified by EcoR 1
restriction analysis. The pEGFP-N1/ APP s, 11795 construct has two EcoR 1 sites, at
each end of the APP insert. Therefore, EcoR 1-restricted pEGFP-N1/APPgsp 11705
yielded two bands of 1.8 Kb (APPgysn.1179s) and 4.7 Kb (pEGFP-N1) (data not shown).

To verify the correct orientation of the insert, the construct was restricted with
BamH 1. There are two BamH 1 sites in the pEGFP-N1/APP, 1, »s construct, at bp 1329
of the APP insert, and in the MCS of pEGFP-N1, 3' to the APP insert. Therefore, BamH
1-restricted, correctly oriented pEGFP-N1/APP,, 1, yielded two bands of 0.5 Kb and

6 Kb. BamH 1-restricted, incorrectly oriented pEGFP-N1/APP,, 1,15 Yielded two bands
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of 1.4 Kb and 5.2 Kb. Once again supercoil bands were present that overlapped the
expected bands, especially around the 0.4 Kb area (data not shown).

For further verification of the construct, the DNA was restricted separately with
EcoR 1 and BamH 1. In order to get a better separation of the DNA bands, the small
AGE was repeated with 1.6% agarose (Figure 17). The supercoil bands can now be
differentiated from the expected bands.

The pEGFP-N1/APP 5\ 105 COnstruct was prepared from pEGFP-N1/APPy 1795
by restriction with Pst 1, followed by ligation of the linearized construct. EcoR 1
restriction analysis was used to verify the constructs, pEGFP-N1/APPsn 1205 and
pEGFP-N1. There is one EcoR 1 site in the MCS of each construct. Therefore, EcoR 1-
restricted pEGFP-N 1/APP 4 1205 Yiclded one band 0f 4.9 Kb, and the EcoR 1-restricted
pEGFP-N1 yielded one band of 4.7 Kb (Figure 18). Expected bands are seen, plus the 0.5
Kb supercoil artifact.

To compare the fluorescence pattern created by the chimeric proteins with that
of the normal distribution of mitochondria, the neuroblastoma cells were also transfected
with a plasmid that expresses GFP fused to a mitochondrial targeting sequence,
pCMV/myc/mito/GFP. Following amplification of the pCMV/myc/mito/GFP plasmid,
it was verified by Pst 1 restriction analysis. There is one Pst 1 site in the MCS of
pCMV/myc/mito/GFP. Therefore, Pst 1-restricted pPCMV/myc/mito/GFP yielded one
band of 5.7 Kb (Figure 19).

SK-N-SH neuroblastoma cells were transiently transfected with the chimeric

DNA constructs and pCMV/myc/mito/GFP. To determine the normal fluorescence
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Figure17 EcoR 1 & BamH I restriction of pEGFP-N1/APP . 1,195 ligation constructs.
Lanes A 1-3. Unrestricted pEGFP-N1. Lanes B 1-3. EcoRl-restricted pEGFP-
N1/APPysn.1179s- Lane C 1. High molecular weight DNA marker (Biorad). Lanes C 2-3.
BamH 1-restricted pEGFP-N1/APP, . 117s- DNA was stained with ethidium bromide in
1.6% agarose. Expected DNA bands can now be differentiated from supercoil artifacts.
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Figure 18 EcoR 1 restriction of pEGFP-N1 and pEGFP-N1/APPy . 150s- Lane L.
Unrestricted pEGFP-N1. Lane 2. EcoR 1-restricted pEGFP-N1. Lanes 3 & 6. 1 Kb DNA
ladder (Gibco BRL). Lane 4. Unrestricted pEGFP-N1/APP,; .. 1-0s- Lane 5. EcoR 1-
restricted pEGFP-N1/APP gy, 120s. The expected 4.7 Kb (pEGFP-N1) and 4.9 Kb
(PEGFP-N1/APP ;. 120s) DNA bands are present. DNA stained with ethidium bromide
in 0.8% agarose gel.
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Figure 19 Pst 1 restriction of pCMV/myc/mito/GFP. Lane 1. Unrestricted
pCMV/myc/mito/GFP. Lane 2. 1 Kb DNA ladder (Gibco BRL). Lane 3. Pst 1-restricted
pCMV/myc/mito/GFP. Stained with ethidium bromide in 0.8% agarose gel.
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pattern of mitochondria in neuroblastoma cells, and to create the dual color overlay
(green of GFP plus red of MitoTracker Red produces a yellow colour when overlayed),

the cells were also treated with the with the mitochondrial probe, MitoTracker Red.

Results

Uniform cytoplasmic and nuclear fluorescence was detected in pEGFP-N1
transfectants (Figure 20 a). pEGFP-N1/mito transfectants fluoresced in a punctated
perinuclear pattern that co-localized with mitochondrial fluorescence within the same cell
(Figure 20 b). Consistent with a mitochondrial location, pEGFP-N1/APP 11795
localized to cytoplasmic areas of punctated fluorescence (Figure 20 c¢). pEGFP-
N1/APP spi.120s fluorescence was identical to that observed with pEGFP-N1/mito,
strongly indicative of a mitochondrial location (Figure 20 d). Mutation of the NH,-
terminal domain of APP (pEGFP-N1/APP,, ) abolished mitochondrial fluorescence
(Figure 20 e). These results indicate that the NH,-terminus of APP is capable of targeting
this protein to mitochondria. These findings have also been verified in human
teratocarcinoma-derived NT2 cells (Stratagene, data not shown). However, the resolution
seen with this technique is not adequate to make a definitive claim, and therefore, future

studies will involve the use of confocal microscopy.

4.7.3 Immunoelectron microscopy to detect endogenous APP and PBAP in
mammalian tissue

To determine whether endogenous APP is found in mitochondria, mammalian
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Figure 20 SK-N-SH neuroblastoma cell mitochondrial labelling. Cells were
transiently transfected with pCMV/myc/mito/GFP or pEGFP-N1 or its APP fusion
proteins, as well as being stained by MitoTracker Red. The first column indicates transient
transfections with a. pEGFP-N1, b. pCMV/myc/mito/GFP, ¢. pEGFP-N1/APPo.1; 11795
d. pPEGFP-N1/APP 1 1205, € PEGFP-N1/APP, ... 1, in which pEGFP-NI1 and its fusion
proteins appear green. The second column represents the same neuroblastoma cells
stained with MitoTracker Red, which appear red. The third column represents the above
red and green superimposed images which, when green areas are directly superimposed
on red images, produces a yellow colour, and indicates areas of the cell where pEGFP-N1
and its APP fusion proteins have localized.
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tissue sections were examined by immunoelectron microscopy, using gold-conjugated
antibodies to APP. Immunoelectron microscopy analysis confirmed the presence of APP
associated with the mitochondrial cristae, the site of COX I localization in human, pig

and rat brain tissues, plus human kidney tissues (Figure 21).

4.7.4 Immunoeclectron microscopy to detect endogenous APP and BAP in AD and
control brains

Since AD is associated with a reduction in COX activity as well as over-
accumulation of amyloidogenic fragments, it is possible that mitochondrial occupation
by APP and PAP may be more marked in AD versus non-AD brains. To examine this,
immunoelectron microscopy was performed to detect endogenous APP and PAP in
brains of AD patients and non-AD controls. Results show that APP localized to
mitochondria and other membrane-bound organelles in both AD (Figure 22 a) and non-
AD sections (arrcws indicate mitochondria). Forty to fifty percent of mitochondria
retained at least three gold particles, and both membranous and lumenal regions of
mitochondria were seen to be labelled. However, there was no apparent difference in
degree of APP labelling of mitochondria from AD and non-AD specimens. BAP had a
similar distribution to that of APP, except that the frequency of BAP in mitochondria of
AD sections (Figure 22 b) appeared to be higher than that of non-AD sections (Figure 22
¢). This novel finding suggests, similar to the mitochondrial import assay results, that

APP may be processed in mitochondria to release amyloidogenic peptides.

105



Figure 21 Localization of APP by immunoelectron microscopy in mammalian brain
and kidney. a. Human brain, b. Human kidney, c. Pig brain, d. Rat brain. Visualization
of APP was performed using mouse anti-human APP and goat, anti-mouse gold-
conjugated IgG (gold particle size, 10 nm). Control sections were incubated with mouse
anti-IgG. Labelling of APP is seen clearly by gold particles associated with the
mitochondrial cristae (arrows). Scale bar: 1 cm = 5.0 umin (a), 0.16 umin (b), 0.24 um
in (c), 3.4 um in (d). The images were enhanced in size 2.0-4.0 fold.
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Figure 22 Localization of APP and BAP by immunoelectron microscopy in human
AD and non-AD brain. a. Human brain, APP, b. AD brain, BAP, ¢. non-AD brain, BAP.
Visualization of APP was performed using mouse anti-human APP and goat anti-mouse,
gold-conjugated IgG (gold particle size, 10 nm). Control sections were incubated with
mouse anti-IgG. Visualization of AP was performed using rabbit anti-B AP and goat anti-
rabbit, gold conjugated IgG (gold particle size 5 nm). Labelling of APP is seen by gold
particles associated with the mitochondria (arrows) and other membrane-bound
organelles. Scale bar: the images were enhanced in size 2.0-4.0 fold.

107



5.0 DISCUSSION

The pathophysiology involved in AD is very complex, and incorporates an
integration of developmental and late life events, encompassing genetic and
environmental factors. It is clear several biochemical processes are involved in various
converging pathways that lead to the histopathology of AD. Of these, deficits in energy
metabolism appear to play a fundamental role.

Our results demonstrate, for the first time, that a protein of mitochondrial ETC-
specific origin (COX I) (Davis et al., 1994) interacts with a cytoplasmic membrane-
bound protein (APP), and that APP and B AP may directly influence mitochondrial energy
metabolism by their effects on COX. The ability of COX I to interact with APP appears
to be distinct from this protein’s life-sustaining role in oxidative respiration (Zhang et al.,
1990). Both APP and COX I are highly conserved and widely expressed in eukaryotes
(Anderson et al., 1981; Tanzi et al., 1987; Yamada et al., 1989). The fact that APP is
expressed in most cells and that the APP gene promoter is similar to that of housekeeping
genes (Salbaum et al., 1988), suggests a fundamental role for this protein. For example,
the presence of APP and BAP in mitochondria of non-AD brain suggests a role for these
proteins in normal mitochondrial function. The APP-COX interaction may thus serve
another conserved role, which could provide several links between energy metabolism
with other aspects of AD, such as free radical and AP generation that initiate neuronal
apoptosis. The dysregulation of this mitochondrial-APP/BAP interaction may contribute

to the pathogenesis of AD. If COX I binds specifically with APP, then overexpression
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of APP may modulate the activity of COX I, thereby indirectly inhibiting COX, which
will lead to deficits in energy metabolism. This is consistent with the findings that
overexpression of APP in cultured human muscle fibres resulted in a specifically
decreased COX activity and severe mitochondrial ultrastructural abnormalities (Askanas
et al., 1996). This mechanism may also be responsible for mitochondrial and COX
abnormalities in the brains of AD patients. There is evidence that there are deficits in
energy metabolism in the brains of patients with AD (Blass and Gibson, 1991).
Although proteolytic cleavage of APP generates the BAP species that are the main
components of the NPs associated with neurotoxicity (LaFeria et al., 1995), the detailed
mechanism of the association between APP and neurodegeneration are not precisely
defined. The present study was initiated to identify APP effector-binding proteins in the
hope of deriving possible functions for APP. A yeast two-hybrid system assay showed
cytochrome ¢ oxidase subunit [, one of the catalytic subunits of Complex IV of the
mitochondrial ETC, interacted with various APP isoforms (APP,,,, APP,,,, APP,,), and
that this interaction involved the extracellular domain of APP. The observed interaction
between APP and COX I could have been non-specific, because COX causes frequent
false positives in yeast two-hybrid systems (See
www.fece.edw/research/labs.golemis/main. false. html). As well, APP and COX I may not
be in their native conformation, or be correctly post-translationally modified in yeast, and
hence do not mimic metabolism in mammalian cells. In addition, there are no known
examples of mitochondrial-specific enzymes interacting with membrane-bound

receptor/proteins. However, due to the connection of APP and COX to AD, it was

109



important to investigate this interaction further.

Due to the documented cases of deficits in energy metabolism and COX activity
in AD, the determination of mechanisms by which a COX deficiency might develop in
humans is of considerable clinical significance. This involves trying to define how APP
could affect mitochondrial structure and function in AD. We propose that increased
levels of APP in mitochondria of AD brain may have a causal relationship to the
corresponding decreased COX activity (i.e. overexpression of APP causes a selective
deficit of COX activity in AD brains). Therefore, it was important to investigate the
relationship between APP accumulation and COX deficiency in mitochondria.

For APP to interact with a facultative mitochondrial protein, we postulate that the
interaction takes place in the mitochondria, and that therefore, APP must be targeted to,
and localized in, this organelle. In support of this theory, computer data base analysis of
the APP leader peptide sequence suggested APP contains a possible mitochondrial
targeting sequence. Based on this analysis, we tested our hypothesis that APP may also
reside in mitochondria and under certain conditions, impair the activity of COX, and
subsequently, the ETC.

A markedly reduced level of total COX activity in the cells overexpressing
mitochondria-targeted APP was found when compared with other transfected constructs,
including those transfected by a plasmid that caused generalized APP expression. In
contrast, no significant change was observed for complex I activity between the SK-N-
SH transfectants. It is noteworthy that nuclei-targeted APP or mitochondria-targeted a-1

antichymotrypsin (a AP plaque-associated protein) overexpression did not significantly
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affect COX activity in SK-N-SH stable transfectants. This suggests that the accumulation
of APP in mitochondria plays a crucial role in specifically mediating decreased COX
activity.

Because mechanisms of apoptosis that apply to neurodegeneration in general may
also apply to AD (Smale et al., 1995), and have been tied to defects in energy
metabolism (Beal, 1995; Greenlund ef al., 1995), it was assessed whether APP-mediated
decreased COX activity potentiates apoptosis in SK-N-SH neuroblastoma cell
transfectants. There was a prominent and significant rise in apoptosis only in those
neuroblastoma cells transfected with mitochondria-targeted APP, suggesting that
overexpression of APP on its own may not be sufficient to induce apoptosis in neurons
without the accumulation of APP in mitochondria.

The excessive production of ROS that ultimately leads to initiation of apoptosis
has been suggested as the link between a generalized defect in bioenergetics and the
pathogenesis of AD (Coyle and Puttfarken, 1993). To determine the role of ROS in APP-
mediated neuronal apoptosis, the levels of ROS were measured in neuroblastoma cells
targeted with overexpression of APP. There was markedly increased ROS generation
only in those cells stably transfected with mitochondria-targeted APP. Thus, it appears
the generation of ROS by APP overexpression depends on an APP-mitochondrial
association. Measuring lipid peroxidation, it was found hat the increased free radical
generation resulted in cellular damage in the neuroblastoma cell transfectants. However,
the lipid peroxidation was only significantly elevated in the APP-mitochondria-targeted

SK-N-SH transfeciants. These results suggest that a defect in metabolism of ROS in
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mitochondria-targeted APP overexpressing SK-N-SH cells leads to apoptosis, and that
mitochondria are intimately involved in the process.

To assess the possibility that enhanced ROS production may be due to an APP-
mediated effect on ROS scavenger enzymes, the activation of free radical scavenging
enzymes, glutathione peroxidase and superoxide dismutase, was assessed. APP had no
significant effect on the activity of glutathione peroxidase (Carmagnol et al., 1983) in the
stably transfected cells compared with control cells, but there was a significant increase
in SOD activity (Nagi et al., 1995) in the APP-targeted transfectants compared with other
transfectants and control cells. Thus, only mitochondria-targeted APP once again had an
effect. This action may be a sign of a compensatory response by the enzyme to increased
ROS production.

For APP to interact with a mitochondrial enzyme, APP must be targeted to and
localized in mitochondria. A classic in vitro mitochondrial import assay showed that an
apparent precursor, **S-methionine-labeled APP, was imported into rat liver
mitochondria in an energy-dependent manner, and that once in mitochondria it is cleaved
into a shorter mature form. This assay seemed to also demonstrate the important finding
that APP may be further processed in the mitochondria into shorter products.

Two APP constructs containing, respectively, the NH,-terminal 1795 and 208
base pairs, when transiently overexpressed in SK-N-SH neuroblastoma cells, created
fluorescence patterns consistent with a mitochondrial location, while a mutant APP
construct with the first 111 NH,-terminal base pairs deleted, showed a pattern of

generalized localization. These results indicate, for the first time, that APP is targeted to
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mitochondria, and that the NH, terminus of APP is capable of, and necessary for, this
targeting (i.e. the NH, terminus of APP contains a mitochondrial targeting sequence).
However, if this is the case, it is puzzling to me why in the previous experiments on
stably transfected cells, the APP expressed from the pCI-neo/APP constructs did not also
adversely affect the parameters measured (at least, not significantly). Although
speculative, perhaps this is due to the different parameters being examined in the two
experimental settings.

Because the resolution of the previous experiment was not sufficient to
conclusively confirm the presence of APP in mitochondria, electron microscopy was next
employed, and confocal microscopy will be employed in the future. Inmunoelectron
microscopy analysis, utilizing gold-conjugated antibodies, confirmed the presence of
APP associated with the mitochondrial cristae, the site of COX localization, in human,
pig, and rat brain and in human kidney. As AD is associated with a reduction in COX
activity as well as over accumulation of amyloidogenic fragments, it is possible that
mitochondrial occupation by APP and AP may be more marked in AD versus non-AD
brains. To examine this, immunoelectron microscopy in both AD and non-AD sections
were performed. Forty to fifty percent of mitochondria retained at least three gold
particles, and both membranous and lumenal regions of mitochondria were seen to be
labelled. However, there was no apparent difference in degree of APP labelling of
mitochondria from AD and non-AD specimens. BAP had a similar distribution to that of
APP, except that the frequency of BAP in mitochondria of AD sections appeared to be

higher than that of non-AD sections, suggesting that, in AD, there may be enhanced
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amyloidogenic processing of APP inside mitochondria.

Our studies thus support the hypothesis that APP is targeted to mitochondria,
probably the inner mitochondrial membrane, where its NH,-terminal domain interacts
with COX 1. We have also provided evidence for the link between APP metabolism and
different features of AD, such as mitochondrial dysfunction (deficit in COX activity),
oxidative stress (enhanced ROS levels and lipid peroxidation), and neuronal degeneration
(lipid peroxidation and apoptosis). The results are consistent with the hypothesis that
accumulation of APP in mitochondria could lead to aberrant APP-COX I interaction and,
consequently, decreased COX activity. This, in turn, causes the enhanced generation of
ROS levels and lipid peroxidation, leading to neuronal apoptosis. The alteration in
energy metabolism may also alter the processing of APP and induce potentially
amyloidogenic peptides (Gabuzda et al., 1994), which cause and perpetuate a cycle of
mitochondrial and cellular neuronal degeneration and apoptosis.

The mechanisms by which incomplete oxidation affects APP metabolism have
remained unresolved. As suggested by our results, the direct interaction of COX I with
APP and hence the close proximity of this interaction to the terminal ETC (Hill, 1994),
may provide an immediate environment for the reaction of ROS with APP. This reaction
may lead to abnormal processing of APP or, alternatively, the radical-induced formation
of BAP. The interaction between COX I and APP could provide evidence of the direct
involvement of COX I activity specifically in the metabolism of APP.

Alternatively, it could be argued that the accumulation of APP and BAP species

in the brains of AD patients may only reflect a generalized accumulation of amyloid
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proteins in this condition. However, there was seen to be an apparent increase in
mitochondrial BAP in sections from AD compared to non-AD brains. This suggests that
there is enhanced amyloidogenic processing of APP in the mitochondria of AD patients.

Other unresolved features of AD, such as neuronal apoptosis, may also be related
to the interaction between COX I and APP. This interaction may affect the release of
cytochrome c, which is also coupled to COX, and thought to be critical in the cascade of
events leading to apoptosis (Liu et al., 1996; Kluck et al., 1997; Yang et al., 1997). It is
known that caspases cleave APP to release an apoptosis-related, amyloidogenic peptide
(Gervais et al., 1999; Weidemann et al., 1999), and that caspases are fcund in the
mitochondria (Susin et al., 1999; Krajewski et al., 1999). The inner mitochondrial
membrane may act as a site where the intra-membrane cleavage of APP occurs.
Therefore, accumulation of APP in mitochondria could lead to abnormal processing of
APP and increased generation of amyloidogenic peptides.

Although the function of APP in the brain is as yet unknown, an attractive
hypothesis for the biological role for the APP-COX interaction may be that APP is
involved in the translocation of COX I. Alternatively, because both APP,,, and APP,,,
contain a 56 amino acid segment encoding a Kunitz protease inhibitor domain (KPI)
(Kitaguchi et al., 1990; Van Nostrand ef al., 1989) in addition to the APP,,; primary
sequence, APP may be involved in the processing of non-assembled inner mitochondrial
membrane proteins.

The localization of APP and PAP to mitochondria is novel and warrants further

investigation into the function of these proteins in mitochondria. Several parameters
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remain unresolved. For example, whether the pathophysiology is altered by the
interaction of the different isoforms of APP and mutant APPs with COX I, and
assessment of the functional importance of this interaction in AD. Nevertheless, our
results have generated a molecular model that will be useful in studying the regulation
of this interaction by neurological factors, and therapeutic drugs that interfere with the
early stages of the disease.

In conclusion, we suggest that the events involved in the pathophysiology of AD
can be tightly associated with deficits in energy metabolism through the interaction

between APP and COX 1.
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